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Abstract
Poly(L-lactide) (PLLA) in its L-form has promising mechanical properties. Being a semi-crystalline
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polymer, it can be subjected to strain-induced crystallization at temperatures above Tg and can
thereby become oriented. Following a simultaneous (SIM) biaxial strain process or a sequential
(SEQ) biaxial strain process, the mechanical properties of biaxial strained tubes can be further
improved. This study investigated these properties in relation to their morphology and crystal
orientation. Both processes yield the same mechanical strength and modulus, yet exhibit different
crystal orientation. Through further WAXS analysis it was found that the SEQ biaxial strain yields
larger interplanar spacing and distorted crystals and looser packing of chains. However, this does
not influence the mechanical properties negatively. A loss of orientation in SEQ biaxial strained
samples at high degrees of strain was detected, but not seen for SIM biaxial strain, and did not
correlate with mechanical performance in either case. However, post-annealing reduced the
orientation to the same level in both cases, and the modulus and strength is decreased for both SIM
and SEQ biaxial. It is therefore concluded that mechanical properties after biaxial strain are related
to strain-induced amorphous orientation and the packing of crystals, rather than strain-induced
crystallinity.

Introduction
Poly(L-lactide) (PLLA) is a biodegradable and bioabsorbable semi-crystalline aliphatic polyester,
which can be derived from starch based products. It has been of interest as a replacement for
petrolbased polyesters in both the packaging industry and in the biomedical industry.1-4 It has its
drawback in lack of sufficient mechanical and physical barrier properties.5 Both the physical and
mechanical properties strongly depend on the structure of the polymer, including the crystal
morphology.6 In its L-lactic form, PLLA, it has promising mechanical properties, which can be
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improved further by crystallization. Isothermal (ISO) crystallization has been done to improve the
properties for PLLA, but is often done at high annealing temperature and/or durations unfavorable
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for production in the industry.7-9 Deformation of PLLA in its amorphous form at temperatures above
glass transition temperature (Tg) and below cold crystallization temperature (Tcc) have been widely
investigated in relation to its crystallinity, orientation of the molecular chains within the amorphous
regions.8,10-15 The deformation stimulates the otherwise slow crystallization kinetics for PLLA at
lower temperatures, observed during cold crystallization or from melt.13,16 It thereby increases
stiffness and strength related to a rise in crystallization.17 Several studies on mechanical properties
during deformation have been performed on PLLA film, which was strained or deformed at a given
degree of strain, rate and/or temperature, although little was revealed about the mechanical
properties remaining after deformation.

2,6,10,11-13,14,18-21

Because film fabrication is a common

process in the industry, and is done to improve mechanical properties, groups have investigated
both uniaxially and biaxially strained films.12,22,23 The objective of this study is to investigate the
changes in crystallinity, crystal size and orientation of crystals and the amorphous chains and
discussing in relation to the mechanical properties (elastic modulus and yield stress). Additionally,
the objective is to identify how the process, whether simultaneous (SIM) or sequential (SEQ)
biaxial strain, influences the orientation and crystal size in comparison to ISO crystallization.
Experimental
PLLA 2003D pellets were purchased from NatureWorks LLC (Minnetonka, MN, USA) (~4.1 % Disomer; molecular weight, 1.85 x 105 g/mol), heated to 194 °C and extruded into small tubes with
an outer diameter of 3.4 mm and an inner diameter of 1.7 mm. After extrusion, the tubes were
quenched well below Tg in a cooling medium at 15.5 °C for 14.5 s, leaving the tube with low
crystallinity (~1%), as determined by differential scanning calorimetry (DSC).
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Expansion process
w
expannded to diff
fferent diam
meters usingg a custom
m-made setuup. Prior too
The extrudded tubes were
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expansion,, a section of
o the extruuded tubes was
w heated in a cylindrrical form at
a 100 °C. The
T heatingg
time deterrmines the inner tube temperaturre and, in this case, 73
7 °C was aimed forr. The totall
expansion degree is dependent
d
onn axial strain as well as
a the radiall strain. Thee expansionn process inn
this paper is regarded as biaxial straining
s
annd was donee either simu
ultaneouslyy (SIM) or sequentially
s
y
(SEQ). Forr comparisoon, tubes sttrained uniaaxially (UN
NI) along th
he axial direection were processed..
Figure 1 poortrays a skketch of the raw
r materiaal, after axiaal elongatioon and radiaal expansionn.

Figure 1 S
Sketch of biaaxial strainiing. The exttruded tube is placed inn a cylindriccal mold off a given
diameter w
with heating elements suurrounding the mold.
Once heat transfer to the
t inner lum
men of the tube has takken place fo
or the speciffied amountt of time
the tube is elongated by
b application of an axial force. Iff pressure is applied priior to axial elongation
e
by injection of air into
o the tube luumen, the tu
ube is expannded radiallyy into the shhape and sizze of the
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mold as the elongation occurs. This process is described as simultaneous (SIM) biaxial strain. If the
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pressure is applied after the elongation the process is described as sequential (SEQ) biaxial strain.
SIM biaxial strain
An internal pressure was created by injecting air inside the lumen of the tube prior to heating. Once
heated, the tube was axially elongated with the speed of 100 mm/s to the desired length. The tube
expands to the given form size at the instant it is pulled axially.

SEQ biaxial strain
After heating, the tube was axially stretched from each end to a desired length, after which the
pressure was applied and the tube was expanded to the given form size.
The axial strain (εa) is given for each specimen as the change in length (ΔL) over the original length
(L0) (Eq. 1). The radial strain (εr) is given as the change in diameter (ΔR) over the diameter prior to
axial strain (R0) minus the reduction in thickness due to the axial strain (ta) (Eq. 2).
=

=

∆

∆

Eq. 1

Eq. 2

Total area expansion (Aexp), or the degree of expansion, is the relation between the radius after any
axial strain and the radius after expansion (R2) (Eq. 3). The radius after axial (R1) strain is
calculated with the assumption that the volume of the material is the same before and after axial
strain (see Eq. 4).
=

∙

% Eq. 3
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∙
(

)

Eq. 4

Specimen preparation
Specimens for circumferential testing were cut as rings with a width (w) of 5 mm and a length (L)
of 18 mm. Specimens for axial testing were cut as strips along the tube with the same dimensions.
The cross sectional area was determined as the average thickness of each ring and strip times the
width of the specimens.
Mechanical testing
Uniaxial tensile testing was performed in both the axial and circumferential direction using a tensile
tester (Instron 5564) at a testing speed of 2.7 mm/min, corresponding to a strain rate of 0.15 min-1.
and pulled to fracture. Data obtained from mechanical testing represents the normal strain and stress
values. From the data, the elastic modulus (E) was found in the stress interval of 20-40 MPa. The
yield stress (σy) was determined as local maximum before strain hardening begins.

Wide angle X-ray scattering (WAXS)
Orientation and crystallinity changes were evaluated by wide angle X-ray scattering (WAXS).
Samples were examined using a custom made 2D diffraction setup equipped with a rotating anode
Cu Kα X-ray source, monochromated and focused by 1D multilayer optics (λ=1.5418 Å), operated
at 50 kV and 200 mA as described in Apitz et al, 2005.24 The tube sample was cut in half and
placed perpendicular to the beam. Distance between detector and sample was 123 mm.
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Measurement duration was 30 min. The crystalline interplanar spacings (d) were determined from
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Bragg’s law (Eq. 5):
=

(Eq. 3)

∙

The degree of orientation was found using Herman’s orientation function (Eq.6), and second order
orientation factor (Eq. 7), as described in further detail by Sakurai et al, 2001,25 quantifies the
orientation of the lamellae in the stretching direction. The scattering intensity on the 2D detector is
integrated as a function of radial angle 2θ, and as a function of azimuthal angle ϕ, with ϕ = 0°
defined at the position of the axial and circumferential directions according to the maximum intensity
for the reflections corresponding to the 110 planes. The intensity (I (ϕ)) corresponding to diffraction
from the 110/200 planes was integrated in the interval of scattering vectors q = 1.13-1.24 Å-1
between 0-360o azimuthal angle. The orientation is defined according to the symmetry axes of the
diffraction pattern. Total orientation has been achieved when F2 is one, and random orientation
when F2 is zero. 〈

〉 is the average of

=

〈cos

〉=

ϕ.

〈

〉

(Eq. 6)

( )cos

sin

( ) sin
=− ∙
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(Eq. 7)

The mean crystal size (D) normal to a particular reflection plane (hkl) was found by Scherrer’s
equation (Eq. 8) using K as a dimensionless shape factor set to 0.9 25, λ as the X-ray wavelength
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(1.5418 Å) and β½ as the full-width at half maximum of the peak at Bragg diffraction angle, θ.

(

)

=

∙

(Eq. 8)

½

Crystal size in the circumferential direction (Dc) was determined from the peak in the scattering
vector (q) interval of 2.2-2.25 Å-1 corresponding to (018) plane26, whereas crystal size in the axial
direction (Da) was found for the planes (110/200) in the scattering vector interval of 1.13-1.24 Å-1.
Thermal properties of PLLA tubes were analysed using a differential scanning calorimeter
(NETZSCH DSC 200 F3 Maia). Samples of 5-10 mg were heated (10 °C/min) from 0 °C to 200 °C
in a nitrogen atmosphere (50 ml/min). Data analysis was done in NETZSCH Proteus Analysis
software v6.1. The Tg was found as the midline between onset and offset of the transition. The
degree of crystallinity (Xc) was calculated from the enthalpy induced by melting (ΔHm) minus the
heat fusion induced by cold crystallization (ΔHc) relative to the enthalpy of fusion (∆
crystalline PLLA sample27 (Eq. 9). For PLLA ∆

(%) =

(∆

∆
∆ °

°

°

) of a 100 %

is set to 93 J/g.28

)

∙ 100% (Eq. 9)

Enthalpies were quantified through determination of the respective areas for which borders were
related to extrapolated on-sets and off-sets of the individual traces. The reproducibility of
determinations for runs on consecutive identical samples is 0.06 % crystallinity. The uncertainty for
one particular curve of fitting the area of the melting peak is almost one order of magnitude better.
Runs on different samples from the same lot, i.e. from different positions in the reactor resulted in a
variation of about 2 %, which is an expression of inhomogeneity.
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For compaarison betw
ween ISO cryystallizationn and strain-induced crrystallinity, heating of an
a extrudedd
tube at 90 °C for 60 min
m was donne, having an
a Xc= 30 %.
% Additionnally, the efffect of anneealing at 900
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min on straiined tubes, both
b
SIM annd SEQ biaaxial strain, was determ
mined with DSC.
D
°C for 60 m
Results
Mechanicaal testing
Stress/straiin curves in
i the circumferentiall direction portray thhe typical behaviour
b
oof a semi-crystalline polymer inn the sense that the sppecimen is strain-hard
dening as it undergoes elongationn
(see Figuree 2a and b). Elongationn at rupturee improve with
w degree of axial strrain, when keeping
k
thee
radial straiin constant. The strain hardening effect is noot detected in the axial direction (see Figuree
3), which shows a maximum
m
strress value before
b
10 % strain. Att the same time, the slope of thee
strain harddening regioon becomes steeper with
w Aexp. IIn general, more variaation was ddetected forr
samples with a high degree
d
of strrain (1.0;3.2
2 in Figure 2a and b), yet a largerr fracture sttrength wass
detected w
when increassing the straain both axiially and raddially. Unlikke the circuumferential specimens,,
elongation at fracture in the axiall direction varies
v
and did
d not occurr over the entire
e
gaugee length, butt
failed in loocalized areaa.
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Figure 2 Stress (σ)/strain (ε) curves for SIM (a) and
a SEQ (bb) biaxially strained tuubes in thee
circumfereential directtion. The aaxial and radial straiins are giv
ven in pareentheses seeparated byy
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semicolon (εa; εr).

Figure 3 Stress (σ)/sstrain (ε) cuurves for SIIM (a) and SEQ (b) biaxially strained tubes in the axiall
direction.

Figure 4 Elastic
E
moddulus (E20-40) and yieldd stress (σy) of Poly(L
L-lactide) (P
PLLA) tubees obtainedd
from tensille testing in
n both circum
mferential (○)
( and axiaal (□) directiions as a fuunction of Aexp.
The elasticc moduli in
n both the circumferen
ntial as weell as the axial
a
direction increasee with Aexpp
(Figure 4). Velazquezz-Infante et al,
a 2012,17 tested
t
thin films
f
of PLL
LA with sim
milar D-isom
mer contentt
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and found similar values for elastic modulus (3.7-3.9 GPa) and yield stress (56.2-60.2 MPa), and
the strain-induced crystallization seen in oriented film applies for tubes as well. Sequential straining
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does not affect the axial modulus as much as the simultaneous does. Simultaneously strained
sample show a larger degree of anisotropic behaviour in the two directions than the sequentially
strained samples. The yield stress increases with degree of strain in both directions, regardless of
processing method. The yield stress in the axial direction for SEQ biaxially strained samples,
showed higher values than SIM. This means that the orientation of chains (crystal formation or not)
during the axial elongation has a larger influence on the strength of the material rather than the
modulus of the material.
Creating a SIM biaxially strained material by applying a transverse strain to uniaxial strainleads to
destruction of crystallites (decrease in their size) with poor crystalline regions11,12. During a SEQ
strain, the transverse strain will gradually destroy the crystalline structure obtained in the uniaxial
direction; it also creates a crystalline structure in the transverse direction. One could expect
destruction of crystals formed uniaxially and new ones formed transversely would create a larger
anisotropy in the material for SEQ as opposed to SIM biaxial strain. However, in this specific case
the mechanical properties of both SIM and SEQ biaxially strained samples appear to have the same
degree of isotropy within the material.
Crystallinity
The UNI (1.0;0) allows formation of the highest Xc of 34 %, and subsequent heating allows a
formation of 36 % crystallinity (Table 2). The SEQ and SIM biaxially strained samples showed
overall no difference in DSC scans (see Figure 5 ) and the same crystallinity of 29-32 %. UNI with
axial strain at 0.2 and 0.5 did not induce any crystallinity.
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Figure 5 D
DSC heatingg curves of PLLA
P
strain
ned either UNI
U strain, SIM or SEQ
Q biaxially strained
tubes with or without post-annealling at 90 °C
C for 60 min.
nge significcantly as a function of area expaansion for SEQ
S
biaxiaal straining,,
The Tg dooes not chan
however thhere is a slig
ght increasee in Tg for SIM
S
biaxiall strain. Du
uring heating
g of the SE
EQ and SIM
M
biaxial sam
mples for 600 min at 900 °C, no exoothermal crrystallizationn appear, despite
d
the crystallinity
c
y
being far from
f
the maaximum Xc of PLLA, which
w
has been
b
reporteed at 57 % after anneaaling at 1600
°C for 10 hhours29 but can go as high
h
as 65 % after straining.18 Theerefore the biaxially
b
strrained tubess
are unable to crystalliize further at
a this tempperature. Thhe results showed thatt the Xc is inndependentt
of the ratioo between axial
a
and raadial strain and remainns constantt, which is not
n in agreement withh
Chen et al,, 2011.27
From otheer thermal measuremen
m
nts (not listted here), itt is seen thaat the strain
n-induced crystallinity
c
y
forms at sttrains closee to 100 % and above.. The crystaalline phasee is therebyy oriented inn the strainn
direction. W
When the strain
s
applieed is large enough,
e
som
me crystals are destroyyed while new
n crystalss
are formedd. The Xc after deform
mation deppends on thhe amount of new cryystals form
med and thee
amount thaat are destrroyed. Desttroying the crystals will
w decreasee the crystaallinity. A decrease
d
inn
crystallinitty at higher strains mayy also be caaused by foormation of cavitation. The decreaase seen forr
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the expandded tubes iss about 3 %;
% this deccrease was also observved by Zhaang et al, 2011,28 whoo
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proved existence of vooids or caviitations.
WAXS

W
imaages of raw material (aa), upon heaating materrial to 74°C
C on the insside (b) andd
Figure 6 WAXS
after 96 % axial strainn (c).
F
6a it
i is seen that
t
the raw
w materiall showed virtually
v
noo
From the WAXS paatterns in Figure
crystallinitty after tubbe extrusionn (portrayeed by a difffuse amorpphous haloo), as expeccted. Uponn
heating, noo crystallitees are formeed, the tubee remains low in crysttallinity and
d the materrial remainss
isotropic amorphous, which is coonfirmed byy DSC. Figuure 6c incluudes the most reflectionn planes forr
L-lactide) (P
PLLA) andd its highlyy ordered α-crystals,
α
as
a portrayedd by sharpp
strain-induuced Poly(L
reflections in the (1100/200) planne. Uniaxial straining at
a 74 °C indduces crystaallinity up to
t 34 % (c))
and is onlyy possible when
w
the strrain is nearlly 100 %. Strain
S
below
w this does not
n induce any
a notablee
crystallinitty, as axial strain
s
of 244-68 % induuced crystalllinity of onlly 2.4 %. As
A expected,, the crystall
orientationn remains in
n one directtion. Howev
ver, the orieentation is turned
t
90° compared to
t the otherr
stretching schemes. The
T (110)/(2200) directio
on is now parallel
p
to thhe radial diirection rathher than thee
axial directtion.
Amorphouss vs. crystallline phase.
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In Figure 7 the intennsity from crystalline phases aloong with amorphous
a
scattering are shown..
k and amorrphous scatttering wass done to investigatee
Gaussian fitting of each crystaalline peak
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b
strainn, but SEQ
Q
differencess. X-ray difffraction pattterns are iddentical forr both SEQ and SIM biaxial
biaxial straain peaks are
a shifted towards
t
low
wer scatterinng angles (2θ). Regarddless of proocess route,,
the SIM aand SEQ biiaxial strainn show the same area under the amorphouss phase as w
well as thee
crystalline peaks. Thee amorphouus phase deecreased witth degree of
o Aexp (not shown herre) for bothh
SIM and S
SEQ biaxiall strain, whhich was exppected27 yeet the Xc didd not increaase. This phhenomenonn
could be reelated to ann increase in
i a transitional phase between thhe amorphous and the crystalline,,
before the polymer becomes
b
cryystalline. The
T UNI axxially strainned tubes diid not show
w the samee
degree of aamorphous diffuse scatttering, and therefore thhe amorphoous area is sm
maller in Fiigure 7.

Figure 7 W
WAXS inten
nsity plot ass a function of scatterinng angle (2θθ) and integrrated for alll azimuthal
angles, for UNI at 96 % strain, IS
SO at 90 °C for 60 min, SIM and SEQ
S
biaxiall strain (1.0xx4.3)
8,18,277,31
before andd after anneaaling for 60 min at 90 °C
° and the correspondin
c
ng crystal planes.
p
Note

that the lattter two have a large baackground scattering.
s
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X-ray diffraction peaks occur in multiple planes for the α-crystal phase listed in Table 3, including
the planes corresponding to the most commonly occurring reflections for PLLA (103), (010),
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(110/200), (203), (015) and (207)27,31. On the contrary the disordered and less chain-packed α'crystal phase31 shows diffraction peaks corresponding to the (110)/(200), (203), (206) and (018)
planes at higher 2θ,27,31 (see Table 3). In this study ISO crystallization shows diffraction peaks
solely as α-crystals in (103), (110)/(200), (203), (206) and (015), whereas UNI strain shows peaks at
lower 2θ indicating α'-crystals, while lacking the peak for the (103) plane but has the additional
(018). The shift in 2θ could be due to the higher crystallization temperature, Tc = 90 °C in ISO
crystallization, whereas in UNI strain the Tc = 74 °C. The weak intensity of the (103) reflection is
normal for ISO crystallization below 90 °C,33 and the reflection for the (010) plane is only visible in
the ISO crystallization. An additional reflection corresponding to the (015) plane is detected, a
reflection not detected for SEQ or SIM biaxial strain.
The difference in 2θ between ISO and strain-induced crystallization was also detected in PLLA
films13. Stoclet et al, 2010,13 reported a slightly lower 2θ for UNI strain, explaining that the straininduced crystals have a larger interplanar spacing. The smaller 2θ means that the crystals have a
longer distance between crystal planes than the more stable α-crystal form and possibly a state in
which the polymer chains are in a non-equilibrium configuration. Plane (203), (206) and (018) are
visible in SIM and SEQ biaxial strain in accordance with reflections of α’-crystals with a larger
interplanar spacing. From Figure 7 one can conclude that these reflections are only visible for
strain-induced crystallization. Chen et al, 2011,27 saw a tendency in shift to higher 2θ at higher draw
ratios, but this was not detected as given in Table 3Error! Reference source not found..
Additionally they discovered the (018) reflection peak after drawing, which is also seen in this
study, but more predominant for biaxial strained tubes than UNI strain.
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Both SIM and SEQ biaxial strain shows diffraction peaks corresponding to the (110/200) planes at
lower 2θ than for the α-crystals in ISO crystallization. The sharp reflection of the (110/200) planes
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for SEQ biaxial strain is seen at 2θ = 15.1-15.3°, whereas the reflection for SIM is at 16.2-16.5°.
This is in agreement with SIM strained PLLA film in a studies by Delpouve et al, 2014,21 and
Hebert et al, 2012,14 for α’-crystals. For SIM the peak appears at the same 2θ as ISO crystallization,
whereas the SEQ biaxial strain peak is closer to the peak in the (110/200) planes for UNI strain. It is
likely that it represents the (110)/(200), but is highly disordered. The planes for SIM are detected at
angles between 16.2° and 16.5° depending on degree of strain. Due to its similarity with diffraction
pattern seen for SEQ, it is likely to represent the α'-crystals and not the α-crystals. The disordered
crystal will return to the equilibrium (from α'- to α-crystals) upon annealing for 60 min at 90 °C,
which means that further heat processing deletes the processing route history.
The α’-crystals with their looser chain packaging and disordered structure, will according to
Saiedlou et al, 2012,32 result in a lower modulus, and higher elongation at break. SEQ biaxial strain
have a larger interplanar spacing than the SIM strained ones, yet there is no difference in their moduli or
elongation at break. The crystals for SIM biaxial strain must therefore still be ordered to a degree, where they
do not contribute to the stiffness of the material.

Orientation
Figure 8 shows the orientation factor and WAXS images for each SIM and SEQ biaxial strain along
with UNI strain, whereas ISO crystallization did not induce crystal orientation. During UNI strain,
two intense equatorial diffraction peaks appear transverse to the strain direction, meaning that
crystal orientation in the radial direction has been achieved. During transverse strain (eg. SEQ) the
diffraction peaks are rotated 90°. It is therefore concluded that a given crystal formation and crystal
orientation at the initial UNI strain is rotated 90°, if a radial strain is applied. From the WAXS

This article is protected by copyright. All rights reserved.

analysis, thhe followin
ng structure of the crysstals and am
morphous chhains betweeen crystal regions aree
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portrayed iin Figure 9.

Figure 8 O
Orientation factor (F2) for UNI strrain, SIM annd SEQ biax
xially strainned tubes ass a functionn
of Aexp.

This article is protected by copyright. All rights reserved.
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Figure 9 S
Schematic sttructural chhanges of PL
LLA tubes as
a they undeergo UNI sttrain (left) and
a SEQ
biaxial straaining (rightt)
The orientaation for SIIM strain iss primarily in axial direection and remains connstant as a function off
Aexp. Whenn increasing
g the axial strain
s
duringg SIM (16 %,
% 44 % and
d 96 %), thee orientationn factor andd
crystallinitty remain unaffected.
u
T
This
is not seen durinng SEQ biaxxial strain, where the axial strainn
influences the final orientation
o
f
factor.
Duriing an axiall strain of 96
9 % the tu
ube has an orientationn
factor of 0.7 and crystallinity of 34 %, but during
d
the transverse
t
strain the orrientation is reduced too
0.4, and beecomes lower than obseerved for SIIM with thee same degrree of axial strain. This means thatt
developmeent of crystaals (Xc=34 %) obtaineed by the axxial strain makes
m
it mo
ore difficultt to achievee
orientationn radially during
d
the transverse
t
s
strain
and the orientaation is redu
uced furtheer for SEQ
Q
biaxial straain (1.0;3.2)).
There are ttwo prerequuisites for acchieving strrain-inducedd crystallizaation. The first
f
is degreee of strain,,
which musst be above 100 % andd the secondd is related tto strain ratte being equuivalent or higher thann
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chain relaxation time34. For all expansion the strain rate remains the same and the lower orientation
seen for SEQ biaxial strain (1.0;3.2) could therefore be explained by the degree of strain. A low
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orientation factor after stretching is usually related to the chains having sufficient time to relax
during stretching and would also result in low crystallinity.25 It is possible that the larger strain in
SEQ biaxial strain (1.0;3.2) provides the chains with sufficient relaxation time; however, the
crystallinity is not reduced with larger strains. As stated previously the crystallinity remains
constant and so does the orientation for SIM, despite larger ATotal. However, the orientation
decreases for SEQ biaxial strain at high strain as the diffraction peaks become weaker and a more
diffuse diffraction ring appears, indicating less anisotropy of the material. It appears that crystals are
destroyed upon transverse strain and more predominantly for SEQ biaxial strain than for SIM. As
stated previously from Figure 4 these microstructural changes in crystals and the decrease in
orientation for SEQ biaxial strain, do not have a negative effect on the mechanical properties.
During annealing, the crystalline orientation is not preserved and is reduced to 0.1 for both SIM and
SEQ biaxial strain. It appears that both samples then contain a high number of α-crystals and an
interplanar spacing close to that for ISO crystallization. Supposedly annealing will not influence the
network achieved during strain, and annealing tends to lock the chain segments in the amorphous
phase in such a way that recrystallization becomes unfavourable according to Ou and Camak,
2010,12. This is in agreement with the fact that no crystallinity growth was detected for SIM or SEQ
biaxially strained samples after post annealing at 90 °C for 60 min. However, the diminishing of the
amorphous signal in the WAXS data, when comparing the post annealed sample to the nonannealed, shows that the amorphous phase has changed during the annealing. The crystal
orientation factor is reduced to 0.1 for both SEQ and SIM biaxially strained tubes.
In terms of crystal sizes, there is no apparent difference between SIM and SEQ biaxial strain. Zhang
et al, 2012,10 also found crystal sizes at 70-80°C in the range of 60-77 Å in direction of strain,
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corresponding to the crystal sizes found in this study in the axial direction after SEQ and SIM
biaxial strain and UNI strain. The crystals are larger in the circumferential direction at all
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expansions, but decrease with Aexp. During UNI strain, the crystals are larger in the circumferential
direction (see Table 2). Once the radial strain is applied the crystals decrease in the circumferential
direction and increase in the axial direction.
It is not known if the crystals formed during axial strain are destroyed once the radial strain is
applied, thereby leaving room for new ones to be formed during the expansion. The crystals could
also have become distorted by the radial strain and have opposite shape dimensions than the UNI
strain crystals. After annealing at 90 °C for 60 min, the SEQ biaxially strained tubes show crystal
sizes in the axial direction decrease, whereas crystal sizes in the circumferential direction increase.
This could mean that the crystals return to a more relaxed state and shape after annealing. This is
less significant for SIM strained tubes.
From Table 1 it is seen that after annealing, the properties for both SEQ and SIM biaxial strain are
the same; however, the axial strength is more affected by the annealing, resulting in an even more
anisotropic material. Therefore whatever improved mechanical strength and stiffness that is
obtained as a result of oriented amorphous chains is lost upon annealing. A slight reduction in
crystallinity was detected after annealing, suggesting that some crystals have reduced in size, or
disappeared. The loss of stiffness and strength after annealing, cannot be due to a slight reduction in
crystallinity, because the gain in mechanical performance as a function of strain, as seen in Figure
4a and b, did not correlate with an increase in crystallinity. It is therefore concluded in this study
that mechanical performance of PLLA strained at temperatures above Tg (74 °C) is related to straininduced chain orientation and packing of crystals, rather than solely related to strain-induced
crystallinity.
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Conclusion
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Crystal formation in PLLA is caused by strain, with uniaxial strain causing the highest degree of
crystallinity. The crystal orientation of the normal to the (110/200) plane appears perpendicular to
the direction of strain, having a closely packed α’-crystal structure which resembles the α-crystal
structure created during isothermal crystallization. Creating a biaxial strain by applying a transverse
strain to a uniaxial strain causes a different morphological picture, where crystal orientation and
crystallinity is reduced with degree of strain. The sequence of which the biaxial strain occurs
furthermore influences the crystal orientation, interplanar spacing, but not the degree of
crystallinity. In a stepwise sequential biaxial strain the high degree of crystal orientation formed
during uniaxial strain reduces the ability to form highly oriented crystals during the transverse
strain, whereas a simultaneous biaxial strain allows formation more aligned crystals, especially at
high transverse strains.
In general, applying a transverse strain to an existing uniaxial strain leads to destruction of crystals,
while forming new crystals in the transverse direction. A simultaneous biaxial strain, however,
where crystals could form and be destroyed simultaneously in each direction of strain, would then
contain poorly crystalline regions. It was therefore hypothesized that the sequential biaxial strain
would leave the material more anisotropic than the simultaneous biaxial strain. Both straining
methods show the same increase in mechanical stiffness and strength as a function of strain, but a
different anisotropy, crystal orientation and interplanar spacing. A correlation between the
mechanical properties of biaxial strained PLLA and the crystal orientation is therefore not found,
but a different isotropy than hypothesized was detected. The simultaneously biaxial strain shows
anisotropic properties, with the mechanical properties in the axial direction being the lowest;
whereas the transverse strain in the sequential method creates less anisotropic properties at high
strains.
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From these findings, it was concluded that the mechanical performance of PLLA strained at
temperature above Tg (74 °C) is related to strain-induced orientation of the chains in the amorphous
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region, rather than solely related to strain-induced crystallinity and orientation.
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Table 1. Elastic modulus (E), yield stress (σy), maximal stress (σmax) for circumferential
(circ) and axial directions. Statistical significance difference (level of 5 %) between one
Aexp to another is denoted by either a showing significance difference from (0.5;2.6), and
b
showing significance difference between SIM and SEQ biaxial strain for the same
Aexp.
(εa; εr)
E20-40 (circ)
σy (circ)
σmax (circ)
E20-40 (axial)
σy (axial)
(MPa)
(MPa) (MPa)
(MPa)
(MPa)
SIM
(0.2;2.6) 3274±198
77±2
119±10
2320±273
67±7
SIM
(0.5;2.6) 3456±195
78±2
119±8
2614±219b
76±6b
a
a
a,b
b
SIM
(0.2;3.3) 3834±292
86±3
131±10
2983±174
80±6b
a
a
a,b
a,b
SIM
(1.0;3.2) 3997±255
87±3
137±9
2848±189
77±3 a,b
SIM
(1.0;3.2) 2963±338
78±5
140±12
1961±196
67±3
(90°C)
SEQ
(0.5;2.6) 3460±258
82±5
128±13
2983±174b
80±6
a
a
a,b
a,b
SEQ
(0.2;3.3) 3946±321
89±4
144±13
3197±143
86±5b
SEQ
(1.0;3.2) 3964±283 a 91±4 a
150±9 a,b
3966±275 a,b 102±3 a,b
SEQ(90°C) (1.0;3.2) 2821±217
77±3
136±13
2028±196
83±11
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Table 2. Crystallinity (Xc) from DSC and crystallite
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sizes from XRD for circumferential (Dc) and axial
direction (Da).
(εa; εr)
As extruded
SIM
SIM
SIM
SIM
SIM(90°C)
SEQ
SEQ
SEQ
SEQ(90°C)
UNI
UNI (120°C)
ISO (90 °C)

(0)
(0.2;2.6)
(0.5;2.6)
(0.2;3.3)
(1.0;3.2)
(1.0;3.2)
(0.5;2.6)
(0.2;3.3)
(1.0;3.2)
(0.5;2.6)
(1.0;0)
(1.0;0)
(0)

Xc
(%)
1
30
32
29
31
28
29
30
32
30
34
36
29

Tg
(°C)
62
62
63
66
65
65
64
65
65
65
61
60
61

(Dc)
(Å)
67
70
69
65
65
63
63
60
45
183
160
62

(Da)
(Å)
160
151
139
137
141
160
146
129
142
62
126
136
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Table 1. Scattering angles (2θ) and their crystal planes for PLLA after ISO
crystallization, UNI axial, SIM and SEQ biaxial strain before and after annealing.
For comparison the scattering angles for α and α’-crystals.26,30
(εa; εr)
SIM
SIM
SIM
SIM (90°C
60min)
SEQ
SEQ
SEQ
SEQ (90°C
60min)
UNI
ISO
α 26,30
α'26,30

(103) (010) (110/200)
2θ(°) 2θ(°) 2θ(°)
0.5;3.0
16.5
0.2:4.3
16.5
1.0;4.3
16.2

(203) (015) (206) (018)
2θ(°) 2θ(°) 2θ(°) 2θ(°)
19.1
24.8 33.0
18.7
24.5 32.7
18.8
24.3 32.4
32.72

0.5;3.0
0.2;4.3
1.0;4.3

15.1
15.3
15.1

17.3
17.3
17.3

15.2
14.8 16.8
14.8- 16.7
15.0
16.6

17.1
19.1
19.1

1.0;0
12.5
12.6

This article is protected by copyright. All rights reserved.

18.9

22.8
22.8
22.8

30.4
30.4
30.4
32.4

22.5
22.2
22.2
24.7

33.1

