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Structural evolution during simultaneous (SB) and sequential rubbery state biaxial stretching (SEQ) of
polylactic acid (PLA) films from cast amorphous precursors was investigated. Simultaneous biaxial
stretching always leads to films with in-plane isotropy and poor crystalline order. In the first stage of
sequential biaxial stretching, oriented crystallization gradually develops while transverse isotropy is
maintained. Application of transverse stretching to these films possessing semicrystalline structure

gradually destroys the crystalline structure oriented in MD during this realignment while establishing
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a second population of oriented but poorly ordered crystallites in TD. This destruction is caused primarily
by splaying action under transverse stretching as evidenced by the decrease of crystallite sizes in MD.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Significant attention has recently been paid to all technical and
commercialization aspects of PLA due to its biodegradability and
biocompatibility as well as the fact that it can be derived from
several renewable resources including corn. It possesses good
mechanical barrier properties and excellent transparency [1-3]. Its
high price in the past limited its main utility in the medical field.
Relatively recent advances in lactic acid purification are expected to
bring its price in line with the petroleum based counterparts to be
competitive [4]. And this -in turn- is expected to open up wider
applications for this material with a potential to replace conven-
tional petroleum derived polymers in such applications as pack-
aging film.

PLA has a glass transition temperature (Tg) of 50-60 °C.
Depending on its D content and molecular weight, its cold crys-
tallization temperature (T;) ranges between 95 and 105 °C, while its
melting temperature (Ty,) ranges from 150 to 190 °C [1-3]. AHs of
PLA is reported to be 93 J/g [5]. PLA chains have higher refractive
index along chain axis. This leads to positive intrinsic birefringence
of 0.03 for amorphous PLA. Crystallizability of PLA is determined by
its chain regularity and mobility. As lactic acid is chiral, regularity of
PLA chains is significantly affected by the ratio of L component over
D component [6], leading to suppression of crystallizability when
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small fraction of D is present in most L chains. PLA is a slow crys-
tallizing polymer like PET. It can be quenched into quasi-amor-
phous state, or crystallized upon annealing and/or orientation.
When crystallized quiescently from unnucleated state, PLA
generally becomes opaque as a result of light scattering due to the
formation of large spherulites. Oriented crystallization significantly
increases the nucleation density, leading to transparent products
[1-3].

PLA was found to exhibit four crystalline structures, a, §, v and
stereo-complex. The orthorhombic a crystal structure is the most
commonly observed structure, in which the chains are in —10/3
left helical conformation. Cell dimension of o crystals has been
published by several groups. The values provided vary a little
from group to group, as: a=10.34-10.7A, b=5.97-6.45A,
c=27.8-28.8 A [6-9]. Under high stress, B crystal orthorhombic
(a=1031A, b=61A, c=9A) structure with chains exhibiting
more extended 3/1 helical conformation can be formed. § crystals
are found to transform into o crystal when annealed above T [6].
The triclinic stereo-complex can only be obtained with 1:1 mixture
of PLLA and PDLA [7]. The hexagonal y crystals are grown on
a special substrate [10].

Ideally, slow crystallizing polymers are quenched into glassy
state and subsequently heated to temperatures between Ty and T
(cold crystallization temperature) where they exhibit rubbery
behavior and substantial stress can be applied to the polymers as
a result of prevalent high viscosities [11-18].

In this rubbery temperature range, this class of polymers that
also includes PET, PEN, PEEK, undergo stress induced crystallization
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beyond a critical chain orientation and thus reduction in entropy.
This phenomenon usually accompanies strain hardening at high
deformation levels, causing self-leveling which induces uniform
thickness [11-16,19-32]. This phenomenon was first attributed by
Flory[30-32] to decreased entropy effect upon uncoiling and
orientation of polymer chains. Up to now, there is no satisfactory
model from first principles for describing SIC behavior in slow
crystallizing polymers particularly when they are stretched in
rubbery state close to T; where orientation relaxation rates are very
low [20-22,33].

In industrial film processing, both sequential and simultaneous
biaxial stretching modes are widely used. SB stretching occurs in
single bubble and double bubble film blowing [34-37]. In single
bubble film blowing, material is first extruded through an annular
die and then the molten polymer was extended over a mandrel of
air trapped inside the blown film bubble. In order to produce thin
film with slow crystallizing polymers like PLA that possess very low
melt strength and crystallization rate, the double bubble film
blowing was developed. In this process, the material is quenched
into amorphous state in the first bubble, then, it is heated into
rubbery state and extended in the second bubble. Sequential biaxial
stretching occurs in tenter frame process. In this process, the
polymer is first extruded from a sheet die, then cooled and oriented
in the machine direction by the relative motion of the chill rolls. The
film is then grasped by grippers or edge grip rollers and transferred
into an oven where it is oriented in transverse direction [38].

In this paper, structural development during film extension of
PLA is studied, with emphasis on the comparison between
simultaneous and sequential biaxial stretching.

2. Experimental
2.1. Material

Linear PLLA with number and weight molecular weights around
76,200 and 163,000 respectively, kindly provided by Dow-Cargill
LLC, now Natureworks, was used for this research. 8% D component
is randomly distributed in the chains to depress its melting point.
As aresult, Ty, of this material ranges between 145 °C and 150 °C. Ty
of PLA is around 60 °C. During heating from fully amorphous state,
this material crystallizes at a temperature called cold crystallization
temperature (T.) around 110 °C (experimental conditions are given
in next section). Predried pellets of PLA were cast using Prodex
single screw extruder equipped with an 8” wide film die on to
a casting roll cooled by water. DSC scan confirms that the
crystallinity of as-cast film is negligible, as shown in Fig. 1. As shown
in this figure, due to very slow crystallizability, PLA needs to be
heated at slower rates to cold crystallize during the DSC scans. Both
in-plane and out-of-plane retardations are found to be zero in as-
cast films.

2.2. Thermal analysis

Thermal properties of the samples were measured with
a Dupont 2920 differential scanning calorimeter in 0-180 °C range
with 20°C/min heating rate under dry nitrogen blanket. The
samples were crimped into Aluminum pans to a total weight of
6-10 mg.

Crystallinity of the samples can be calculated with the equation
below:

AHexp
AH;

Crystallinity (%) = x 100% (1)

where AHexp = AHmelting — AHcold crystallizations and AHs is the heat
fusion of 100% crystalline PLA, which was taken as 93 J/g [5]. The
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Fig. 1. DSC curves of as-cast films.

AHcold crystallization Peak represents the portion of the heat fusion
induced by cold crystallization during DSC scan. This portion must
be subtracted from the melting peak in order to obtain the original
crystallinity of the sample before DSC scan.

2.3. Film stretching

An Iwamoto702 biaxial stretcher was employed in this research.
The samples were gripped by 40 pneumatic clips and the gage
separation distance between the clamps is chosen to be
12 cm x 12 cm. Film extension is carried out at 70 °C, which is
about 10 °C higher than the glass transition temperature of the as-
cast film. The cast films were first kept in the preheated chamber
for 10 min for temperature equilibrium. Stretching rate was chosen
to be 0.025 s~!, which corresponds to 3 mm/s.

Three stretching modes were employed in this study, as shown
in Fig. 2.

(1) Uniaxial constant width (UCW) stretching
(2) Simultaneous Biaxial (SB) Stretching
(3) Sequential Biaxial (SEQ) Stretching

In UCW mode, the films were stretched in MD while it is
constrained in TD. In SB stretching, the films were simultaneously

- I

ucwi
MD
e
MD ‘ ucw2
™

TD

ucwi1 + ucwz2 = SEQ

Fig. 2. Stretching modes employed.
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stretched in two perpendicular directions at the same rate and to
the same ratio. During SEQ stretching, the films are first stretched
in MD in UCW mode, then, it is stretched in the perpendicular TD in
UCW mode. Same stretching rate was used in MD and TD.

2.4. Stress vs. strain behavior

The apparent true stresses in both stretching directions are
obtained by dividing the time variation of load observed by
instantaneous cross-section area obtained from movement of the
clamps assuming affine deformation and incompressibility of the
samples.

2.5. Birefringence

In-plane and out-of-plane birefringences of the samples were
measured with an optical bench equipped with a Gaertner
Polaroscope and a Babinet compensator. This optical bench
contains a goniometer, which enables the sample to be rotated.
Out-of-plane birefringence is calculated using Stein’s equations
[39]:

AoR

Angp = *2,700 (2)
Jo [Ro — Ry (1 — sin? /72

gy = 20 |Ro = Roll = SIn¢/T) ©)
0 sin® ¢/n

ﬁ:n1+r;2+n3 ()

Anys = Angz — Angp (5)

where /g is the wavelength of the incident light, dj is the sample
thickness. ¢ is the tilting angle. Rq is the retardation obtained when
incoming beam is vertical to the film plane. R, is the retardation of
film tilted by angle ¢. 71 represents the average refractive index of
PLA, which is taken as 1.47 [19]. 1-3 represents MD, TD and ND
respectively.

2.6. Wide angle X-ray diffraction (WAXD)

A Rigaku diffractometer was employed to illustrate the
development of chain conformation in crystalline phase. The
voltage and current were set to be 150 kV and 40 mA. A §/26 scan in
transmission mode from 27° to 34° 26 was used to locate the peak
position of (0 0 10) planes, which indicates the helical conformation
of PLA chains in crystalline phase. During scanning, MD of the
samples was oriented horizontally in the sample holder, allowing
meridional scanning. Step size of the scan was chosen to be 0.02
and integration time was chosen to be 10 s.

Two-dimensional WAXD images were obtained in flat plate
geometry using a Rigaku X-ray imaging system equipped with an
18 kW rotating anode X-ray generator with a Rigaku Imaging Plate.
The films were stacked to a thickness of 1-1.5 mm. In order to
assess the orientation behavior in biaxially extended films, two
patterns were obtained with the X-ray beam directed in ND and MD
with exposure of 15 min. Sample-to-detector distance was chosen
to be 150 mm.

Pole figure of selected samples was obtained with a GE XRD-
6 X-ray generator equipped with an automated quarter circle

goniometer. Voltage and current of the X-ray tube on this GE X-ray
unit were set to 30kV and 30mA respectively. For each
combination of x (chi) 5° and ¢ (phi) 10° step, 10 s integration time
was used. The films were stacked to form 4 mm x 1.5 mm x 1.5 mm
prism and were mounted on the goniometer with spindle axis
parallel with MD. The combined crystalline diffractions of the (200)
and (110) planes in crystalline phase were measured.

3. Results and discussion
3.1. Birefringence development

Because of its chiral nature, PLA is expected to have optical
activity [40,41]. This activity is maximum when the light is
propagated along the chain axis and relatively negligible normal to
the chain axis (1000:1 ratio) [42,43]. In our measurements, the
polymer chains are primarily oriented in the plane of the films and
the measurements were performed with the light beams directed
normal or near normal (~30°) to the film surfaces, therefore we
neglected the effect of optical activity in birefringence
measurements in this research.

Fig. 3 shows the in-plane (Ani») and two out-of-plane birefrin-
gences (Any3 & Anj3) of the simultaneous biaxially stretched films.
In-plane birefringence remains zero throughout this mode of
stretching indicating in-plane isotropy is preserved. And the film
exhibits optically uniaxial symmetry as the two out-of-plane
birefringences renaub equal and increase monotonously with
deformation. These data indicate that the optic axis of these films
remains normal to the film surface.

The UCW mode (Fig. 4) of stretching causes the materials to
exhibit optically biaxial character as the Anq; and Ang3 (1 =MD,
2=TD, 3 =ND) exhibit systematic increase with Ayp stretching,
while exhibiting minor difference for each condition. The fact that
we observed was very low but non-zero Anj3 in between the two
directions attests to the presence of optical biaxial symmetry.
Transverse stretching from two MD stretched states of 3 x 1 and
4 x 1 shown in Fig. 5 indicates that in-plane isotropy (Anq; =0) is
attained at smaller deformation in the second stretching direction
(Amp > Arp) unlike the simultaneous stretching mode indicated
earlier. When stretched balanced biaxially in SEQ mode (Ayp = Arp),
the in-plane birefringence invariably becomes negative favoring
the anisotropy in the second stretching direction. This is attribut-
able to the fact that stress induced crystallites formed in the first
stretching stage serve as physical cross-linking points, making
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Fig. 3. Birefringence vs. Ayp x Amp curve for Simultaneous Biaxially stretched (SB)
films.
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Fig. 4. Birefringence vs. Ayp x Arp of UCW Samples (Arp=1).

transverse stretching more efficient as it will be discussed in detail
below [27-29,44]. Out-of-plane birefringence (Anp3 2=TD,
3 = ND) monotonously increases with Arp (Fig. 5) as a result of the
chain alignment in the film plane during the increase of Arp. Similar
behaviors were observed in other polymers [11-18,20-22,45-52].
Intrinsic birefringence of amorphous PLA is reported to be
positive around 0.03 [1-3], while intrinsic birefringence of crys-
talline PLA is controversial. The method based on the vectorial
summation of bond polarizabilities for o crystals gives a value of
—0.013, while experimental results indicate that a crystal possesses
an intrinsic birefringence of 0.03-0.033 [19]. From Fig. 4, we can see
that Any3 approaches 0.025 at highest stretching ratio. Therefore,
our result favors the experimental result of o crystal intrinsic
birefringence to be positive (0.03-0.033), as discussed above.

3.2. Thermal analysis

During both UCW and SB stretching, crystallinity increases
while cold crystallization temperature decreases with deformation,
as shown in Figs. 6-9. In both UCW and SB stretched samples, heat
flow of cold crystallization (area under this peak) first increases and
then decreases with Ayp. At low deformation levels, the increase of
area under the cold crystallization is unusual for slow crystallizing
polymers and we attribute this to quite sluggish nature of PLA
chains to crystallize even during heating from the cold state during
DSC experiments. As mentioned earlier, this sluggishness is partly
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Fig. 5. Anq; and Anys vs. Arp of Sequential biaxially stretched samples.
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Fig. 6. Cold crystallization vs. Ayp of UCW and SB samples.

due to the presence of 8% D component. In order for them to even
cold crystallize, they need to be oriented, otherwise the PLA
superheats without showing any thermal crystallization. Obviously
this is a rate dependent phenomenon and utilization of slower
heating rates would readily cause cold crystallization as it would
give more time for chains to self-diffuse to crystallization fronts to
facilitate growth (Fig. 1). With the gradual depletion of amorphous
phase as a result of stress induced crystallization, this area
eventually begins to decrease at high stretch ratios. Similar
behaviors have been observed in other slow crystallizing polymers
[20,21,23-29].

In sequential stretching, the first stage being uniaxial in char-
acter progressively increases the crystallinity (Fig. 8). At the initial
stage of extension in TD, crystallinity increases slightly with Ap, as
shown in Fig. 9. This is due to the fact that the transverse
stretching tends to relax the chain segments oriented in MD, (a
behavior akin to opening of accordion) loosening the overall
structure and facilitating the registration of the oriented but
uncrystallized chains into the crystals oriented in MD. Further
extension in TD is found to eventually destroy the crystals.
Extension in TD tends to disrupt the chain orientation in MD by
disorienting them, leading to higher cold crystallization temper-
ature, as exhibited in Fig. 9. This behavior reverses as Amp
approaches Ayp, developing secondary population of chains that
register with each other and thus begin to form crystals. T starts
to decrease at highest deformation levels and this coincides with

-
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Fig. 7. Crystallinity and heat flow of cold crystallization vs. Avp x Amp curves of SB
Samples.
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Fig. 8. Crystallinity and heat flow of cold crystallization vs. Ayp x Arp curves of UCW
Samples.

the increase in oriented second population and the crystallinity
development in this second population. Others have reported
similar behavior for PET [19,26-29].

3.3. Stress vs. strain behavior

In simultaneous biaxial stretching mode (SB) PLA exhibits
a rubbery stress-strain behavior at 70 °C (Fig. 10). With deforma-
tion stress steadily increases ultimately leading to strain hardening.
This strain hardening is critical for self-leveling of polymer films to
ultimately obtain uniform thickness [34-38,45]. In UCW mode the
stress increasingly becomes higher in MD while in the TD, this rise
is delayed due to higher stretch ratios. (Fig. 11) Obviously the stress
hardening occurs at lower Ayp in SB mode than in the UCW mode.
This is natural since area expansion rate is much higher during SB
stretching.

The stress development in sequential biaxially stretched (SEQ)
films is shown for two cases: One with first stretch ratio at 3 x 1
(Fig. 12) and the other with first stretch ratio at 4 x 1 (Fig. 13). The
samples stretched to relatively lower stretch ratio in first direction
(Fig. 12) show that the at the beginning of second stretching the
stress in the first direction (MD) temporarily decreases at early
stages of the second stretching while stress of the second direction
(TD) shows a rapid rise. If the second stretching is applied on
a sample with 4 x 1 first stretching, both stresses in MD and TD
show a sharp rise though they cross each other at some
intermediate deformation level. Transverse stretching is found to
induce strain hardening even at the start of extension in TD. Similar
behaviors have been reported in stress vs. strain behavior of PET
[48-50].
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Fig. 9. Crystallinity and cold crystallization temperature vs. Ayp x Arp for sequential
biaxially stretched films.
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Fig. 10. Apparent true stress vs. Ayp x Ayp curve of SB sample.
3.4. WAXD

Typical oriented crystalline peaks for PLA are identified in
Fig. 14. The WAXS patterns obtained at strategically selected
samples of representing varying deformation conditions are also
shown in Figs. 10-13 for SB, UCW and SEQ samples respectively.
During SB stretching, the amorphous chains gradually orient in the
film plane and beyond the onset of strain hardening the WAXS
patterns with the X-ray beam taken along MD exhibit two very
sharp meridional peaks superposed over the amorphous halo. The
azimuthal spread of this peak is very narrow and it becomes even
sharper at 3.5 x 3.5 condition. This type of pattern in the absence of
other higher order peaks represents nematic-like order in the
material indicating that in this mode the three-dimensional
crystalline order is not established even well into the strain
hardening range. At 4 x 4, a beginning of three-dimensional order
is observed (Fig. 10). The WAXS patterns shown in Fig. 10 (bottom
row) indicate that the chains do become oriented in the plane of the
film. These regions do not exhibit developed crystalline evidenced
by the absence of substantial number of diffraction peaks. This
behavior is due to random orientation of the chain segments in the
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Fig. 11. Apparent true stress vs. Ayp curve of UCW samples.



X. Ou, M. Cakmak / Polymer 49 (2008) 5344-5352 5349

Stretching temperature: 70°C
Stretching rate: 0.025S1

_MDO 3

ND D

. ND \ k_a
)

-
N

Apparent True Stress(MPa)
(o]

MD 71D
4 -
0 ) $beginni.ng of second stretch
1x1 2x1 3x1 3x2 3x3

AmpXAtp

Fig. 12. Apparent true stress vs. Ayp x Arp curve of SEQ samples with Ayp of 3.

film plane, thus they have less chance to become parallel with each
other and crystallize. Obviously, this is aggravated by the absence of
significant chain relaxation at the chosen processing temperature
that is only 10°C above the T, This behavior leads to low
crystallinity and crystal perfection.

WAXS patterns through ND show uniform intensity (top row), in
accord with birefringence data shown earlier signifying in-plane
isotropy with the optic axis normal to the film plane [53-56]. The
WAXS pole figure of the (200) (110) combination peak shown in
Fig. 15 illustrates that the poles of these planes are primarily
oriented in the ND. This is typical of SB stretching of many polymers
[23-26,38,48-52,57,58].

During UCW stretching, a well-developed three-dimensionally
ordered crystalline phase forms when Ayp is between 2.5 and 3,
(Fig. 11). Further stretching leads to very highly oriented and
ordered crystalline structure. Analysis of the (0010) peaks through
diffractometry (data not shown) indicates that the chains in the
crystalline regions form helical conformation between 10/3 helix of
o and 3/1 helix of p phase [6-10].

SEQ samples with very low Arp showed crystal orientation
essentially similar to UCW samples, as shown in Figs. 12 and 13.
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Fig. 13. Apparent true stress vs. Ayp x Atp of SEQ samples with first stretch ratio of 4.
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Fig. 14. Illustration of crystal planes.

Further transverse stretching is found to decrease the orientation of
the crystal population #1 in MD direction presumably as a result of
increased splaying action under the transverse stretching, while
creating totally new population oriented in TD with much poorer
crystalline order, inducing a bimodal orientation. This is evidenced
by the appearance of concentration of diffraction intensities both in
meridian and equator in the WAXD pattern obtained with X-ray
beam directed along the ND. In fact, this second population has
such low order, it may be called oriented amorphous. Apparently,
the crystals formed during UCW stretching served as physical
cross-linking points during transverse stretching, preventing the
segments from sliding along the entanglements. Therefore, we
conclude that these films exhibit very unique in-plane bimodal
“cross-hatched” orientation. Similar behaviors have been observed
in PE and PEN [53-56]. As shown in Fig. 13, a well-developed highly
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Fig. 16. Pole figure of SEQ samples.

oriented crystalline network is formed at Ayp of 4 during the first
stretching stage. This obviously forms a tightly knit long range
connected network. This makes the stretching in the transverse
direction quite efficient. As a result, the original crystalline regions
formed along the MD are destroyed upon stretching in the trans-
verse direction. At intermediate TD (e.g. 4 x 3) stretching ratios,
this texture exhibits bimodal orientation with one population still
oriented in the MD and second gradually forms in the Transverse
direction. When 4 x 4 condition is reached, the population #1
oriented in MD essentially disappears, giving way to the population
#2 primarily oriented in TD.

The WAXS pole figure of combination equatorial plane (200/110)
of SB 4 x 4 stretched films is shown in Fig. 15 indicates that the
chains exhibit perfect in-plane isotropy as the poles of these planes
are all concentrated in the ND direction. In the case of sequential

biaxially stretched films (Fig. 16) the in-plane isotropy appears to be
obtained in unbalanced biaxial state (4 x 3.5) and at 4 x 4 condition
the orientation is slightly more towards the TD as was also evident
in the birefringence data discussed earlier.

The destruction of crystallites with transverse stretching is
quantitatively reflected in the crystallite size measurements pre-
sented in Figs. 17 and 18 for (200)/(110) combination planes. For
this analysis, WAXS line profiles were obtained in MD as well as in
TD to assess the state of the crystallite sizes in these two specific
directions. After the peak separation, Scherrer equation was used to
calculate crystal sizes
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Fig. 18. Crystal size along [100] and [110] of crystals oriented along TD vs. Arp of SEQ

Fig. 17. Crystal size along [100] and [110] of crystals oriented along MD vs. Arp of SEQ
samples.

samples.
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Fig. 19. Structural models for Simultaneous Biaxial (SB) stretching.

where K=1, A=wavelength, (=integral breadth in radians,
# = peak position.

While the crystallite size in the MD direction decreases
dramatically at high Ap, [19,20,27-29] it slightly increases in the
second population (Fig. 18). The crystalline order decreases faster in
samples with Ayp = 4 (Fig. 17). Clearly, this points to the fact that if
the texture contains extensive crystalline phases leading to
increased connected network, this helps in more efficient
destruction upon transverse stretching rather than their rotation.

4. Structural interpretation
4.1. SB stretching

PLA chains are extended in film plane without preferred in-
plane orientation during SB stretching, as shown in Fig. 19. SB
stretching tends to orient the polymer chains in the plane of the
film while maintaining in-plane isotropy. Efficiency of oriented
crystallization is not very high as these in-plane randomly oriented
chains have difficulty in finding chains of same orientation to
crystallize. As a result, crystallites with very poor order are induced
at intermediate stretch ratios. This crystallization improves as the
deformation is increased. But we never observed fully developed
three-dimensional order in the SB films.

4.2. UCW stretching

The chains become oriented along MD during UCW stretching,
as indicated in Fig. 20. After certain level of orientation is reached,
stress induced crystallization takes place, leading to the formation
of a highly oriented crystalline phase. Upon further extension,
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Fig. 20. Structural models for Uniaxial Constant Width (UCW) stretching.
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Fig. 21. Structural model of transverse stretching from Ayp = 3.

further increase in fraction and perfection of crystalline phase was
observed.

4.3. Transverse stretching to UCW samples with a weak
crystalline phase

When transverse stretching is applied to UCW samples at early
stages of stress induced crystallization, the crystallite orientation
decreases in MD as evidenced by the diffraction planes broaden in
the azimuthal direction, while preserving the crystalline order.
(Fig. 21). Higher levels of transverse stretching lead to partial
destruction of crystallites originally oriented in MD the crystallites
as they are pulled apart from each other, while another population
with low structural order appears in TD. This texture has distinct
bimodal texture with population #1 oriented in MD and population
#2 oriented in TD. Much better structural order is observed in
population #1, as compared to population #2.

4.4. Transverse stretching on UCW samples with a well-developed
crystalline phase

When transverse stretching is applied to UCW samples with
a well defined crystalline phase oriented in MD, similar structural
development can be observed at initial stage of transverse
stretching, as shown in Fig. 22. However, since the crystallites

Fig. 22. Structural model of transverse stretching from Ayp = 4.
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formed during UCW extension along MD serve as physical cross-
linking points, the transverse stretching becomes very efficient in
transmitting lateral forces deep into the structure including all
crystallites. Thus, the crystalline phase oriented in MD is destroyed
at Arp = Amp, while the population oriented in TD forms poorly
ordered crystalline phase.

5. Conclusions

Simultaneous biaxial stretching of PLA films in rubbery
temperature (T; + 10 °C) leads to in-plane isotropy with relatively
poorly ordered crystalline regions. This is due to inefficient
development of population of polymer chains of the same
orientation adjacent to each other in this mode of deformation. This
curtails the development of oriented crystallization (Fig. 19). At the
processing temperature so close to Tg, the chain diffusion is too low
to cause thermally induced crystallization. To produce commer-
cially viable thermally stable SB films, they need to be further
processed through dimensionally constrained heat treatment at
a temperature where the thermal induced crystallization is fast.

Stretching in uniaxial constrained mode (UCW) leads to gradual
development of orientation particularly beyond the strain
hardening and consequent oriented crystallization with well-
established three-dimensional order. The morphology develop-
ment in the second stretching (TD) transverse to the first stretching
depends on the state of the structure developed in the first
stretching direction in UCW mode. If the crystallization is not well
developed in the first stretching direction, the ease of reorientation
of the crystalline regions towards TD is observed with minor
damage to their integrity as the transverse direction stretching is
applied. However, if the first stretching leads to substantial orien-
tation and crystallinity, this structure, stretching in the transverse
direction in the sequential biaxial mode leads to rapid destruction
of these crystalline regions as the chains making up the crystalline
regions are unraveled from the crystalline domains by the lateral
forces quite efficiently. This leads to near complete disappearance
of crystalline order at intermediate TD stretch ratios. If sufficient
population of chains is oriented in the TD the crystalline order is
reestablished. However, the order in these regions is generally poor
requiring further constrained annealing to produce thermally
stable oriented films.
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