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A cold rolling process was performed with extruded polylactic acid (PLA) as the crystalline polymer
at different rolling ratios. The variations of the crystalline morphology, crystallinity, density, molecu-
lar orientation, and the microhardness were investigated during the process. Moreover, the dynamic
mechanical properties and mechanical properties were evaluated by dynamic mechanical analysis and
tensile test, respectively. The results showed that plastic deformation more easily occurred on the sur-
face than on the interior. In addition, with the increase of the rolling ratio, the crystallinity decreased;
however, the molecular orientation increased. Dynamic mechanical analysis revealed that the rolled PLA
displayed an anisotropy during the process. Moreover, the tensile strength increased from 51.1 MPa to
86.0 MPa, and the fracture strain increased from 5.3% to 103.1%, in the case of a 60% rolling ratio along the
rolling direction, indicating that the PLA was homogenized during the rolling process. This certified that
an appropriate rolling process (i.e., the 60% rolling ratio) was conducive for improving the comprehensive
mechanical properties of PLA in the rolling direction.
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1. Introduction

In the field of materials, recycling is one of the most important
technologies to conserve resources and to reduce waste. Biological
degradation is widely considered as an effective recycling technol-
ogy. In recent years, many biologically degradable polymers, e.g.,
polybutylene succinate (PBS), polycaprolactone (PCL) and polylac-
tic acid (PLA) have been developed. Out of these polymers, PLA
is considered as one of the most promising biodegradable, com-
postable, thermoplastic, and crystalline polymers. Additionally,
PLA is a sustainable alternative to petrochemical-derived products
and can be derived from renewable resources (Jonoobi et al., 2010).
PLA has many advantages, such as high-strength, high-modulus
(Garlotta, 2001) and good stiffness (Jonoobi et al., 2010). However,
because PLA belongs to the group of brittle materials, the fracture
strain is very low (approximately 5%) (Garlotta, 2001). Hence, this
disadvantage may limit its applications in industry.

To improve the ductility of PLA and extend its industrial applica-
tions, many researchers have proposed various methods to increase
its ductility while maintaining or reinforcing its original strength.
To achieve ideal mechanical properties and to greatly enhance its
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commercial potential, two common methods have been devel-
oped. One is to incorporate fillers into the polymers, such as
calcium phosphate (Bleach et al., 2002), carbon nanotube (Kuan
et al.,, 2008), and natural fibers (Oksman et al., 2003). In particular,
Bondeson and Oksman (2007) prepared PLA/cellulose nanowhisker
(PLA/CNW) nanocomposites, and the results of the tensile prop-
erty tests showed that only relative small improvements in the
tensile properties of the prepared nanocomposites were achieved
(the tensile strength was 67.7 MPa, and the elongation at break was
approximately 2.4%). Moreover, Jonoobi et al. (2010) reported that
the tensile strength of cellulose nanofiber-reinforced PLA compos-
itesincreased from 58 MPa to 71 MPa, whereas the maximum strain
was only 2.7-3.4%.

The other approach is to prepare polymers by plastic processing.
Carrasco et al. (2010) reported that extruded/injected PLA showed
an increase in the elongation at break (32-35% higher). Rhim et al.
(2006) found that PLA films prepared by the thermocompression
method were strong and brittle, with maximum tensile strength
and maximum elongation at break values of 44.04+2.2 MPa and
3.0+0.1%, respectively. These researchers attempted to improve
the mechanical properties of PLA by using plastic processing. Unfor-
tunately, the effect was not as good as expected (Yu et al., 2008).

In general, it is well known that microstructures, including the
crystalline structure, molecular orientation, and crystallinity, can
influence the mechanical properties of crystalline polymers. Many
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researchers have reported that plastic processing, such as die-
drawing (Chapleau et al., 2005), roller drawing (Lee et al., 2008),
tensile drawing (Bao et al., 2012), equal channel angular extrusion
(Qiu et al., 2012a), hydrostatic extrusion (Gibson et al., 1974) and
rolling process (Qiu et al., 2012b), can achieve good mechanical
properties. In particular, the rolling process can achieve high molec-
ular orientation for polymers while preventing the generation of
voids during processing, which has been reported by Nakayama
et al. (2001). Therefore, the rolling process has been extensively
employed for producing polymers with good properties, such as
polyethylene (PE) (Wang et al., 1993), polyoxymethylene (POM)
(Mohanraj et al., 2008), polypropylene (PP) (Qiu, 2002), and others.
Both Qiu et al. (2000a) and Murata et al. (2013) investigated the
changes of morphology and mechanical property in molded poly-
mers. During plastic processing, a multilayer structure will form
because of the different cooling processes on the surface as well as
in the inner part (Murata et al., 2012). Moreover, the crystallinity is
decreased and the molecular orientation is increased by the rolling
process as observed with micro Fourier transform infrared (FT-IR)
spectroscopy (Qiu et al., 2000b). These researchers obtained the
internal structure information in the whole cross section of the
polymer and accurately assessed the change of the PP microstruc-
ture via the rolling process. To the best of our knowledge, there has
been no research conducted on the effect of crystallinity and ori-
entation on microstructures (i.e., crystal morphology, crystallinity,
and molecular orientation) and mechanical properties of PLA pro-
duced by a cold rolling process. Therefore, it is essential to know
whether the rolling process changes the microstructure of PLA,
which is key for improving of the mechanical properties of PLA,
especially its ductility.

In the present work, a cold rolling process was carried out for
extruded PLA as the crystalline polymer under different rolling
ratios. The crystal morphology, crystallinity, and molecular orienta-
tion were investigated using optical microscopy (OPM), differential
scanning calorimetry (DSC), density method, and X-ray diffrac-
tion (XRD). Moreover, the microhardness distribution, dynamic
mechanical analysis, and tensile properties of PLA at each rolling
ratio were measured. Based on the measurement results, the effects
of the rolling ratios on the microstructures and mechanical prop-
erties were discussed.

2. Experimental
2.1. Materials

Polylactic acid (PLA) was purchased from Nature Works LLC
(Ingeo 3001D, America) with a density of 1.24 g/cm3 (ASTM D792)
and a melt flow index of 22 g/(10 min) (ASTM D1238). Its residual
moisture content was less than 0.025%, which was recommended
to prevent viscosity degradation.

2.2. Specimen preparation and the rolling process

The basic PLA material was vacuum-dried at 50 °C for 8 h. Then, it
was manufactured using a twin screw extruder (KZX25TW-60MG-
NH (-1200)-AKT, Technovel Co., Ltd., Osaka, Japan) with a screw
speed of 100rpm, and the temperature profile was varied from
150°C at the feeding zone to 190°C at the die. The extruded PLA
was cooled down in a water bath and pelletized after the first extru-
sion process. Then, the granular extruded PLA was dried at 50 °C for
8 h again, and PLA plates were produced by the same extruder at
the same extrusion conditions. The reason for two extrusions is to
compare the PLA and its composites with each other at the same
thermal history and to discuss their properties in a later paper.

Thereafter, the extruded PLA plates were used for the rolling
process. The rolling process was performed with different rolling
ratios (0%, 20%, 40%, 60, and 75%) to evaluate the effect of
the rolling ratio on the properties and morphology of PLA.
2000mm (length) x 100 mm (width) x 1.2mm (thickness; the
maximum thickness was 1.6 mm) extruded plates were machined
into specimens with dimensions of 100 mm (length) x 80 mm
(width) x 1.2 mm (thickness; the maximum thickness was 1.6 mm).
The rolling process was carried out by a rolling machine (TKE-
0; Imoto Machinery Co., Ltd., Tokyo, Japan) at room temperature
(23 £2°C) with a rotation speed of 3 m/min (Fig. 1). The rolling
direction was matched to the extrusion direction and the effec-
tive width and diameter of each roller were 150 mm and 100 mm,
respectively. The rolling ratio £ was calculated using the following
equations.

£ = [L"_Hﬂ} x 100% (1)
Ho
where Hy is the initial thickness of the specimen, and H; is the thick-
ness of the rolled specimen, which was measured by a micrometer
after the rolling process.
Finally, therolled plates were cut using adumbbell-shaped mold
to obtain specimens with dimensions of 75 mm (length) x 10 mm
(width), but with different thicknesses based on the different
rolling ratios. The different thicknesses of the rolled plates were
achieved by adjusting the distance between the two rollers (Fig. 1).
The specimens were used for evaluating the variations of crys-
tallinity and molecular orientation of PLA and its mechanical
properties.

2.3. Observation of internal microstructures

The internal microstructures of PLA with different rolling ratios
were observed by a polarized optical microscopy (Eclipse model
MEG600D, NIKON, Tokyo, Japan) to investigate the variation of
the crystal structures. To achieve visibility, the middle part of
dumbbell-shaped specimens was cutinto 10 wm slices in longitudi-
nal sections by a microtome (RM2145, Leica Microsystems, Tokyo,

Japan).
2.4. Investigation of crystallization behaviors

2.4.1. Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed using
a DSC instrument (X-DSC7000, SII Nano Technology Inc., Tokyo,
Japan). The specimens (approximately 10 mg) for the tests were
cut from the middle part of the dumbbell-shaped specimens in
the whole cross-sectional direction, and were scanned from 30
to 200°C at a scan rate of 10°C/min under a nitrogen flow of
50 mL/min. Only the heating process was carried out to investigate
the effect of the rolling ratio on the crystallization behavior of the
rolled PLA. The DSC result was obtained from three measurements
of each specimen group. Again, the degree of crystallization y. of
PLA was determined from the DSC heating traces by the following
equation.

AHm — AHc
Xe=|"7"fHo

x 100% 2
HO, (2)

where AHp, is the melting enthalpy during the heating process,
AHc is the enthalpy of crystallization, AH,? is the enthalpy for
100% crystallization of PLA, which is approximately 93.6]/g (Kalb
and Pennings, 1980).

2.4.2. Determination of the density
A water displacement method (JIS K7112, method A) was
employed to measure the density of the rolled PLA by using an
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Fig. 1. Schematic of the rolling process.

electronic gravity meter (SD-200L, Alfa Mirage Co., Ltd., Osaka,
Japan). The measurements were performed on the dumbbell-
shaped specimens at room temperature (23 42 °C), and the water
used was purified. The density of PLA was calculated by Eq. (3).

(ms,A X pIL)

P= (ms,A - ms,lL)

(3)

where mg 4 is the quality of PLA in the air, mg . is the quality of PLA
in the water, and py is the density of PLA in the water.

Moreover, the degree of crystallization y. of PLA was also deter-
mined by the density using the following equation.

(p—pa)
=4l . 100% (4
Xe (e — pa) )
where p is the measured density of PLA. The density of amorphous
PLA (pa) is 1.248 g/ml and the density of 100% crystalline PLA (pc)
is 1.290 g/ml, as reported by Nampoothiri et al. (2010) and Wei and
Ma (2004).

2.5. Determination of the molecular orientation

The molecular orientation of the rolled PLA was determined by
X-ray diffraction (XRD). The XRD patterns of PLA were recorded
using Panalytical Xi Pert Pro (Cambridge, UK) with nickel-filtered
Cu Ka radiation (A=0.15418 nm, XRD-6000, Shimadzu Co., Kyoto,
Ltd.) operated at a generator voltage of 45kV and a tube current of
40 mA. The specimen used was the dumbbell-shaped sample. The
scattering angle was in the range of 26=5-50° at a scan speed of
2.13/min. To ensure accuracy and repeatability, XRD investigations
of each specimen groups were repeated three times. The molecular
orientation (H) was calculated by the following equation (Kakudo
and Kasai, 1968):

where W is the half-width of the diffraction peak.

} « 100% (5)

2.6. Microhardness and its distribution

Microhardness measurements were performed using a manual
turret microhardness tester (HMV-2000, Shimadzu Co., Ltd, Kyoto,
Japan) to determine the surface microhardness and the microhard-
ness distribution. The microhardness tester consisted of a computer

display and a Vickers square-based pyramidal diamond (with an
angle of 136° between the opposite faces). The specimen used was
the dumbbell-shaped specimen, and the microhardness distribu-
tion was determined by the microhardness of the middle part in
the longitudinal sections (Fig. 2). The measurements were carried
out with a load of 10g for the recommended load-holding time
of 155 (JIS B 7774). Continuous measurements on the specimens
were made at equally spaced (50 wm) points. The microhardness
(Hy) was calculated with the following equation:

P

Hy = 0.189

(6)

where P is the force applied to the diamond (in kilograms-force)
and d is the average length of the diagonal left by the indenter (in
millimeters).

2.7. Dynamic Mechanical Analysis

Dynamic mechanical analysis was carried out with a dynamic
mechanical analyzer (RSA-G2, TA Instruments, Wilmington, USA)
in tension mode, and the storage modulus E’, loss modulus E”, and
tan § (§ is defined as the phase lag between the stress and the
strain) were determined by the average value of three measure-
ment results. The span of the girder was 20 mm. Strip test pieces
were cut from the middle of the dumbbell-shaped specimen with
a size of 30 mm (length) x 5 mm (width). The test was performed
in the temperature scan mode heating from 30 to 120°C at a pro-
grammed heating rate of 2 °C/min. The amplitude of the strain was
0.1%, and the frequency was set at 1.0 Hz.

2.8. Tensile property tests

The tensile properties involving the tensile strength and the
fracture strain of the PLA with different rolling ratios were mea-
sured using a universal testing machine (3360, INSTRON Co., Ltd.,
Kanagawa, Japan). The specimens used were the dumbbell-shaped
specimens. The tests were carried out at a tensile rate of 10 mm/min
under room temperature (23 £ 2 °C). The values of the tensile prop-
erties of each group were determined from the means of five
specimens.
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Longitudinal scction

Fig. 2. Schematic diagram for the microhardness distribution test.

2.9. Scanning electron microscope

The microstructures of the fractured surfaces were observed by
scanning electron microscopy (SEM, S-4300, Hitachi Ltd., Tokyo,
Japan). The specimens were sputter-coated with gold using an ion
sputtering apparatus (E-1030, Hitachi Science Systems Co., Ltd.,
Yokohama, Japan) to avoid charging. The acceleration voltage was
3kv.

3. Results and discussions
3.1. Variation of the internal structure

It is well known that different plastic processes will lead
to the formation of a multilayer and different microstructures
between the surface and the interior of the obtained polymer
products (Murata et al., 2012). Based on this view, the internal
microstructures of unrolled and rolled PLA were investigated, and
the morphologies are shown in Fig. 3.

Fig. 3(a) shows a micrograph near the surface of unrolled PLA,
and it is obvious that the surface structure, as well as the struc-
ture of Fig. 3(b), showed a columnar microstructure. The size of
the columnar microstructure was approximately 3-10 wm, while
in the core layer, the size was approximately 5-12 pm, which was
slightly larger than that of the surface. This may be because the
surface layer was rapidly cooled, and only small-size microstruc-
tures were formed during the extrusion process. Yet in the core
layer (Fig. 3(b)), columnar crystals with sizes of 5 wm can be clearly
observed. These phenomena might have resulted because the sur-
face of the specimen was subjected to forces from the extruder
during the extrusion process and cooled rapidly in the air; thus,
the crystals were small. The impact on the interior was very small,
leading to the differences between the surface and the interior
of the specimen. Moreover, for the PLA with a low rolling ratio
(i.e., 20%, Fig. 3(c)), distinct changes in the microstructures of the
interior were not observed compared to that of the unrolled PLA
(Fig. 3(b)), but the microstructures were destroyed slightly and
became smaller than before. Unexpectedly, for the specimens with
high rolling ratios (i.e., £ =40%, 60%, and 75%), the microstructures
exhibited dramatic changes in the core layer. Most of the crys-
tals were refined, but there were still unrefined parts, as shown
in Fig. 3(g). In Fig. 3(d), columnar microstructures were mostly
not observed, and the microstructures became very orderly. Fur-
thermore, the size of these microstructures was smaller. This was
because the surface of the specimen was subjected to a strong
shear stress from the two rollers during the rolling process, result-
ing in the destruction of the original microstructures and crystal
refinement; thus, the shape of the microstructures changed. A sim-
ilar case can be observed in Fig. 3(e) and (f), which shows the
microstructure near the surface and the microstructure of the core
layer of 60% rolled PLA. Regardless of the surface vicinity and core
layer, the size of the microstructures was smaller than that of the
unrolled PLA. It was considered that the microstructures from the

surface to the core layer were completely refined under the high
rolling ratio. Fig. 3(g) shows the heart part of the 60% rolled PLA, and
it was found that there were still some large microstructures in the
heart part (this case was similar to the 40% rolled PLA, which was
omitted in this paper). However, the range of the large microstruc-
tures was small (approximately 60 pm). It was considered that the
rolling ratio was not too high to be refined completely. Moreover,
the microstructures were regularly arranged and orientated along
the rolling direction. As the rolling ratio increased (Fig. 3(h)), the
microstructures were further refined in the core layer. This phe-
nomenon might due to that PLA was a brittle polymer, and the
original columnar microstructures were completely destroyed by
a strong shear stress and were further refined under a high rolling
ratio (i.e. £=75%).

In general, plastic deformation occurred more easily on the spec-
imen surface which was in contact with the two rollers than in the
core layer. The deformed layer was expanded as the rolling ratio
increased. Furthermore, crystalline destruction and high molecular
orientation occurred more easily in the case of high rolling ratios.

3.2. Effect of the rolling ratio on the crystallization behaviors

DSC measurements were carried out to investigate the effect of
the rolling ratio on the crystallization behaviors of PLA, which was
considered to influence its mechanical properties. Fig. 4 shows the
DSC curves of PLA for various rolling ratios. All specimens exhibited
three distinct peaks corresponding to the glass transition at approx-
imately 60°C, cold crystallization at approximately 107-110°C,
and melting at approximately 171-173 °C. In other words, the ther-
mal properties of the PLA were not distinctly changed during the
rolling process. Moreover, it is interesting to note that there were
double-melting peaks for the semi-crystalline PLA specimens after
rolling at higher rolling ratios (e.g., £ =40%, 60% and 75%). Double-
melting peaks, which were related mainly to the cooling rate, have
been reported previously (Yasuniwa et al., 2004).

The crystallization and melting behaviors of the PLA were exam-
ined, and the glass-transition temperature (Tg), cold crystallization
temperatures (T¢), melting temperature (Ty), melting enthalpy
(AHp), crystallization enthalpy (AH.), and the degree of crystal-
lization (x.) were obtained, as tabulated in Table 1. Obviously, the
Ty was basically maintained at approximately 59°C, and the Ty
was slightly decreased with the increase of the rolling ratio. How-
ever, the T¢ first increased and then decreased as the rolling ratio
increased, which demonstrated that the rolling process was ben-
eficial for the recrystallization of PLA up to a rolling ratio of 40%.
Additionally, x. of PLA decreased with the increase of the rolling
ratio (as shown in Fig. 5, and the maximum deviation of the crys-
tallinity was approximately 3%). When the rolling ratio increased
from 0% to 40%, x. decreased by 34.0%. Furthermore, as the rolling
ratio was raised to 75%, x. dropped by approximately 61.7% to 1.8%.
It can be inferred that the decrease of the crystallinity was due to
crystalline deformation and crystals destruction, which led to the
increase of plastic deformation during the rolling process. Similar
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filiau

Fig. 3. Micrographs of PLA with different rolling ratios: (a) &: 0%, near the surface; (b) &: 0%, core layer; (c) &: 20%, core layer; (d) &: 40%, core layer; (e) &: 60%, near the surface;
(f) &: 60%, core layer; (g) &: 60%, heart part, and (h) &: 75%, core layer.

Table 1

DSC data measured on unrolled and rolled PLA specimens.
Rolling ratio (%) Ty (°C) T (°C) T (°C) AHp (m)/mg) AH: (m]/mg) Xe (%)
0 59.7 107.8 173.2 34.0 29.6 4.7
20 59.1 1104 1725 337 29.9 4.0
40 59.4 1109 172.2 32.7 29.8 3.1
60 58.7 108.5 171.6 30.6 28.6 2.1

75 59.0 107.4 1715 32.6 30.9 1.8
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Fig. 4. DSC curves of unrolled and rolled PLA.
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Fig. 5. Variation of the crystallinity of PLA as a function of the rolling ratio.

results were reported by Qiu and Jia for polypropylene (PP) using
other evaluation methods (i.e., Fourier transform infrared spec-
troscopy (FT-IR) (Qiu et al., 2013) and X-ray diffraction (XRD) (Jia
et al., 2008)). In addition, during the rolling process, the molecu-
lar chains may orientate highly in the amorphous phase, and the
quasi-crystals were destroyed, which resulted in the decrease of
Xc-

To further confirm the aforementioned experimental results,
the density method was utilized to measure the density of PLA,
and then the variation of the PLA crystallinity was obtained. The
density and crystallinity of the PLA as a function of the rolling
ratio are shown in Fig. 6. The density of PLA decreased linearly
with the increase of the rolling ratio from 1.2499 to 1.2487 at the
rolling ratio of 75%, indicating a decrease of approximately 0.1%.
Likewise, the degree of crystallinity decreased as the rolling ratio
increased, which was in accord with the DSC results. The crystal-
lization of unrolled PLA was 4.72%, but after being rolled by a 75%
rolling ratio, the crystallinity suddenly dropped by 62.3% to 1.78%.
This suggested that the crystallinity of PLA was relatively low, and
the original crystals were destroyed during the rolling process;
thus, the crystallinity decreased greatly. Similar results on other
crystalline polymers (POM and PP) have been reported by

1.251
5
e 125} g &
R 2
89 -——
> =
2 s
£1.249 2
& “ &
11
1.248—5 0 40 60 80 °
Rolling ratio (%)

Fig. 6. Density and crystallinity of PLA as a function of the rolling ratio.

Fig. 7. XRD curves of PLA with different rolling ratios.

Pielichowski and Leszczynska (2005) and Qiu et al. (2000b), respec-
tively.

3.3. Effect of the rolling ratio on the molecular orientation

XRD measurements were performed to evaluate the variation of
the molecular orientation of PLA during the rolling process. Fig. 7
displays the XRD patterns in the range of 26 = 5°-50°. All specimens
with different rolling ratios exhibited the most intense diffraction
peak at 26 =16.7°, corresponding to reflections from the (1 10) and
(200) planes (Barrau et al., 2011), which belonged to the a-crystal
form of PLA as reported previously (Marubayashi et al., 2012).
Moreover, Fig. 7 shows that there were significant differences in the
intensity, namely, the intensity of the diffraction peak at 26 =16.7°,
as the rolling ratios increased. The intensity of the diffraction peak
represented the degree of order in the polymer, including the ori-
entation and crystallization. Therefore, these results indicated that
the rolling process did not change the crystal type, but significantly
influenced the orientation of PLA. The variation of molecular ori-
entation of PLA during the rolling process is shown in Fig. 8. It
was obvious that the degree of molecular orientation increased
as the rolling ratio increased. In particular, when the rolling ratio
was less than 60%, the degree of molecular orientation increased
linearly, but once the rolling ratio was beyond 60%, the increased
degree became smaller. During the rolling process, the molecular
chains were highly orientated in the amorphous phase, resulting
in the increase of orientation. In other words, the rolling process
contributed to the orientation of PLA in the amorphous phase.
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Fig. 8. Variation of the orientation of PLA as a function of the rolling ratio.

3.4. Microhardness and its distribution

Microhardness is related to the microstructures of crystal poly-
mers in cross and longitudinal sections, such as the degree of
molecular orientation, crystallinity, crystal size and crystal struc-
ture, as reported by Qiu (2005). The microhardness of the specimen
surface and the microhardness distribution in the longitudinal sec-
tions were measured, and the results are shown in Fig. 9. Fig. 9(a)
shows that the surface microhardness of unrolled PLA was approx-
imately 18.5 kgf/mm?2, whereas as the rolling ratio increased, the
microhardness decreased up to rolling ratio of 60%, and then a slight
increase occurred. The results showed that the specimen was sig-
nificantly softened after the rolling process, but when the rolling
ratio reached 75%, the orientation was at the maximum (from the
result of Fig. 8), and stress concentration was generated during the
rolling process, leading to a slight increase in the microhardness of
PLA.

Fig. 9(b) shows the microhardness distributions of the speci-
mens with different rolling ratios in the longitudinal sections. The
left side of the horizontal axis represents the specimen surface, and
the right side represents the core. To make the relative position
of the specimens of each layer (surface layer, intermediate layer,
and core layer) consistent, the horizontal axis is the ratio of the
distance from the surface and the half thickness. Overall, for the
specimens with lower rolling ratios (i.e., £ = 0% and 20%), the micro-
hardness distributions could be divided into three regions from
the surface to the core, i.e., a rise, a decline, and a plateau. In par-
ticular, for the unrolled PLA specimen, the microhardness of the
intermediate layer was the largest, which was probably due to the
extrusion process. It is well known that the intermediate layer was
formed by rapid cooling and the impact of shear stress during the
extrusion process. Therefore, the crystallinity and molecular ori-
entation of the intermediate layer were higher, and the residual
stress was greater, leading to a higher microhardness. However,
in the case of the higher rolling ratios (i.e. £ =40%, 60%, and 75%),
the microhardeness distribution integrally dropped, and the differ-
ence of the microhardness between each layer became more and
more indistinct. This might be because the specimens were soft-
ened and became homogenized during the rolling process. Even
for the 40% and 60% rolled specimens, although the heart part
contained large microstructures, the microhardness of the speci-
mens was not affected. In other words, an appropriate rolling ratio
was necessary to produce a homogenized polymer, which perhaps
improved the original mechanical properties of the polymer. Qiu
(2001) also reported similar results on PP.

. Wang et al. / Journal of Materials Processing Technology 232 (2016) 184-194

3.5. Dynamic mechanical behavior

The curves of the dynamic mechanical properties of rolled PLA
are shown in Fig. 10. The storage modulus E’ and tan é under differ-
ent rolling ratios were clearly shown as a function of temperature.
From Fig. 10, it can be found that at temperatures over 55°C, E'
sharply declined; the onset temperature was the glass transition
temperature (Tg) of PLA. Overall, regardless of the rolling direction,
E’ decreased with the increase of temperature, but tan § showed an
increasing trend. In Fig. 10 (a), in the region below the glass transi-
tion temperature, as the rolling ratio increased (i.e., £ = 20%, 40, 60%,
and 75%), E’ increased. In the high temperature region(e.g., 90°C),
E’ was the same. For tan §, in the region below the glass transition
temperature, the values of rolled PLA were all higher than that of
unrolled PLA, but in the high temperature region(e.g., 90°C), the
change of tan § was not significant. In Fig. 10(b), when the tem-
perature was below the glass transition temperature, the variation
trend of tan § was similar as that in Fig. 10 (a). However, in the high
temperature region (e.g., 90°C), the E’' trend was somewhat dif-
ferent, i.e., little difference was observed in the E’ of the specimens
with different rolling ratios. This proved that the microstructures of
PLA were changed by the rolling process, including the crystallinity,
molecular orientation and so on; thus, PLA produced anisotropy
during the rolling process. Moreover, as shown in both Fig. 10(a)
and (b), E' exhibited a slight increase at 90°C; this effect was due
to cold crystallization at high temperatures (i.e., above 90°C).

In addition, to discuss the effects of the rolling ratio on E’ and
tan § in detail, the data of Fig. 10 (E’ and tan § at 30°C) are plotted
in Fig. 11. Comparing Fig. 11(a) and (b), it can be found that due to
the different directions (parallel and vertical to the rolling direc-
tion), the trends of E’ and tan § were different with each other. For
the parallel direction (Fig. 11 (a)), E’ dramatically increased with
the increase of the rolling ratio and eventually reached a maxi-
mum value at a rolling ratio of 75%. E’ was increased from 1.8 GPa
to 3.3GPa, i.e,, an increase of 83%, compared to the unrolled PLA.
However, the tan § of the 20% rolled PLA suddenly increased, and
then the change of tan § was not obvious. In contrast, in the verti-
cal direction (Fig. 11(b)), the change of E’ was not obvious with an
increase of the rolling ratio. Nevertheless, the effect of the rolling
ratio on tan § was significant, especially in the case of the 20% rolling
ratio. Tan § increased by 3.1-fold from 2.0 x 102 t0 8.1 x 10~2 and
subsequently decreased linearly with the increase of the rolling
ratio. Overall, regardless of the direction, i.e., parallel vs. vertical,
when the rolling ratio was 20%, tan § was at a maximum. It was
considered that PLA was softened during the rolling process, and
the mobility of the molecules was enhanced, leading to the increase
of tan §.

3.6. Effect of rolling ratios on the tensile properties

To further prove that the variation of the internal microstructure
during the rolling process, i.e., crystallinity and molecular orien-
tation, would affect the mechanical properties of the polymers,
tensile tests were carried out. The obtained results are shown in
Fig. 12. Fig. 12(a) exhibits the nominal stress-strain curves of the
PLA with various rolling ratios (i.e., £=0%, 40%, and 75%) parallel
and vertical to the rolling direction. Obviously, the unrolled PLA
was fractured within a strain of 10%, regardless of whether paral-
lel or vertical to the rolling directions. However, after being rolled,
the yield stress and tensile strength were significantly enhanced
compared to the unrolled PLA, especially in the parallel direction;
the strains were suddenly increased to more than 70% at the rolling
ratio of 40%, showing a high ductility. It was proven that the large
microstructures of the heart part could not affect the mechani-
cal property of the rolled PLA. Moreover, the specimens with the
rolling ratios of 40% or 75% had an even plastic deformation during
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Fig. 11. Dynamic mechanical properties of the PLA at 30°C: (a) Parallel to the rolling direction and (b) vertical to the rolling direction.

tensile testing; the middle of the specimens became thinner, and
the transparency of the specimens increased. This result was con-
sistent with the microhardness distribution in the longitudinal
sections. It was confirmed that the internal microstructures of the
specimens were greatly changed, and the PLA produced anisotropy
during the rolling process, which coincided with the results of the
dynamic mechanical analysis.

In Fig. 12(b), variations of the tensile strength and fracture strain
are not obvious in the vertical direction. On the contrary, variations
in the parallel direction were very notable; both the tensile strength
and fracture strain were significantly increased with the increase of

the rolling ratio up to the 60%. When the rolling ratio reached 60%,
the tensile strength and fracture strain increased from 51.1 MPa
to 86.0 MPa and from 5.3% to 103.1%, respectively. It can be con-
sidered that the tensile property was anisotropic, thus having a
different value when measured in different directions. This result
was similar to the DMA results mentioned above. The reinforce-
ment of the tensile properties was very striking despite the fact
that they were decreased slightly at the rolling ratio of 75%. This
was related to the microhardness distribution of PLA at the 75%
rolling ratio, and the decreased tensile properties at the 75% rolling
ratio can be eventually ascribed to the decrease of the molecular
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Fig. 13. SEM micrographs of tensile fractured surfaces: (a) &: 0%, (c) &: 40%, (e) &: 75%. (b), (d), and (f) are high-magnification micrographs of (a), (c) and (e), respectively.

orientation. Moreover, when the rolling ratio was 20%, the tensile
strength of the parallel direction was the same as that of the vertical
direction. This was one reason why the values of tan § of 20% rolled
PLA were similar regardless of the direction in the DMA analysis (as
shown in Fig. 11).

The data in Fig. 12 shows that the tensile properties of the
rolled PLA in the parallel direction were affected by the rolling ratio
greatly. Thus, the representative tensile fractured specimens were
observed via SEM, and the SEM micrographs are shown in Fig. 13.

Fig. 13(a), (c), and (e) shows the whole fractured sections of the
specimens with rolling ratios 0%, 40%, and 75%, respectively, and it
was found that the starting points of the fractures appeared near
the specimen surfaces. From Fig. 13(a), it can be clearly observed
that the size of the fractured surfaces was not changed, and the
high-magnification micrograph (Fig. 13(b)) shows that the interior
of the fractured surface was smooth. Hence, a typical brittle fracture
was observed. This phenomenon can be related to the microhard-
ness distribution of the unrolled PLA as mentioned above. However,

FFU < 5o s
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Fig. 13(c) and (e) obviously shows that the fractured sizes of both
specimens became smaller, indicating the typical characteristics of
a ductile fracture. Due to the observation that the actual broken
position was in the curved part of the specimen, the area of the
fractured surface was larger than that of the parallel part. Further-
more, during the tensile test, a large amplitude recovery occurred
in the specimen, resulting in the non-uniformity of the size of the
fractured surface (as shown in Fig. 13 (e)). Moreover, from the
high-magnification micrographs of the interiors (Fig. 13 (d) and
(f)), it was observed that there were many fibrillar PLA on the frac-
tured surfaces, especially in the case of the 75% rolling ratio (Fig. 13
(f)). The increase of the fracture toughness with rolling ratio can
be related to the increase of fibril formation. Although the surface
crystals of PLA were destroyed during the rolling process, they were
highly orientated in the interior along the rolling direction. Addi-
tionally, based on the microhardness distribution from previously,
the PLA specimens were homogenized at a high rolling ratio; thus,
the tensile properties of rolled PLA were reinforced.

The microhardness distribution of the rolled PLA with a high
rolling ratio exhibited homogenization. The microhardness of the
intermediate layer became lower during the rolling process, lead-
ing to smaller differences between the mechanical reactivity and
the surrounding; thus, the local stress concentration was eased,
and the specimens were not prone to cracking, resulting in the
improvement of strength and the increase in the ductility of the
PLA.

4. Conclusion

The present work demonstrated the effect of rolling conditions
on the microstructures and mechanical properties of PLA in a cold
rolling process, which is an industrially relevant plastic processing
technique for large-scale production. The crystal morphology, crys-
tallinity, molecular orientation, and mechanical properties of the
rolled PLAwere investigated in detail. Based on the results obtained,
the most important factors influencing the plastic processing of PLA
for industrial applications are listed below.

1. Plastic deformation occurred more easily on the surface than in
the interior of the PLA. The deformation layer expanded with
the increase of the rolling ratio. Moreover, at a high rolling ratio,
crystalline destruction and high molecular orientation occurred
in the core layer of the rolled PLA.

2. The rolling process did not influence the thermal properties of
the PLA. However, the crystallinity of PLA decreased as the rolling
ratio increased.

3. The rolling process did not change the crystal type of PLA and
contributed to the increase of the PLA orientation degree.

4. The microhardness distributions of the PLA with lower rolling
ratios were divided into three regions, i.e., a rise, a decline, and
a plateau. An appropriate rolling ratio (e.g., £=40% and 60%)
was necessary to produce a homogenized polymer, which could
improve the original mechanical properties of the PLA.

5. The dynamic mechanical properties showed that the PLA was
softened and produced an anisotropy during the rolling process.
In particular, at a temperature of 30°C, the tan ¢ of the parallel
direction showed an increasing trend. This indicated that the
mobility of molecules was enhanced during the rolling process.

6. When the rolling ratio reached 60%, the tensile strength and frac-
ture strain in the rolling direction increased from 51.1 MPa to
86.0 MPa and from 5.3% to 103.1%, respectively. The ductility of
PLA was greatly improved. Moreover, the tensile properties of
the rolled PLA in the rolling direction were mostly reinforced
compared with that in the vertical direction, due to the high
molecular orientation along the rolling direction.

References

Bao, R, Ding, Z., Zhong, G., Yang, W.,, Xie, B., Yang, M., 2012. Deformation-induced
morphology evolution during uniaxial stretching of isotactic polypropylene:
effect of temperature. Colloid Polym. Sci. 290, 261-274.

Barrauy, S., Vanmansart, C., Moreau, M., Addad, A., Stoclet, G., Lefebvre, ].M., Seguela,
R., 2011. Crystallization behavior of carbon nanotube-polylactide
nanocomposites. Macromolecules 44, 6496-6502.

Bleach, N.C,, Nazhat, S.N., Tanner, K.E., Kellomadki, M., Térmadla, P., 2002. Effect of
filler content on mechanical and dynamic mechanical properties of particulate
biphasic calcium phosphate polylactide composites. Biomaterials 23,
1579-1585.

Bondeson, D., Oksman, K., 2007. Polylactic acid/cellulose whisker nanocomposites
modified by polyvinyl alcohol. Compos. Part A: Appl. Sci. Manuf. 38,
2486-2492.

Carrasco, F., Pages, P., Gimez-Pérez, J., Santana, 0.0., Maspoch, M.L., 2010.
Processing of poly (lactic acid) Characterization of chemical structure, thermal
stability and mechanical properties. Polym. Degrad. Stab. 95, 116-125.

Chapleau, N., Mohanraj, J., Ajji, A., Ward, .M., 2005. Roll-drawing and die-drawing
of toughened poly (ethylene terephthalate) Part 1. Structure and mechanical
characterization. Polymer 46, 1956-1966.

Garlotta, D., 2001. A literature review of poly (lactic acid). ]. Polym. Environ. 9,
63-84.

Gibson, A.G., Ward, I.M., Cole, B.N., Parsons, B., 1974. Hydrostatic extrusion of
linear polyethylene. ]. Mater. Sci. 9, 1193-1196.

Jia, J., Mao, W., Raabe, D., 2008. Changes of crystallinity and spherulite morphology
in isotactic polypropylene after rolling and heat treatment. J. Univ. Sci. Technol.
Beijing Mineral Metall. Mater. 15, 514-520.

Jonoobi, M., Harun, J., Mathew, A.P., Oksman, K., 2010. Mechanical properties of
cellulose nanofiber (CNF) reinforced polylactic acid (PLA) prepared by twin
screw extrusion. Compos. Sci. Technol. 70, 1742-1747.

Kakudo, M., Kasai, N., 1968. X-ray Diffraction by Macromolecules. Maruzen, Japan,
pp. 187-200.

Kalb, B., Pennings, AJ., 1980. General crystallization behavior of poly(L-lactic acid).
Polymer 21, 607-612.

Kuan, C.F., Kuan, H.C., Ma, C.C.M., Chen, C.H., 2008. Mechanical and electrical
properties of multi-wall carbon nanotube/poly(lactic acid) composites. J. Phys.
Chem. Solids 69, 1395-1398.

Lee, S.H., Nakayama, K., Cho, H.H., 2008. Fine structure and physical properties of
poly(buthylene terephthalate) sheets prepared by roller drawing method.
Fiber Polym. 9, 740-746.

Marubayashi, H., Asai, S., Sumita, M., 2012. Complex crystal formation of poly
(L-lactide) with solvent molecules. Macromolecules 45, 1384-1397.

Mohanraj, J., Morawiec, J., Pawlak, A., Barton, D.C., Galeski, A., Ward, .M., 2008.
Orientation of polyoxymethylene by rolling with side constraints. Polymer 49,
303-316.

Murata, T., Qiu, J.H., Sakai, E., Wu, X., Kudo, M., 2012. Morphology Change of
extrusion molded crystalline polymer by rolling process. Adv. Mater. Res
391-392, 595-599.

Murata, T., Qiu, J.H., Wu, X., 2013. Effect of rolling temperature on microstructure
and tensile properties of polypropylene. Polym. Eng. Sci. 53, 2573-2581.

Nakayama, K., Qi, K., Hu, X., 2001. Dynamic mechanical properties of rolled
polypropylene sheets. Polym. Polym. Compos. 9, 151-156.

Nampoothiri, K.M., Nair, N.R,, John, R.P., 2010. An overview of the recent
developments in polylactide (PLA) research. Bioresour. Technol. 101,
8493-8501.

Oksman, K., Skrifvars, M., Selin, J.F., 2003. Natural fibres as reinforcement in
polylactic acid (PLA) composites. Compos. Sci. Technol. 63, 1317-1324.

Pielichowski, K., Leszczynska, A., 2005. Structure-property relationships in
polyoxymethylene/thermoplastic polyurethane elastomer blends. J. Polym.
Eng. 25, 359-373.

Qiuy, J., 2001. Microstructure and tensile property of cold rolled PP/LCP blends.
Trans. Jpn. Soc. Mech. Eng. A 67, 1458-1463.

Qiu, J., 2002. Effect of the stress amplitude and the test temperature on the fatigue
property of cold rolled PP. Trans. Jpn. Soc. Mech. Eng. A 68, 65-73.

Qiu, J., 2005. Effects of flow distance and injection speed on the fatigue property of
injection-molded polypropylene sheets. Kobunshi Ronbunshu 62, 425-431.

Qiu, ., Kawagoe, M., Mizuno, W., Morita, M., 2000a. Effect on fatigue failure of
injection-molded polypropylene sheets by rolling process. Kobunshi
Ronbunshu 57, 255-262.

Qiu, J., Kawagoe, M., Mizuno, W., Morita, M., 2000Db. Effect of morphology and
tensile properties of polypropylene by the rolling process. Trans. Jpn. Soc.
Mech. Eng. A. 66, 867-874.

Qiu, J., Murata, T., Wuy, X,, Kitagawa, M., Kudo, M., 2012a. Plastic deformation
mechanism of crystalline polymer materials in the equal channel angular
extrusion process. J. Mater. Process. Tech. 212, 1528-1536.

Qiu, J., Murata, T., Takahashi, K., Wu, X., 2012b. The plastic deformation
characteristics of crystalline polymer materials via rolling process. Adv. Mater.
Res. 391-392, 585-589.

Qiy, J., Murata, T., Wu, X, Kudo, M., Sakai, E., 2013. Plastic deformation mechanism
of crystalline polymer materials during the rolling process. ]. Mater. Sci. 48,
1920-1931.

Rhim, ].W., Mohanty, A.K,, Singh, S.P., Ng, P.KX.W., 2006. Effect of the processing
methods on the performance of polylactide films: thermocompression versus
solvent casting. J. Appl. Polym. Sci. 101, 3736-3742.

E E b E Riadiand =k ad

Jdaded awraadedaaay


http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0005
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0005
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0005
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0005
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0005
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0005
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0005
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0005
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0005
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0005
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0005
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0005
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0005
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0005
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0005
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0005
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0005
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0005
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0005
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0010
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0010
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0010
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0010
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0010
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0010
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0010
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0010
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0010
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0010
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0010
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0010
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0010
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0015
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0015
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0015
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0015
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0015
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0015
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0015
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0015
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0015
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0015
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0015
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0015
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0015
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0015
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0015
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0015
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0015
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0015
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0015
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0015
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0015
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0015
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0020
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0020
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0020
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0020
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0020
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0020
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0020
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0020
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0020
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0020
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0020
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0020
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0020
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0020
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0020
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0020
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0020
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0020
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0025
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0025
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0025
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0025
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0025
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0025
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0025
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0025
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0025
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0025
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0025
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0025
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0025
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0025
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0025
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0025
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0025
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0025
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0025
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0025
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0025
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0030
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0030
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0030
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0030
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0030
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0030
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0030
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0030
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0030
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0030
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0030
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0030
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0030
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0030
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0030
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0030
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0030
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0030
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0030
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0035
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0035
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0035
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0035
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0035
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0035
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0035
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0035
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0035
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0035
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0035
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0035
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0035
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0035
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0040
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0040
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0040
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0040
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0040
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0040
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0040
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0040
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0040
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0040
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0040
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0040
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0045
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0045
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0045
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0045
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0045
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0045
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0045
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0045
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0045
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0045
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0045
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0045
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0045
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0045
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0045
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0045
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0045
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0045
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0045
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0045
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0045
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0045
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0045
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0045
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0045
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0045
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0050
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0050
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0050
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0050
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0050
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0050
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0050
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0050
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0050
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0050
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0050
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0050
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0050
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0050
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0050
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0050
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0050
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0050
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0050
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0050
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0050
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0050
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0055
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0055
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0055
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0055
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0055
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0055
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0055
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0055
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0055
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0055
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0060
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0060
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0060
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0060
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0060
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0060
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0060
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0060
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0060
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0060
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0060
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0060
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0060
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0065
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0065
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0065
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0065
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0065
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0065
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0065
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0065
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0065
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0065
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0065
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0065
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0065
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0065
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0065
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0065
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0065
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0065
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0070
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0070
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0070
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0070
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0070
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0070
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0070
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0070
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0070
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0070
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0070
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0070
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0070
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0070
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0070
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0070
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0070
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0070
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0070
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0070
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0075
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0075
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0075
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0075
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0075
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0075
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0075
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0075
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0075
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0075
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0075
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0075
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0075
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0075
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0075
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0075
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0080
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0080
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0080
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0080
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0080
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0080
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0080
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0080
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0080
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0080
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0080
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0080
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0080
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0085
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0085
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0085
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0085
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0085
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0085
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0085
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0085
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0085
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0085
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0085
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0085
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0085
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0085
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0085
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0085
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0085
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0090
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0090
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0090
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0090
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0090
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0090
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0090
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0090
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0090
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0090
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0090
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0090
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0090
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0090
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0090
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0090
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0090
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0090
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0095
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0095
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0095
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0095
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0095
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0095
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0095
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0095
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0095
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0095
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0095
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0095
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0095
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0095
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0100
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0100
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0100
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0100
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0100
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0100
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0100
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0100
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0100
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0100
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0100
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0100
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0100
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0100
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0100
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0100
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0105
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0105
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0105
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0105
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0105
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0105
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0105
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0105
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0105
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0105
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0105
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0105
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0105
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0105
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0105
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0105
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0110
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0110
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0110
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0110
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0110
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0110
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0110
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0110
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0110
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0110
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0110
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0110
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0110
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0110
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0115
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0115
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0115
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0115
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0115
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0115
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0115
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0115
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0115
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0115
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0115
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0115
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0115
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0115
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0115
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0115
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0115
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0115
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0115
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0120
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0120
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0120
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0120
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0120
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0120
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0120
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0120
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0120
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0120
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0120
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0120
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0120
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0120
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0120
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0120
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0120
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0120
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0120
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0120
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0120
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0120
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0120
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0120
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0120
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0120
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0120
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0125
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0125
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0125
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0125
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0125
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0125
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0125
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0125
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0125
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0125
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0125
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0125
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0125
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0125
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0125
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0125
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0125
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0125
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0125
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0125
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0125
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0130
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0130
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0130
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0130
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0130
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0130
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0130
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0130
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0130
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0130
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0130
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0130
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0130
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0130
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0130
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0130
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0130
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0135
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0135
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0135
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0135
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0135
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0135
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0135
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0135
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0135
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0135
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0135
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0135
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0135
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0135
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0135
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0135
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0135
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0135
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0135
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0135
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0135
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0135
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0140
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0140
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0140
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0140
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0140
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0140
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0140
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0140
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0140
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0140
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0140
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0140
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0140
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0140
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0140
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0140
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0140
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0140
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0140
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0140
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0140
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0140
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0145
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0145
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0145
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0145
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0145
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0145
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0145
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0145
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0145
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0145
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0145
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0145
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0145
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0145
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0145
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0145
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0145
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0145
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0145
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0145
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0150
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0150
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0150
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0150
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0150
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0150
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0150
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0150
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0150
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0150
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0150
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0150
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0150
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0150
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0150
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0150
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0150
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0150
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0155
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0155
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0155
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0155
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0155
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0155
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0155
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0155
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0155
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0155
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0155
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0155
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0155
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0155
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0155
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0155
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0155
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0155
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0155
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0155
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0155
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0155
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0155

194 L. Wang et al. / Journal of Materials Processing Technology 232 (2016) 184-194

Wang, M.D., Nakanishi, E., Hibi, S., 1993. Effect of molecular weight on rolled high Yu, L, Liu, H,, Xie, F., Chen, L., Li, X., 2008. Effect of annealing and orientation on
density polyethylene: 1. Structure: morphology and anisotropic mechanical microstructures and mechanical properties of polylactic acid. Polym. Eng. Sci.
behaviour. Polymer 34, 2783-2791. 48, 634-641.

Wei, G., Ma, P.X., 2004. Structure and properties of nano-hydroxyapatite/polymer Yasuniwa, M., Tsubakihara, S., Sugimoto, Y., Nakafuku, C., 2004. Thermal analysis of
composite scaffolds for bone tissue engineering. Biomaterials 25, 4749-4757. the double-melting behavior of poly(L-lactic acid). J. Polym. Sci. Polym. Phys.

42,25-31.

EE ). F Riakiant ik ad

Jdaded awraadedaaay


http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0160
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0160
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0160
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0160
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0160
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0160
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0160
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0160
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0160
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0160
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0160
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0160
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0160
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0160
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0160
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0160
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0160
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0160
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0160
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0160
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0160
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0165
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0165
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0165
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0165
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0165
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0165
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0165
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0165
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0165
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0165
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0165
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0165
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0165
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0165
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0165
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0165
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0170
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0170
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0170
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0170
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0170
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0170
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0170
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0170
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0170
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0170
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0170
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0170
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0170
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0170
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0170
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0170
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0170
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0170
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0170
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0170
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0175
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0175
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0175
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0175
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0175
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0175
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0175
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0175
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0175
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0175
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0175
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0175
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0175
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0175
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0175
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0175
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0175
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0175
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0175
http://refhub.elsevier.com/S0924-0136(16)30039-5/sbref0175

	Microstructures and mechanical properties of polylactic acid prepared by a cold rolling process
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Specimen preparation and the rolling process
	2.3 Observation of internal microstructures
	2.4 Investigation of crystallization behaviors
	2.4.1 Differential scanning calorimetry
	2.4.2 Determination of the density

	2.5 Determination of the molecular orientation
	2.6 Microhardness and its distribution
	2.7 Dynamic Mechanical Analysis
	2.8 Tensile property tests
	2.9 Scanning electron microscope

	3 Results and discussions
	3.1 Variation of the internal structure
	3.2 Effect of the rolling ratio on the crystallization behaviors
	3.3 Effect of the rolling ratio on the molecular orientation
	3.4 Microhardness and its distribution
	3.5 Dynamic mechanical behavior
	3.6 Effect of rolling ratios on the tensile properties

	4 Conclusion
	References


