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Abstract
The mechanical behaviour, crystalline and macromorphology structure development during
uniaxial deformation and annealing of poly-L- lactic acid (PLLA), with varying strain rate
and draw temperatures (Td) above Tg, have been investigated using small- and wide-angle Xray scattering (SAXS/WAXS), microscopy, thermal and mechanical techniques. The
mechanical behaviour of PLLA, was strongly dependent on Td where embrittlement and
eventual failure were observed as Td was increased, during uniaxial drawing of the
amorphous polymer. This was mirrored in the bulk surface morphology where crazing,
microvoiding and cavitation occurred with increasing Td. SAXS/WAXS data showed that
strain-induced crystallization occurs on drawing, but crystallite orientation decreased with
increasing Td, due to chain relaxation at temperatures ≥30 oC above Tg. However, no longrange oriented lamellar macromorphology was observed post-draw directly and only
developed in the samples that were step annealed at temperatures above Td. Also, the
disordered α’ crystal form was observed post-draw at Td between 60 – 80 oC, whereas Td ≥ 90
C, resulted in the ordered α crystal form directly. However, on annealing at temperatures of
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≥110 oC, the α’- α crystal transition ensued and in all samples, an oriented lamellar
macromorphology developed. Therefore, Td and post-draw annealing, have a significant
influence on the mechanical properties, crystallinity and crystalline phase transformation in
PLLA, which in-turn, affects the polymers medical and industrial applications.
Corresponding author: Ellen Heeley (Ellen.Heeley@open.ac.uk)
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1. Introduction
Poly-lactide (PLA) is a compostable polymer derived from renewable sources, which can be
safely metabolised by the body [1,2]. Depending on its chiral structure, it has two naturally
occurring isomers, poly-D-lactic acid (PDLA) and poly-L- lactic acid (PLLA) [3]. PLLA has
a semi-crystalline structure and therefore is the more mechanically stable, whilst PDLA is
amorphous [4] – varying the ratio of the two isomers towards a racemic mixture reduces the
crystallinity of the structure, and increases the rate of degradation [3]. As a result, depending
on its chirality/grade it has been the polymer of choice for biomedical [1,5] and packaging
applications [6]. In each case, a typical processing route for a PLA product consists of melt
processing, which is then frequently followed by stretching (typically biaxial) in the semisolid state just above the glass transition (Tg). An example is manufacturing of a
bioresorbable vascular scaffold based on PLLA, which involves semi-solid-state tube
formation just above Tg, before it is laser-cut, crimped and deployed. Here, the effect of semisolid-state processing strain on the semi-crystalline structure is crucial for understanding its
performance [7]. Thus, systematic observations of structural evolution in PLA as a function
of processing parameters such as strain, strain rate and temperature are needed.
This is a challenging task due to multiplicity of crystalline morphologies [8], in PLLA that
result from the processing conditions. The crystal structure of PLLA exists in three main
forms, α, β and γ [9-12]. The α form is the most common and stable, and emerges from
cooling from the melt. The proposed α structure has an orthorhombic unit cell with 103
helical chains. Several studies of isothermal crystallization of PLLA [13-16], have shown that
the stable α form is mainly produced at crystallization temperatures ≥120 oC. In addition, the
α’ form, which comprises of the same crystal lattice of the α form, but is more disordered
(less compact), is widely attributed to crystallisation occurring below 120 °C, and is a
precursor to the ordered α structure [13-16]. The disorder-to-order (α’- α form) transition is
often observed during isothermal crystallization at temperatures between 100 – 110 oC
[14,16]. However, other studies have determined that the α’ structure forms under isothermal
crystallizations temperatures of below 90 oC [15,17]. The β crystal form is less common and
is usually only observed when PLA is deformed to high draw ratios such as during fibre
spinning processing [12,18-20].
There are other studies that focus on the effect of temperature and strain-induced
crystallisation on the structure of PLLA, which is more relevant to industrial processing
conditions. Stoclet et al [21,22] investigated the crystallinity of PLA with different
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compositions of the D and L isomers under different processing temperatures. Their study
utilised the slow crystallinity rate of PLA, allowing the crystal structure to be investigated
during uniaxial drawing. Above a critical D-isomer composition of 8 %, no crystal formation
was observed. The effect of draw temperature (Td), showed a stable α crystalline form at Td =
120 °C. In contrast, no crystal structure and a semi-stable α’ crystal structure was observed at
Td = 65 and 90 oC, respectively [23]. Further investigations have looked at the effect of strain
induced molecular orientation of amorphous and pre-crystallized PLLA samples (with 4% D
isomer content), with increasing Td [24,25]. A strain induced disordered-ordered transition
was observed when the nominal strain achieved was greater than 130 %, with strain
hardening, during drawing of the PLLA at 70 oC. At Td = 80 oC, the α’ crystal form develops
via a mesophase, whereas Td ≥ 90 oC, the strain induced α’ crystal form is observed. This is
slightly different to observations made by Mulligan et al [26], who suggest a similar
transition takes place at 80 oC.
Wang et al [27,28], also reported on the uniaxial deformation and annealing of PLLA, where
they deformed the PLLA at Td between 60-70 oC, and then annealed the samples for varying
times at Td. They observed that a strain-induced mesophase developed consisting of oriented
amorphous chains and the 3D-crystalline structure only developed on annealing. The crystal
structure was more ordered when drawn at lower strain, due to faster melting and chain
randomisation of the mesophase. Similarly, Kokturk [29], observed ideal-stress strain
behaviour of linear and branched PLLA during uniaxial deformation at Td between 65-80 oC.
Again, an oriented mesophase was observed at low and intermediate amounts of deformation,
but at higher draw ratios a transformation of the mesophase in to a highly ordered β crystal
form was seen in X-ray measurements.
Using small- and -wide-angle X-ray scattering (SAXS/WAXS) and scanning electron
microscopy (SEM) techniques, Zhang et al, [30,31] observed that strain rate has a significant
effect on strain-hardening, with higher strain rates resulting in greater crystallinity. Also, the
overall displacement achieved affected the degree of orientation and presence of cavities, as
confirmed by SEM and SAXS. WAXS showed only the α’ form developed via drawing but,
no long-range lamellar macromorphology was observed from SAXS, during the draw.
Similarly, Mahendrasingam [32] reported that uniaxial deformation of PLLA at high draw
rates and various Td’s, did not result in any long-range lamellar macromorphology in SAXS
and the α form was only observed on annealing after the draw at 120 oC.
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The above-mentioned studies of PLA crystallization generally fall into two categories; the
isothermal annealing, or uniaxial deformation of the amorphous polymer. From WAXS, the
development of the disordered α’ crystal form appears to be seen at isothermal crystallization
temperatures between 100-110 oC, but the phase transformation to the ordered α crystal form
is often quoted to be at temperatures ≥120 oC. However, during the uniaxial deformation of
PLA, there appears to be conflicting observations. Some show the same temperature
dependence of the α’ - α crystal form transition around 120 oC, regardless of processing
conditions, whereas, others show that Td and drawing conditions influence the transformation
process; whether to lower the temperature window of the α’ - α crystal form transition, or
induce the α - β crystal form. Therefore, understanding and controlling the development of
the various crystal forms is a significantly important aspect for the processing of PLA, as this
influences the mechanical and physical properties of the polymer. Further to this, the
development of the crystalline structure during secondary processing methods, such as postdeformation annealing, needs to be investigated. This is an important part of industrial film
processing where the orientation, crystalline perfection of phase transformation and
crystallinity are enhanced. To our knowledge there are limited papers describing the
annealing of uniaxially drawn PLLA, at temperatures above Td. Of the few available, the
annealing temperature does not exceed 110 oC, and only the information on the crystalline
form transition (micromophology) is reported from WAXS, but no data on the long-range
macromorphology development is given [33,34].
To address this issue, we present a comprehensive study of the mechanical and crystalline
structure development during the uniaxial deformation of PLLA, with varying stain rate and
draw temperatures, using simultaneous SAXS/WAXS, SEM, thermal and mechanical
techniques. Additionally, we have applied secondary processing to the post-drawn PLLA, to
investigate the crystalline micro- and macromorphology development with respect to
increasing annealing temperature. Here, we report on the tensile properties of PLLA with
respect to increasing Td (between 60 – 100 oC) and strain rate, along with the development of
the crystalline morphology by subsequent step-annealing of the drawn PLLA, up to a
temperature of 170 oC. Detailed WAXS analysis allowed the micromorphology development
(that is, the transition of the α’ - α crystalline structure), in the drawn and subsequently
annealed PLLA samples, to be identified. In addition, SAXS has been used to follow the
oriented lamellar macromorphology development, during the crystalline phase transition. The
results show how the Td and annealing temperature have significant effects on the oriented
4

crystalline structure development in PLLA and how these parameters can be manipulated
with a view to producing the best properties of the polymer.
2. Methods and Materials
2.1 Materials
Poly-L-lactic acid (PLLA) Luminy L175, was purchased from Total Corbion (the
Netherlands). The stereochemical purity, as determined by the supplier, was ≥ 99 % of the Lisomer. From GPC results the average Mw = 136 kDa, Mn = 43 kDa and polydispersity = 3.2.
Before any processing or testing the PLLA pellets were dried for 12 hours at 60 °C.
For tensile testing (dumb-bell shaped), the dried PLLA pellets were extruded using
HAAKETM Minilab 2 twin-screw compounder (Thermo Fisher Scientific, Massachusetts), at
a constant speed of 120 rpm and constant temperature of 180 °C. Then hot injection
moulding using HAAKETM Minijet at 180 oC and 600 bar with a mould temperature of 65 oC
was used to produce dumb-bell samples for tensile testing. Once all the samples had been
cooled, they were then stored under ambient conditions.
2.2 Methods
2.2.1 Thermal Analysis
Differential Scanning calorimetry (DSC) was performed using DSC1 STARe system (Mettler
Toledo, USA) under nitrogen atmosphere (50 mL/min). Samples of 5- 10 mg were placed
into standard 40 µL aluminium pans. The heat-cool cycles were carried out from 25 – 200 °C
at a heating rate of 10 °C min-1 and 200 – 25 oC at cooling rate of 20 °C min-1. For the dried
PLLA pellets the heating and cooling cycle was repeated twice to remove any thermal history
from the sample and the second heating cycle was recorded. For all processed samples only a
single heating and cooling cycle was recorded with all samples tested in duplicate. The
percentage crystallinity (χc) was calculated using the following equation:

xc 

ΔH m  ΔH c
100
ΔH m0

(1)

where ΔHm, is the enthalpy change from the transition during melt, ΔHc is the enthalpy
change from the crystalline phase and ΔHm0 is the theoretical enthalpy change that occurs
from the melt transition of 100 % crystalline PLLA, which has a value of 106 J g-1 [35].
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2.2.2 Mechanical Testing
Tensile testing was performed using an AGS-X (Shimadzu, Japan) tensile testing instrument,
fitted with a TCE-N300 thermostatic chamber. The initial gauge length and thickness for all
samples was 25.4 mm and 3 mm respectively, following the recommendations from ASTM
D638-14 [36]. The tensile tests were carried out at the constant nominal strain rate, and
temperatures at 10 °C intervals between 60 - 100 °C. The crosshead displacements used were
10, 50 and 150 mm min-1, and consequently the three strain rates applied were 9.9 × 10-2, 3.3
× 10-2 and 6.6 × 10-3 s-1. Each sample was mounted into the jaws of the tensile instrument
once the environmental chamber had heated sufficiently, and then allowed to heat up to the
required temperature. For each 10 oC temperature increase a further 2 minutes of heating time
was allowed such that for samples tested at 60 oC the heating time was 8 minutes, whilst
samples tested at 100 oC required 16 minutes of heating prior to testing. Samples were
extended to 300% of their original gauge length, or until failure. Engineering stress (  n ) and
strain (  n ) values were converted to true stress (  T ) and strain (  T ) as follows;

 T   n 1   n  and  T  ln  L L0  , where L is the gauge length at a given time during the
test, and L0 is the original gauge length. Uniaxial tests were repeated seven times for the
given temperature and strain rate, out of which, the results for five samples were selected to
obtain averaged values for some mechanical quantities such as yield peak.
2.2.3 Scanning electron microscope measurements
Scanning Electron Microscopy (SEM), was performed with a TM3030 Plus table-top system
(Hitachi High-Technologies, Tokyo, Japan). All samples were imaged without surface
preparation using back-scatter electron (BSE) detection at 5 kV.
2.2.4 Synchrotron small- and wide-angle X-ray scattering measurements
Simultaneous two-dimensional Small and Wide-angle X-ray (SAXS/WAXS), scattering
measurements were conducted on beamline I22 of the Diamond Light Source, synchrotron,
UK [37]. The X-ray energy used was 12.4 keV. A vacuum chamber was positioned between
the sample chamber and a Pilatus P3-2M SAXS detector reducing air scattering and
absorption, the sample to detector distance was 5.8 m. WAXS data was obtained using a
Pilatus P3-2M-DLS-L at a sample-to-detector distance of 225 mm. SAXS and WAXS
detectors were calibrated with a 100 nm diffraction grating and silicon powder, respectively.
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Post-drawn PLLA samples (drawn at a rate of 6.6 × 10-3 s-1 and Td between 60 – 100 oC),
were positioned in an enclosed heated oven [38,39] and then step annealed in-situ for 180 s at
temperatures between 90 – 170 °C. After annealing for 180 s, SAXS/WAXS data was taken
at a frame rate of 400 ms at each annealing temperature.
2.2.5 SAXS/WAXS data analysis.
X-ray data reduction and analysis was performed using DAWN [40,41] and CCP13 Fibrefix
[42], software suites. All SAXS/WAXS data were normalized for sample thickness,
transmission and background scattering. Both 2D SAXS/WAXS data were reduced to 1D
scattering profiles of intensity (I) versus scattering vector (q), where q = (4π/λ) sin(θ), 2θ is
the scattering angle and λ is the X-ray wavelength, by sector averaging symmetrically around
the meridian (draw direction), by a fixed angle and radius, q. To estimate the relative
orientation changes in samples with respect to annealing temperature, radial azimuthal 1D
profiles were acquired from the 2D SAXS data, where the angular variation in intensity, I (q,
φ), was obtained at a fixed radius q, over an azimuthal angle, φ, range of 0 - 360°. The two
peaks in the 1D SAXS azimuthal profiles were then fitted using Lorentzian functions to
obtain the average full width half maximum (FWHM).
Correlation function analysis was performed on the 1D meridional SAXS scattering profiles
using a purpose-written correlation function program, Corfunc [43], incorporated into the
SasView [44] software package. The correlation function, γ(R), is expressed as:

 ( R) 

1
Qs





0

I (q)q 2 cos(qR)dq

(2)

where I(q) is the scattering intensity and Qs is the experimental invariant obtained from the
1D SAXS profile scattering between the experimental limits of q1 (the first real data point)
and q2 (the region where I(q) is constant), expressed as:


q2

0

q1

Qs (t )   q 2 I (q)dq   q 2 I (q)dq

(3)

The correlation function was obtained from the extrapolation of SAXS data (q → ∞)
according to Porod’s law [45] and a Guinier model back extrapolation (q → 0) [46]. The
correlation function which assumes an ideal two-phase lamellar morphology [46,47], allows
the extraction of various parameters [43]; long period, Lp, crystalline layer thickness Hb, and
estimated local crystallinity Xc.
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3. Results and discussion
3.1 Thermal analysis
Figure 1, shows the DSC heating thermograms of the PLLA polymer as received in pellet
form and after processing via extrusion and injection moulding at 180 oC. It should be noted
that GPC was carried out on the polymer before and after processing giving very similar
distributions, this highlights that there was no thermal degradation as a result of the extrusion
or injection moulding process.

Figure 1: Comparison of DSC thermograms for dried PLLA pellets as received (red) and
after extrusion and injection moulding (black).
Before processing the PLLA pellets show a Tg transition at 61 °C (which is in accordance to
the data sheet from the supplier) and a broad cold crystallisation (Tcc) exotherm is observed
between 120 °C and 150 °C, followed by a melting peak, Tm, at 175 °C. The average enthalpy
of crystallisation (ΔHc) = 28.23 J g-1 and melt (ΔHm) = –30.99 J g-1 for PLLA, from this data
an average crystallinity (χc) of 2.60 % was calculated using the relationship in Equation 1.
After processing the DSC thermogram is quite different; the Tg is still observed at 61 oC,
however, there is a sharp cold crystallisation Tcc, peak now between 94 - 107 oC, which has
shifted significantly towards the Tg in comparison to the unprocessed PLLA pellets. There is
also a second smaller crystallisation peak just before the melt at 161 oC. This peak is often
seen in PLLA and is said to relate to the transition of the disordered-to-ordered α’- α crystal
form [16,48,49]. The Tm has also shifted slightly after processing, to 178 oC. The average
crystallinity calculated is 19.73 %, which is much higher than for the unprocessed pellets.
This higher crystallinity value is likely to be attributed to the slow cooling rate after injection
8

moulding; the samples were cooled to 65 oC in the injection mould and then left at room
temperature allowing some semi-crystalline structure to develop. The shift in Tcc, is also
indicative of the formation of small crystallites acting as nucleation points for crystallites to
grow and hence cause an increase in bulk crystallinity. Typically, a higher crystallinity value
leads to greater mechanical strength, but also causes the polymer to become more brittle.
The thermal analysis was extended to the drawn samples (sampled in the drawn gauge
length), to see if there was a difference in Tm, Tcc and bulk crystallinity with respect to
increasing draw temperature and strain rate.
Figure 2, details the DSC heating thermograms for selected drawn samples, at the three
different strain rates. Each thermogram shows and inset which expands the detail between 55
– 90 oC. Figure 2A, shows the thermograms for PLLA drawn at 60 oC, here there is no
significant change seen in Tm at 178 oC, which is the same as the processed PLLA. This is
also true for all samples regardless of increasing draw temperature (Figures 2B-D). However,
the inset for Figure 2A, shows two thermal events: one being a small endotherm around Tg
(which tends to mask this transition), the other a small exotherm between 75 – 85 oC. The
endotherm around Tg has been well documented for drawn and electrospun PLLA and
attributed to the relaxation process of oriented molecular chains termed strain induced
enthalpy relaxation [50-55]. Therefore, the oriented PLLA chains post-draw, which are not
yet part of a crystallite, have a tendency to relax upon heating.
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Figure 2: DSC thermograms of drawn PLLA samples at temperatures of, A: 60 oC; B: 80 oC;
C: 90 oC; D: 100 oC. Inset in each plot shows expanded region of DSC thermograms between
55 – 90 oC.

The exotherm depicted in the insets of Figure 2A-D, tends to shift closer to Tg as the draw
temperature increases. This small exotherm is identified as the Tcc, and its shift towards Tg is
due to the nucleating effect of the oriented PLLA chains and small crystallites formed during
drawing [50,52,54,56]. The orientation of the molecular chains is associated with a decrease
in conformational entropy, which act as nucleation points for cold crystallization to occur at
lower temperatures. The average crystallinity for the drawn samples was obtained from the
DSC thermograms in Figure 2, and the values are collated in Table 1.
Table 1. Average crystallinity of drawn PLLA samples from DSC.
Draw
temperature/oC
60
70
80
90
100

Strain rate
6.6 × 10-3 s-1
46.4
48.3
52.7
47.3
40.3

Average crystallinity/%
Strain rate
3.3 × 10-2 s-1
46.2
47.3
48.7
44.9
40.2

Strain rate
9.9 × 10-2 s-1
45.5
46.6
46.8
42.9
39.6
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The average crystallinity tends to increase with increasing draw temperature up to 80 oC, then
tends to fall with draw temperatures of 90 and 100 oC. The increase in crystallinity is
reflective of increasing the draw temperature above Tg, whereby the molecular chains can be
oriented and crystallized effectively, however, at temperatures between 30 and 40 oC above
Tg, crystallization starts to occur in the Tcc region (see Figure 1), and the PLLA samples fail
early in the draw (see Figure 2, and mechanical testing discussion), so have less time to
crystallize fully. Also, crystallites formed early in at these high draw temperatures (pre-draw
in the instrument), can be destroyed during the deformation of the crystallites once drawing
commences. The influence of strain rate is similar, as the strain rate increases the molecular
chains are extended more and hence are likely to have less time to crystallize during the
drawing process, similar observations have been seen for increasing draw rate and
temperature in PLLA and poly(ethylene terephthalate), PET [32,57]. Finally, the change in
crystallinity at each Td, is small with increasing strain rate, hence the strain rate has
comparatively little effect on the crystalline structure of the PLLA over the range tested here.

3.2 Mechanical Testing
Figure 3, shows both the undrawn and deformed dumb-bell samples and also the dumb-bell
samples obtained from tensile tests for increasing (from left to right), Td. The undrawn dumbbell specimen is translucent along the gauge length, whilst for the deformed samples the
specimen domain within the gauge length appears white and opaque. The reasons for the
latter will be explained later with SEM images and X-ray results.

Figure 3: Difference in extension of the samples as a result of increasing Td. (Left – right =
Td = initial dog-bone, 60, 70, 80, 90 and 100 oC.)
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Figure 4: True stress – strain curves for PLLA drawn at temperatures between 60 – 100 oC
A: strain rate of 6.6 × 10-3 s-1, B: 3.3 × 10-2, C: 9.9 × 10-2 s-1. Point marked with ‘X’ on curves
indicates break point.

The tensile test results at different nominal strain rates can be clearly separated into two
groups as shown in the plots in Figure 4: group (1) with draw temperatures (Td) equal to
around 60 and 70 °C, where the samples were extended to 300 % of their original gauge
length, and group (2) with Td equal to around 80, 90 and 100 °C, when the samples behaved
in a much more brittle manner, and fractured at nominal strains well below 300%.
The tensile stress-strain curves obtained at 60 and 70 oC resemble the mechanical behaviour
of a typical entangled thermoplastic polymer near its glass transition temperature. In
particular, there is absence of the yield peak, which indicates that structural equilibrium is
maintained during the test [58]. The polymer behaves as an elasto-viscous melt with
significant strain hardening, similarly to the behaviour observed by Mulligan and Cakmak
[26], for an amorphous PLLA within the draw temperature range 60-70C at quasi-static
strain rates, or Stoclet et al [59] for the PLLA homopolymer at Td = 70 C and nominal strain
rate & 0.01 s1 .
The mechanical response of PLLA at Td = 80, 90 and 100 C resemble the behaviour of a
semi-crystalline PLLA as shown in Figure 4; they exhibit a relatively well-pronounced yield
peak, followed by flow stress falling with increasing plastic strain, and then some strain
hardening, the latter predominantly observed at Td = 80 C. Generally, the samples responded
in a stiffer and more brittle manner, and broke well below the engineering (nominal) strain of
300% (in contrast to specimens tested at 60 and 70 C) - the strain to failure decreased with
increased temperature of the test. Thus, the behaviour of PLLA (at and above 80 C) suggest
12

that the polymer underwent some crystallisation prior (during heating in the environmental
chamber) and possibly during the tensile experiments. This can be compared with the
mechanical behaviour of PLLA annealed at temperatures above Tg, for 24 h [49], prior to
tensile testing above Tg. Although the time needed to equilibrate the sample within the
environmental chamber (from 12 min at 80 C to 16 min at 100 C) was much lower than the
annealing time in Zhou et al [49], it is expected that some crystallinity might have developed
during the equilibration (in addition to that from the dumb-bell preparation), and resulted in
the stiffer response of the PLLA.
It is noteworthy to mention that the stress-strain behaviour of PLLA was found to be nearly
strain rate-independent in the investigated range of strain rates. For example, in Table 2, the
average true stress at yield peak, observed at 80 C, 90 C and 100 C, was found to increase
only slightly with increasing strain rate. Hence, samples deformed at the lowest strain rate
(6.6×10-3 s-1) were used in SAXS and WAXS measurements.
Table 2: Averaged true stress at yield peak with for different draw temperatures and nominal
strain rates.
Strain rate

True stress at yield peak /MPa

Drawn
temperature
6.6 × 10-3

80 oC

90 oC

100 oC

13.7 ± 0.57

14.3 ± 0.26

15.3 ± 0.28

3.3 × 10-2

14.5 ± 0.25

15.4 ± 0.26

15.8 ± 0.65

9.9 × 10-2

15.7 ± 0.32

16.3 ± 0.44

16.8 ± 0.27

3.3 Fracture surfaces
As shown in Figure 3, the gauge region of the dumb-bell samples became white and opaque
upon drawing. In the SEM micrographs presented in Figure 5, it can be seen that the samples
show significant surface crazing and microvoiding (especially at 60 C), which is then
complemented with microfibrillar-like surface morphology at 80C. The exception occurs at
100 °C, where the sample surface does mostly exhibit microfibrills spanning the surfaces of
larger microcracks. Thus, those different surface morphologies show strong temperature
dependence, and confirm the embrittlement of PLLA with increasing test temperatures - the
observed differences in morphology correlate well with the tensile testing results. In all
drawn samples, strand-like structures with a diameter of ~500 nm can be seen. In samples
that show crazing, these strand-like structures can be seen on the surface with an alignment
13

perpendicular to the draw direction. In samples that broke during drawing, similar strand-like
structure can be seen below the surface, with alignment parallel to the draw direction.

Figure 5: Surfaces of PLLA samples after extension at different draw temperatures, left-hand
column image magnification = ×100 and right-hand column image magnification = ×1000.
A-B: 60 °C, 6.6 × 10-3 s-1; C-D 80 °C, 9.9 × 10-2 s-1, E-F: 100 °C, 6.6 × 10-3 s-1.
3.4 Synchrotron X-ray analysis
3.4.1 2D SAXS data
In Figure 6, 2D SAXS patterns for the undrawn and drawn PLLA samples at a rate of 6.6 ×
10-3 s-1 and Td between 60 -100 oC and subsequent step annealing from 90 – 170 oC, are
14

shown. The second column presents the SAXS patterns undrawn and post-draw, where the
draw direction is vertical (meridian). Here, diffuse weak scattering around the central beam
stop is observed indicating no long-range crystalline structure is present. However, samples
drawn at Td between 60 – 90 oC, show some evidence of more concentrated equatorial
scattering, which is perpendicular to the draw direction. This scattering is likely to be caused
by microvoiding and crazing on the surface of the sample after the draw (see SEM in Figure
5).

Figure 6: 2D SAXS patterns of PLLA, undrawn and drawn at a rate of 6.6 × 10-3 s-1 and Td
between 60 – 100 oC, then subsequently step annealed from 90 – 170 oC. The beam stop is at
the centre of each pattern and the draw direction is vertical.

The 2D SAXS patterns of the undrawn samples reveal the development of strong meridional
arc-like intensity as the annealing temperatures is increased. The formation of meridional arclike intensity can be attributed to the formation of a narrow fibril or shish-kebab lamellar
structure [39,60,61] with varying orientations. As preferred orientation from the SAXS, is
15

observed as the sample is annealed, it indicates some residual molecular polymer chain
orientation in the original injection moulded dumb-bell sample, which has not relaxed in the
mould.
On annealing, the PLLA samples which were drawn at Td = 60, 70 and 80 oC, distinct spotlike intensity is seen to develop on the meridian in the SAXS patterns. The sharp meridional
spots are indicative of a well-oriented and regularly spaced broad lamellar morphology
[3,12,13]. The meridional spots are seen to move in towards the bream stop as the annealing
temperature is increases which indicates an increase in the lamellar long period repeat
distance. The PLLA samples drawn at Td = 90 and 100 oC, also show the strong meridional
spot-like scattering, but in addition some significant equatorial scattering is also seen, again
with some preferred direction signifying another oriented crystalline lamellar morphology has
developed perpendicular to the draw direction on annealing.
The 2D SAXS patterns in Figure 6, provide some qualitative insight into the oriented
crystalline morphology development in the PLLA samples when both undrawn and drawn are
subsequently step annealed. However, to gain a deeper insight into the morphology
development and crystallinity, it is necessary to perform more quantitate analysis of the data,
which includes ascertaining the change in orientation and determining the dimensions of the
lamellar morphology and local crystallinity during the annealing process.
3.4.2 Development of molecular orientation post-draw
The orientation of the 2D SAXS data for the undrawn and drawn samples at various
annealing temperatures was obtained by performing 1D azimuthal profiles. Figure 7A, shows
the 1D azimuthal profies of PLLA samples drawn at 6.6 × 10-3 s-1, and Td between 60 – 100
o

C and then step annealed to 160 oC.
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Figure 7. A: 1D SAXS azimuthal profiles of PLLA initially drawn at a rate of 6.6 × 10-3 s-1
and temperatures between 60 – 100 oC, then subsequently annealed at 160 oC. (Data offset on
the vertical axes for clarity.) B: example of a fit to obtain the FWHM using a Lorentzian
fitting function of PLLA drawn at 70 oC, and annealed at 160 oC.
The azimuthal profiles show two distinct peaks for all samples indicating varying degrees of
orientation, after the drawing process. The undrawn sample also shows two broad peaks,
indicating that some residual molecular orientation was present after the moulding process of
the dumb-bell samples. The comparative orientation between samples can be obtained by
fitting the azimuthal peaks with a Lorentzian function to obtain the average full-width half
maximum (FWHM). An example of a fitted azimuthal profile for PLLA, where Td = 70 oC
and step annealed at 160 oC, is shown in Figure 7B. The average change FWHM for the
undrawn and drawn samples with subsequent step annealing is given in Figure 8, where a
reduction in FWHM indicates an increase in orientation.
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Figure 8: Change in FWHM for drawn PLLA at 6.6 × 10-3 s-1, at Td between 60 – 100 oC
with increasing annealing temperatures. Comparison with an undrawn and annealed PLLA
sample is included.
In Figure 8, there is a general trend for all samples, where the FWHM is seen to reduce and
thus orientation increases, with increasing annealing temperature up to 160 oC. Therefore, the
orientation of the crystalline structure in the PLLA, develops as a function of temperature, via
the oriented molecular chains post-draw. However, at 170 oC, the orientation starts to
decrease again, this is most likely due to the relaxation and melting of the oriented crystalline
structure as the temperature approaches the PLLA melting point. However, there is some
initial effect of Td on orientation.
It was possible to obtain FWHM fits for PLLA where Td = 60 and 70 oC, at annealing
temperatures below 160 oC, where increasing Td sees a decrease the orientation. This would
be expected as the molecular chains start to relax (being more mobile), and have less initial
orientation as Td increases above Tg [50]. Interestingly, significant orientation is seen to
develop in the undrawn PLLA, as annealing temperature increases. This again being due to
the residual molecular orientation induced by the moulding process. Therefore, orientation of
the crystalline structure can be observed with all samples. However, to investigate the
morphology that actually emerges when annealing the undrawn and drawn PLLA samples, it
is necessary to carry out in-depth analysis on the 1D meridional SAXS data.
3.4.3. Crystalline morphology development: correlation function analysis
Figure 9 shows the 1D SAXS meridional profiles of the undrawn and drawn PLLA post-draw
at 30 oC and after step annealing from 90 – 170 oC. All samples show the development of a
broad SAXS peak between q = 0.02 – 0.04 Å-1 with increasing annealing temperature. This
indicates the evolution of the long-range lamellar or fibril crystalline morphology in the draw
direction for the uniaxially deformed samples.
For the undrawn sample, (Figure 9A), the first order SAXS peak begins to develop at 90 oC,
and this peak then shifts to lower q values, with increasing annealing temperature. At 170 oC,
there are now two obvious SAXS peaks, where the second peak (indicated in the boxed area
on the plot), is observed at q ~0.045 Å-1. This second peak is attributed to the second order as
its peak position is double the first order peak. The occurrence of a second order peak suggest
that the crystalline repeat structure is well developed and highly ordered. Similar,
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observations were made by Xiao et al [62], however this was found during crystallization at
150 oC, post shear from the melt at high shear rates (20 - 30 s-1).

Figure 9: 1D SAXS meridional profiles of (A): undrawn PLLA; and (B – D), PLLA drawn at
6.6 × 10-3 s-1 at Td = 60, 70 and 100 oC and step annealed to 170 oC.
The PLLA samples when Td = 70 and 90 oC (Figure 9B and C), show a similar trend in the
development of the SAXS peak(s) from 90 oC, and again the emergence of the second order
peak at higher annealing temperatures. However, PLLA drawn at Td = 100 oC (Figure 9D),
shows a weak broad SAXS peak at 30 oC, this is due to some initial crystallization occurring
at the draw temperature prior to any annealing, but the emergence of the second order SAXS
peak is less evident in this sample. The crystalline morphology of the undrawn samples is
likely to be lamellar, but unoriented, so the macromorphology will be more spherulitic in
nature (radial growth dimensions), rather than highly oriented stacked lamellar/fibril structure
observed in the drawn PLLA samples. To extract more detail about the crystalline
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morphology development in the PLLA samples 1D correlation function analysis was
performed on the 1D meridional SAXS profiles.
Figure 10A gives an example of the computed correlation function for the undrawn PLLA
annealed at 110 oC and a sample drawn at Td = 90 oC and a rate of 6.6 × 10-3 s-1, then
annealed at 130 oC. From the correlation function several parameters can be extracted; Figure
10B, shows the change in long period (Lp), with annealing temperature of the undrawn and
drawn samples. The Lp represents the average stack length-scale repeat distance of crystalline
and amorphous regions in the samples morphology. Here, as the annealing temperature
increases the Lp increases, which is confirmed in Figure 9, where the SAXS peak shifts to
lower q range with increasing annealing temperature [63].

Figure 10: Correlation function analysis of PLLA 1D SAXS profiles. A: examples of
computed correlation functions for undrawn PLLA annealed at 110 oC, and PLLA drawn at
6.6 × 10-3 s-1, 90 oC then annealed at 130 oC. B – D: change in long period (Lp), change in
crystalline layer thickness (Hb), change in local crystallinity, with increasing annealing
temperature, respectively.
Figure 10C, shows the corresponding crystalline lamellar thickness, Hb, which mirrors the
change in Lp in that it increases with annealing temperature up to 160 oC. However, at 170 oC,
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Hb tends to level off or reduce slightly. Figure 10D, shows the corresponding increase in local
crystallinity with annealing temperature. Again, this mirrors the change in Hb, that is, the
crystallinity increases with annealing temperature until 160 oC, then levels or reduces very
slightly. This can be explained by the high annealing temperature of 170 oC, being near to the
Tm of the PLLA, thus some crystalline lamellae start to melt and reduce the crystallite size
and crystallinity. The increase in Lp at 170 oC , will correspond to the increase in amorphous
regions when melting occurs in the stack length scale. The reduction in local crystallinity and
Hb at 170 oC, is also reflected in the increase of FWHM (Figure 7), which indicated a
reduction in orientation at this temperature, as the crystalline morphology starts to melt.
3.4.4 2D WAXS data
Figure 11, shows a matrix of the 2D WAXS patterns for PLLA, undrawn or post-drawn with
Td = 60 – 100 oC at 6.6 × 10-3 s-1 and then step annealed to 170 oC. The draw direction is
vertical in all patterns. Below the matrix are two expanded 2D patterns A and B,
corresponding to PLLA Td = 80 oC annealed 160 oC and Td = 60 oC at 30 oC, respectively. On
these patterns the main diffraction peaks are indexed and their hkl values are labelled. It is
noticeable that the 2D WAXS patterns become more complex when annealed and more hkl
peaks develop.
In the matrix, the undrawn sample shows the development of the main (110)/(200) and (203)
diffraction rings of the α and α’ crystal form as the annealing temperature increases, but are
not apparent at temperatures of 30 – 90 oC, where more diffuse scattering is seen. This diffuse
scattering is attributed the sample being amorphous at these temperatures. Similarly, for the
samples drawn at between 60 – 80 oC, the (110)/(200) and (203) diffraction rings are now
concentrated into sharp peaks on the equator of the pattern, but are present from 30 oC and
generally increase in intensity with increasing annealing temperature. The sharp peaks rather
than rings indicate that the α and α’ crystallites are well-oriented in the draw direction [32].
For samples drawn at 90 and 100 oC, the main (110)/(200) and (203) peaks tend to be more
arc-like in the patterns, meaning that the α and α’ crystallites are less oriented around the
draw direction.
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Figure 11: Matrix of 2D WAXS patterns of PLLA, undrawn and drawn at a rate of 6.6 × 10-3
s-1 at temperatures between 60 – 100 oC, then subsequently annealed from 90 – 170 oC.
Expanded 2D WAXS patterns with main reflections indexed for A: Td = 80 oC and annealed
at 160 oC; B: Td = 60 oC at 30 oC. The draw direction is vertical in all patterns.
The 2D WAXS patterns indicate the formation of oriented α and α’ crystallites in the PLLA
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post-draw, which develop further when annealed. In contrast, the 2D SAXS (Figure 6), does
not show any obvious long-range lamellar morphology has developed in the samples postdraw at 30 oC, but the lamellar morphology develops around an annealing temperature of 110
o

C, where the meridional scattering starts to emerge. To take a more in-depth look at the

crystal structure development in terms of the α and α’ forms, 1D WAXS profiles were taken
of the 2D WAXS patterns, which can be indexed more easily.

Figure 12: Change in 1D WAXS profiles during step annealing of PLLA. A: undrawn
PLLA; B: drawn at 60 oC and a rate of 6.6 × 10-3 s-1.
Figure 12A shows the developing 1D WAXS profiles of the undrawn PLLA sample during
step annealing, where the major α and α’ crystallite peaks are labelled. At 30 oC, diffuse
amorphous scattering around 1.2 Å-1 is seen in the WAXS profile [64], but there is some
evidence that the (110)/(200) peak is just starting to develop, although this is very small and
weak in the WAXS profile. The weak initial (110)/(200) peak could indicate that there is a
small amount of crystallinity in the undrawn PLLA sample, that is, it is not 100% amorphous.
This was confirmed by the DSC of the original moulded PLLA, which gave a value of
crystallinity of < 20%. At 90 oC the weak (110)/(200) and (203) peaks clearly start to
emerge. As the sample is annealed from 110 – 170 oC, several strong peaks appear in the
WAXS profile, the strongest of these are the (110)/(200) and (203) peaks which relate to the
α and α’ crystalline form, thus, it can be assumed there is a contribution of both these crystal
forms in the sample.
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However, from 110 oC, it is clear that there are specific peaks developing which relate to the
pure α crystalline form, which are indexed as (004)/(103), (010) and (210) on the WAXS
profile. Further α peaks are also present (indexed in the figure), and are collated in Table 3.
Interestingly, the α form is very prominent in the undrawn sample from 110 oC, which is in
contrast to similar annealing of undrawn PLLA where the α crystalline form is seen to
emerge at temperatures >100 oC.
Table 3. 1D WAXS indexed peak positions and related crystal form.
Peak position
q/Å-1
0.086
1.00
1.16
1.34
1.47
1.57
1.73
1.76
1.93
2.20
2.30

Indexed
reflection
(004)/(103)
(010)
(110)/(200)
(203)
(204)
(210)
(116)
(206)
(207)
(0010)
(018)

Crystal form
α
α
α/α'
α/α'
α
α
α/α'
α
α
α
α'

In contrast, Figure 12B, shows the 1D WAXS profiles for PLLA drawn at 6.6 × 10-3 s-1 and
Td = 60 oC and then subsequently step annealed. At 30 – 90 oC, only the α’ form is seen as the
(110)/(200) and (203) peaks dominate. On annealing from 110 oC the (004)/(103), (204) and
(207) peaks of the α form start of emerge, and the WAXS profile is more complex. Hence,
from the draw at 60 oC the disordered α’ form predominates and only on annealing (from 110
C), does the α crystal form start to emerge and a mixture is seen of α and α’ at the final

o

annealing temperature of 170 oC.
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Figure 13: Change in 1D WAXS profiles during step annealing of PLLA drawn at 70 oC and
a rate of 6.6 × 10-3 s-1. A: peak development in the q range between 0.5 – 1.8 Å-1; B: peak
development in the q range between 1.6 – 2.7 Å-1.
Figure 13A, shows the development of 1D WAXS profiles during step annealing, when Td =
70 oC, between a q range of between 0.5 – 1.8 Å-1. Again, between 30 – 90 oC, the α’ crystal
form is seen to dominate, but annealing from 110 oC several peaks corresponding to the α
crystal form starts to emerge. Figure 13B, gives the expanded 1D WAXS profiles between a
q range of 1.6 – 2.7 Å-1, which shows the development in particular, of the (207) and (0010)
peaks of the α crystal and a shift in the (116) α’/ α form to higher q values with increasing
annealing temperature.

The shift to higher q values in the (110)/(200) and (203) peaks indicates the transformation of
the α’ to the α crystal form as the lattice spacing is reduced (the α crystal form being more
compact) [13-17]. This is illustrated in Figure 14, where the (110)/(200) peaks shift form q =
1.163 Å-1 to q = 1.172 Å-1, and the (203) peak shifts from q = 1.327 Å-1 to q = 1.349 Å-1,
during the α’– α crystal transformation as the annealing temperature is increased.
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Figure 14 Shift in q position of the (110)/(200) and (203) peaks during step annealing of
PLLA drawn at 70 oC and a rate of 6.6 × 10-3 s-1.

From the 1D WAXS profiles in Figures 12 and 13, it appears that the transformation from the
α’ – α crystal form occurs at an annealing temperature of 110 oC, when undrawn or drawn at
temperatures of 60 – 70 oC. It should also be noted that there is no evidence of the
transformation of the α to β crystal form seen in any of the crystallized PLLA samples, which
is confirmed by the appearance and increase in intensity of the (003) β peak at 2.1 Å-1, next to
the (0010) α peak (see Figure 13B). The intensity of the (0010) gradually decreases in
intensity as the (003) peak of the β crystal form develops [20], however the (003) peak is
extinct in the WAXS patterns here.
To ascertain the effect of draw temperature on the α’ to the α crystal transformation at all
draw temperatures it is necessary to look closely at the 1D WAXS profiles post-draw without
annealing (at 30 oC), then step annealed at 110 oC (were the transition appears to start to
occur) and at 130 oC, (beyond the transition).
Figure 15A, shows the 1D WAXS patterns of all samples post-draw at 30 oC (with Td = 60 100 oC, at a rate of 6.6 × 10-3 s-1). At Td = 80 oC, the 1D WAXS profile becomes more
complex indicating the transition from the α’ – α crystal form begins. At Td = 90 oC, the α
crystal form is apparent from the emerging (004)/(103) and (210) peaks. At Td = 100 oC, the
1D WAXS profile is more complex (increasing number of peaks), and the peaks indicating
the α crystal form are distinct and have increased in intensity. Hence, the transition from α’ –
26

α crystal form starts to occur at Td < 90 oC, without any annealing, which is in contrast with
most literature where, only the pure α’ crystal form is observed below 100 oC and the pure α
crystalline form is seen at temperatures of 120 oC and above [11,16,49]. Figure 15B and 15C,
shows the development of the α crystal form where Td = 60 – 100 oC, and step annealed at
110 and 130 oC, respectively. In all cases the 1D WAXS profiles have more peaks indicating
the transformation of α’ – α crystal form, hence at an annealing temperature of 110 oC, the α
crystal form transformation is prevalent in all the samples.

Figure 15 1D WAXS profiles of PLLA samples drawn at a rate of 6.6 × 10-3 s-1 and
temperatures of 60 – 100 oC, A: post-draw at 30 oC; B: post-draw and annealed at 110 oC; C:
post-draw and annealed at 130 oC.

The aim of this study was to give a detailed evaluation of the micro- and macromorphology
development in uniaxially drawn PLLA at a range of Td’s and then with subsequent stepannealing to a temperature of 170 oC. Annealing of the deformed PLLA is an important part
of an industrial film processing process which enhances the crystalline macromorphology of
the polymer. In particular, we investigated the significance of Td, with respect to the initial
crystalline morphology resulting from the draw and how this then alters with increasing
annealing temperature.
From the SAXS and WAXS data presented here, it can be seen that the initial crystalline
structure depends upon both the draw temperature Td and subsequent step annealing. The 2D
WAXS data showed that for all PLLA drawn samples there was significant crystalline
structure post-draw, but the 2D SAXS did not show any significant long range crystalline
lamellar macromorphology at this point, and only on annealing did the long-range order
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develop. Initially, post draw the crystallite structure was oriented in the draw direction at Td
between 60 - 80 oC, the orientation was less well-developed at Td between 90-100 oC. As the
PLLA was annealed the long-range lamellar stack morphology which ensued was oriented in
the draw direction. The Lp, Hb and hence crystallinity also increased on annealing to give a
well-developed highly ordered lamellar macromophology. The undrawn PLLA also showed a
highly ordered lamellar morphology on annealing, with some residual orientation imparted
form the injection moulding sample preparation.
At a micromorphology level, from the 1D WAXS, the α’ crystal form is observed at Td
between 60 – 80 oC, and the α crystal form is observed with annealing from 110 oC.
However, with Td ≥ 90 oC, the α crystal form is observed initially without any annealing. The
undrawn sample also showed the prominent α crystal form with annealing at 110 oC. Hence,
at Td ≤ 80 oC, the α’– α crystal form transition is driven by annealing, whereas at Td ≥ 90 oC,
the α crystal form is already present post-draw without annealing. The increased α crystal
form content is thus, dependent on increasing Td, but in all cases the α crystal content will
continue to increase with annealing temperature as the crystal lattice order, crystallinity and
long range lamellar ordering (from SAXS), also increase. Therefore, the mechanical
properties such as Young’s modulus and strength would be enhanced compared to the PLLA
post-draw without annealing due to the micro- and macromorphology development.
4. Conclusions
The combined use of mechanical testing, thermal, SAXS/WAXS and SEM techniques has
allowed us to investigate the influence of Td and strain rate on the initial crystalline
morphology of PLLA and how this changes on annealing post-draw.
Thermal analysis showed that drawing at all temperatures and strain rates, a strain induced
enthalpy relaxation thermal transition occurred due to orientation of the PLLA molecular
chains. Increased crystallinity was seen in samples where Td ≤ 80 oC. This was reflected in
the mechanical response of the samples, where embrittlement and failure of the PLLA, at Td
>70 oC, was observed, highlighted by surface micro-voiding and cavitation. SAXS/WAXS
analysis showed that strain-induced crystallization occurs on drawing, but the crystallite
orientation decreased with increasing Td, due to chain relaxation at temperatures at ≥30 oC
above Tg. However, from SAXS, no long-range oriented lamellar macromorphology was
observed post-draw and only developed the samples when they were subsequently step
annealed at temperatures above Td. The Td also had a significant effect on the crystalline
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form, where at Td ≤ 80 oC, the disordered α’ crystal form dominates and transition to the more
ordered α crystal form occurs only on annealing at temperatures ≥110 oC. In contrast,
samples drawn at Td ≥ 90 oC, the α crystal form is observed from the outset, before any postdraw annealing. Thus, the direct α’– α crystal form transition occurs in a Td range of 80-90 oC
during uniaxial drawing, below this range the α’- α crystal transition only occurs with
annealing. Therefore, the results reported here show that Td and post-draw annealing, have a
significant influence on the mechanical properties, crystallinity and crystalline phase
transformation in PLLA. Hence, careful tailoring of these processing parameters can be used
to control and modify the material properties of PLLA, with a view to end use in medical and
packing applications.
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