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a b s t r a c t

The behavior of the equilibrium melting temperature (Tom) of poly(L-lactic acid) with pressure estimated
using the Gibbs-Thomson method is presented. Differential scanning calorimetry and a High pressure
differential thermal analyzer have been used to determine the melting temperatures of samples
isothermally crystallized at atmospheric pressure and at pressures ranging from atmospheric to 300 MPa
respectively. Lamellar thickness of the crystals was determined from small angle X-ray scattering. The�
dTo

m
dP

�
o
was found to follow the second order polynomial Tom ¼ 206 þ 0.309P e 3.86 � 10�4P2. The

enthalpy and entropy of fusion of the perfect crystal up to 300 MPa determined through the Clapeyron

equation remained more or less similar up to 200 MPa but increased significantly at 300 MPa. The DH0
f

and DS0 at atmospheric pressure were calculated to be 94.5 Jg-1 and 0.197 JK�1g�1, respectively while the
fold surface energy was calculated to be 64 � 10�3 Jm�2.

© 2017 Published by Elsevier Ltd.
1. Introduction

Biopolymers are now attracting much attention because they
are renewable, and are derived or produced from natural sources
and living organisms which create a sustainable industry. These
polymers are classed as carbon neutral because the crops from
which these biopolymers are derived reabsorb the CO2 released
during their degradation. Biopolymers are mainly polyesters and
are finding applications in several areas ranging from packaging to
medicine. Among the biopolyesters, poly(lactic acid) (PLA) has been
given much attention because it is considered as both biodegrad-
able, adapted for short term packaging application, and biocom-
patible with living tissues suitable for biomedical applications. PLA
synthesis is a multistep process where the monomer lactic acid,
largely produced by the fermentation of carbohydrates, is poly-
merized. There are two main ways to synthesize PLA; one is from
the condensation of lactic acid which yields low-molecular weight
and the other is from the ring opening polymerization of lactide
hemical Sciences, Faculty of
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).
which yields high molecular weight PLA. PLA biodegrades into
harmless natural products through hydrolysis and enzymatic
catalysis. Because the raw material is from renewable resources,
this polyester is classified as an environmentally friendly material.
Mechanically, this polyester is a high strength and high modulus
thermoplastic and can be easily processed on standard equipment
such as injection, extrusion or blow molding to yield molded parts
[1]. PLA has two isomers, the D form, poly(D-lactic acid) (PDLA), and
the L form poly(L-lactic acid) (PLLA) and both isomers are crystal-
line. However, poly(DL-lactic acid) which is the combination of the L
and the D form is amorphous. PDLA is expensive compared to PLLA,
thus the latter is used for the manufacture of commercial goods.
Although PLLA is semicrystalline, the crystallization rate is very
slow. This has delayed PLLA's widespread commercial use. Exten-
sive investigations are undertaken to improve the crystallization
rate for this polyester [2e6]. Recently, development of stereo-
complex of PLLA and PDLA has also progressed with improved
properties [7]. Despite the extensive literature available on the
crystallization behavior of this polyester, very limited literature
[8,9] are available at elevated pressures. Reportedworks under high
pressure on this polyester are through the use of pressurized gas
and aremainly on the crystallization andmelting behavior [10e12].

According to the European Bioplastics Association [13], only one
third of the total lactic acid produced is being used for PLA
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production annually. This indicates that this polyester has a high
potential for development. As the application of this polyester as
plastic products increases, it will often be exposed to elevated
pressures during processing. Pressure has been shown to affect the
crystallization behavior of polymers, therefore, information about
crystallization at elevated pressures is important to envisage the
processing conditions of this polyester in order to control the
physical properties. Of interest, is the behavior of the equilibrium
melting temperature (To

m) with pressure. The To
m is defined as the

melting temperature of an infinite stack of extended chain crystals.
This entity is one of the most important thermodynamic properties
of crystallizable polymers, as it is the reference temperature from
which the driving force for crystallization is defined. The lateral
growth rate, the fold surface energy and the nucleation rate are all
controlled by the degree of supercooling (DT) according to the
secondary nucleation crystallization growth theory of Lauritzen
and Hoffman [14]. DT is defined as Tom-Tc, where Tc is the crystalli-
zation temperature. Due to the difficulty in growing extended chain
crystals, To

m is normally determined using extrapolative method
such as the Hoffman-Weeks (HW) or Gibbs-Thomson plot. The
theory related to these methods has been well described in the
literature [15e20]. Of these two methods, the Gibbs-Thomson
method is considered to give an accurate and reliable estimate of
the To

m because it is directly derived from thermodynamic argu-
ments with few assumptions used [17e20]. In this method, the
polymer is isothermally crystallized at different Tc's and themelting
temperatures (Tm’s) of the corresponding crystal lamellar thickness
(l) are measured. The measured Tm’s are plotted against the inverse
of (l). The Tm is well known to depend on the crystal form and the
lamellar thickness of the crystals. To estimate the accurate value of
Tom, the Tm should be stable at the corresponding Tc at which it was
crystallized, i.e., the crystals should not undergo reorganization,
premelting or lamellar thickening during the heating measure-
ment. It has been reported [20] that thin lamellar crystals formed at
large supercoolings, when heated at slow heating rates, readily
undergo thickening. To overcome this shortcoming, thick lamellar
crystals crystallized at small supercoolings should be used and
scanned at faster heating rates to determine the Tm. However, the
latter condition contributes to thermal lag, which needs to be
corrected, and methods for eliminating this is well described in the
literature [16,18].

At present, the information on the pressure dependence of the
Tom of PLLA and the thermodynamic data at high pressures are
lacking because of the difficulty in growing extended chain crystals
and measuring the Tm of such crystals at elevated pressures
directly, except for polyethylene, which can grow extended chain
crystals at pressures above 300 MPa [21e26].

In this study, our objective is how best can we determine the To
m

of PLLA using the Gibbs-Thomsonmethod at elevated pressures and
calculate the enthalpy and entropy of fusion at different pressures
using the Clapeyron equation. To the best of our knowledge, this is
the first experimental approach to measure the pressure depen-
dence of melting temperature and the thermodynamic variables of
PLLA using this technique. A lot of attention has been focused on
minimizing the effects of lamellar thickening and thermal lag. The
melting temperature of the isothermally crystallized PLLA samples
of different lamellar thickness was determined at atmospheric
pressure and at elevated pressures using a DSC and a high pressure
differential thermal analyzer (HP-DTA), respectively. The Tm at zero
heating rate, (0 �C min�1) was evaluated using the principle of
“heating kinetics” to minimize thermal lag. Small angle X-ray
scattering (SAXS) and the one dimensional correlation approach
was used to determine the long period and the lamellar thickness of
the crystals. The behavior of the To

m at elevated pressures will help
to understand the crystallization behavior better.
2. Experimental

2.1. Materials

PLLA was supplied by Mitsui Chemicals, Inc., Japan. The sample
was purified by dissolving it in chloroform and precipitating it from
methanol and vacuum dried at 80 �C for several days before use.
The Mw was 115,833, Mn 69,303 and Mw/Mn 1.67 determined from
gel permeation chromatography (GPC) calibrated by polystyrene
standards.

2.2. Sample preparation

Melt isothermal crystallization of PLLA was performed as fol-
lows: about 10 g of the polymer was melted at 220 �C for 5 min and
pressed to a thickness of 1 mm using a hot press. The molten
sample was quickly transferred to an annealing box equilibrated at
a preset temperature. After 7 days (completion of crystallization),
the sample was removed from the annealing box and quenched to
room temperature. For high pressure measurements, about 8 mg of
the polymer sample was melted directly in the aluminum DTA
sample cup and crystallized following the procedure mentioned
above for atmospheric pressure. Before high pressure analysis, the
sample was coated with epoxy resin to prevent direct contact with
the pressure transmitting silicon oil. Care was taken not to coat the
Al cup in order to maintain high accuracy of the thermal signals and
reduce noise. Fresh samplewas used for each high pressure analysis
because of the possibility of PLLA decomposing at high temperature
required for melting at high pressures.

2.3. Measurements

2.3.1. Differential scanning calorimetry
Thermal analysis at atmospheric pressure was performed on a

DSC (EXTER6200, SEIKO Instruments Inc., Japan) using about 7 mg
of the isothermally crystallized samples. Heating was done from 20
to 220 �C at different heating rates, 5e20 �C min�1 with a nitrogen
gas flow at 20 mL min�1.

2.3.2. High pressure DTA
The high pressure DTA (Hikari High-Pressure Machinery Co.,

Ltd., Japan) apparatus was modified to suit our investigation. The
heating rate was controlled by PID heater controller within ±0.1 �C.
Type K (chromel-alumel) thermocouples were used to measure the
temperatures of a sample and a referencematerial (aluminum). The
sample cup, which was made from aluminum, was fitted directly
onto the ceramic tube containing the thermocouple and the junc-
tion of the thermocouple was in direct contact with the aluminum
cup just below the sample separated by 0.5 mm thickness of the
aluminum cup as shown in Fig. 1.

At ambient temperature, desired pressure was applied and the
temperature was raised at a heating rate of 10 �C min�1 while the
pressure was maintained and monitored using a Heise gauge
within ±1 MPa. The temperature of the sample and reference pans
were recorded with a two channel recorder and the temperature
difference between them was plotted against the reference tem-
perature and the absolute minimum of the curve was taken as the
melting temperature.

2.3.3. Small angle X-ray scattering (SAXS)
SAXS measurement was carried out using a Nano-Viewer

(RIGAKU Corp., Japan). A Cu Ka radiation (40 kV, 20 mA) was
used as an X-ray source. The two dimensional scattered intensity
data were detected using an imaging plate (IP). The pinhole slits,
samples, and IP were set in a vacuum chamber and the two
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dimensional scattering pattern was measured under vacuum in
order to eliminate air scattering. The lamellar thickness and the
long period were estimated from the one-dimensional correlation
function g (r) given in equation (1):

gðrÞ ¼

Z ∞

0
q2IðqÞcosðqrÞdqZ ∞

0
q2IðqÞdq

(1)

Here the denominator is the total integrated intensity or invariant
Q and q is the reciprocal space scattering vector and is defined as

q ¼ 4p sinðqÞ
l

where 2q is the scattering angle, and l is the wavelength of the X-
ray.

2.3.4. Specific volumes
Specific volume of PLLA as a function of temperature was

measured using a confining fluid high pressure bellows type dila-
tometer (PVT Instrument, GNOMIX Inc., USA, which had a precision
of ±0.0002 cm3g-1) from 10 to 200 MPa in the isothermal mode
from 30 to 200 �C in steps of 10 �C and 10 MPa. The density of the
sample at ambient condition was measured by an automatic gas
pycnometer (Accupyc 1330, Micromeritics Instrument Corp., USA).
The inverse of density was used as the initial value for the specific
volume. The dilatometer sample cell, made from nickel sheet was
filled with approximately 1 g of the polymer and mercury as a
pressure medium. The cell was closed at one end by a flexible
bellows and the change of specific volume was determined by the
displacement of the bellows at various temperatures and pressures.
The specific volume at atmospheric pressure was estimated by the
Tait equation programmed in the instrument's software.

3. Results and discussion

3.1. Melting curves at atmospheric pressure

In general, the melting temperatures of polymers measured
through thermal method depend on several factors: the heating
rate, the crystal type, the mass and the lamellar thickness of the
crystal. PLLA forms a0 crystals e a limited disordered modification
when crystallized between 100 and 120 �C, compared to the normal
a-form crystals when crystallized above 120 �C [27e29]. In addi-
tion, crystals formed at large supercoolings have smaller lamellar
thickness which undergoes melting and reorganization during the
heating scan [21]. Such melting and recrystallization processes
Fig. 1. Diagram of the high pressure DTA sample cup and ceramic holder.
disturb the measurement of the true melting temperature. To
obtain a crystals only with thick lamellar crystals to minimize
reorganization of the small crystals, PLLA was isothermally crys-
tallized at higher temperatures. Fig. 2 shows the DSC heating curves
of PLLA isothermally crystallized between 130 and 150 �C at a
heating rate of 10 �C min�1. The melting peak was observed to shift
to higher temperatures with increasing Tc’s indicating an increase
in lamellar thickness. A shoulder melting peak appearing prior to
the mainmelting peak is due to the melting of crystals with smaller
lamellar thickness that may have formed during secondary crys-
tallization. Multiple melting behavior has been reported for PLLA
[30,31] when crystallized at different temperatures and heated at
different rates. The small size of this peak suggests that a small
portion of crystals with thin lamellae were present in the sample
and has negligible effect on the main melting peak.

The heating rate in thermal analysis (DSC or DTA) also causes a
shift of the Tm because of the high thermal resistance of polymers
and thermal lag. Slower heating rates depress the shift while thin
crystal lamellae tend to undergo reorganization (thickening) during
the heating scan, which results in increase of the shift. The latter
condition has been taken care of by using samples with thick
lamellar crystals. Fig. 3 shows the heating rate dependence of Tm for
samples isothermally crystallized at 140 �C. It can be seen that the
peak melting temperature increased with heating rate.

Shift in Tm due to the thermal lag is corrected by taking the Tm at
a heating rate of 0 �C min�1 and is termed as the corrected melting
temperature (Tmc). Tmc is determined by extrapolating the Tm,
determined at different heating rates to 0 �C min�1 [32,33]. The
increase in the observed Tm caused by the thermal lag is propor-
tional to the square root of the heating rate at constant thermal
resistance, heat of fusion and sample weight on the basis of the
theory of heat flow calorimetry. Ho et al. [33] proposed the equa-
tion for correcting the shift in Tm and is given in equation (2),

T ¼ Tm � Tmc ¼ ð2WDHRQÞ1=2 (2)

where Q is the heating rate, W is the sample weight used in DSC
measurements, DH is the heat of fusion per gram of the sample and
R is the thermal resistance of the sample. The other variables have
been defined previously.

Fig. 4 shows the plot of Tm at atmospheric pressure scanned at
Fig. 2. DSC heating curves of PLLA isothermally crystallized between 130 and 150 �C at
a heating rate of 10 �C min�1.



Fig. 4. The melting temperature of PLLA crystallized at different Tc against the square
root of heating rate.
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different heating rates for the samples melt crystallized at various
Tc as a function of the square root of the heating rate, Q1/2. By linear
extrapolation to 0 �C min�1, the Tmc was obtained. The melting
temperature difference between the heating rates at 0 and 10 �C
min�1 for the samples crystallized at different Tc was found to be ca.
3.8 �C.

3.2. Melting curves at elevated pressures

HP-DTA melting curves of samples isothermally crystallized
between 130 and 150 �C at atmospheric pressure were obtained at
various pressures at a heating rate of 10 �C min�1. Fig. 5 shows the
DTA melting curve profiles of PLLA at various pressures for the
samples isothermally crystallized at 140 �C. The Tm was found to
shift to higher temperatures with increasing pressure. However, at
a fixed pressure, the Tm was found to increase with increasing Tc, a
behavior similar to that observed in DSC thermograms.

However, it was difficult to distinguish the shift in the Tm for
different heating rates with the present HP-DTA, because the
temperature resolution of HP-DTA used in this study was not very
high as that of DSC due to noise and also due to the close proximity
of the Tm at different heating rates. Therefore, the heating rate
dependent Tm measurement at elevated pressures was not per-
formed. The method to obtain Tm at zero heating rate at elevated
pressures is explained later in the paper.

3.3. Equilibrium melting temperature

The Tom is commonly obtained by the following extrapolation
methods: linear Hoffman and Weeks plot and the Gibbs-Thomson
plot. Hoffman and Weeks method is based on the assessment of
Tm of crystals grown at different Tc and is given as equation 3

Tm ¼ Tc
b
þ Tom

�
1� 1

b

�
(3)

where b is the crystal thickening factor which is assumed to be
constant between the different samples crystallized at different Tc.
The Tm of the sample is plotted against the Tc and the linear fit of
the points is extrapolated to intersect the Tm ¼ Tc line. Both the Tm
and Tc should be determined at the same pressure. Fig. 6 shows the
Fig. 3. DSC heating curves of PLLA at different heating rates for samples isothermally
crystallized at 140 �C.
linear Hoffman-Weeks plot using Tmc against Tc at atmospheric
pressure and the To

m was estimated to be 190 �C. This value is found
to be within the range of reported values between 187 and 207 �C
[3,34,35] using the same technique.

To estimate the To
m at elevated pressures using the linear

Hoffman-Weeks method was impossible using the present HP-DTA
apparatus because to crystallize PLLA at elevated pressures, high
crystallization temperature was required for this polyester.
Furthermore, due to the slow crystallization rate of PLLA, keeping
this polymer at high temperature for extended time caused the
polyester to degrade.

The alternative method was to use the Gibbs-Thomson plot and
is given as equation (4). This method is reported for PLLA at at-
mospheric pressure [21].

Tm ¼ Tom

�
1� 2se

lDHo
m

�
(4)

Here l is the lamellar thickness, DHo
m is the enthalpy of fusion for

the perfect crystalline phase, Tm is the observed melting temper-
ature and se is the surface energy of the crystalline lamellar [36].
Fig. 5. HP-DTA heating curves at various pressures at a heating rate of 10 �C min�1 of
PLLA isothermally crystallized at 140 �C at atmospheric pressure.



Fig. 7. Plot of the one-dimensional correlation function of PLLA crystallized at 140 �C
from the melt.
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This equation predicts a linear relationship between Tm and 1/l. Tom
is determined by plotting the Tm vs the reciprocal of the lamellar
thickness, (1/l) and extrapolation of Tm to l ¼ ∞ (intercept at 1/
l ¼ 0).

From the SAXS profile of the PLLA samples crystallized between
130 and 150 �C, the electron density one-dimensional correlation
function curve was derived and is represented in Fig. 7 for the
sample crystallized at 140 �C. The curve exhibited a minimum
followed by amaximum. The long period (Lp) was determined from
the position of the first maximum of the correlation curve as shown
in Fig. 7 and is the sum of the thicknesses of the crystalline lamellar
(Lc) and the amorphous layer (La) i.e., (Lp ¼ Lc þ La). This is based
on the assumption that the interface between the crystalline and
amorphous phase is sharp. Lp was found to be 21.0 nm.

Using the “self correlation trianglemethod” [39] the thickness of
one of the phase (L2) was estimated by extrapolating the linear fit of
the initial portion of the correlation function curve and intersected
it with the horizontal line tangent to the first minimum peak as
shown in Fig. 7. The point of intersection was found to be 6.4 nm.
The thickness of the other phase (L1) was then calculated to be
14.6 nm using the relation L1 ¼ (Lp e L2). Based on the crystallinity
of the sample (57%), determined from density measurement, the
larger fraction, L1 was linked to the crystalline lamellar thickness
and L2 corresponded to the amorphous layer thickness. Lc was
found to increase with increasing crystallization temperature and
the relationship between Lc vs Tc fitted the second order regression
polynomial according to equation (5).

Lc ¼ 38:01� 0:446Tc þ 2:00 � 10�3T2c (5)

Here, the unit of Lc is in nm and Tc is in oC. The correlation coeffi-
cient was 99.6 and was the best fitting compared to the different
orders. Similar curve fitting behavior has been observed in other
polymers as well [37,38].

The To
m estimated by the Gibbs-Thomsonmethod at atmospheric

pressure using Tmc was 206 �C. This value is slightly higher than the
reported value of 190 �C [21] using the same method. This differ-
ence could be due to the way the lamellar thickness was estimated
from the one dimensional correlation function. It was noticed that a
very small change in the lamellar thickness led to a significant
difference in Tom.

For high pressure analysis, PLLA crystallized at atmospheric
pressure was used because the lamellar thickness was known and
was assumed to remain unchanged under elevated pressures when
Fig. 6. Linear Hoffman Weeks plot using Tmc.
the Tmwas determined. This assumptionwill be verified later in the
paper. It was difficult to determine the Tm at 0 �C min�1 at different
pressures directly because of the close proximity of the Tm at
different heating rates and the noise signals. Therefore, it was
estimated by subtracting 3.8 �C from the Tm obtained at a heating
rate of 10 �C min�1 at different pressures. This value of 3.8 �C was
determined from the difference in the peak melting temperature
obtained at 0 �C min�1 and 10 �C min�1 heating rate from DSC
measurement at atmospheric pressure. Since the Tm of PLLA crys-
tallized at different temperatures showed similar behavior at
elevated pressures to that observed at atmospheric pressure, then
at a fixed pressure, the melting temperature difference between
0 �C min�1 and 10 �C min�1 should be dependent on the heating
rate and independent of pressure. Therefore, the correction was
made.

Fig. 8 shows the plot of Tmc vs the inverse of lamellar thickness
(1/l) at atmospheric pressure and at elevated pressures. Since the
Tm of the samples crystallized at various temperatures was at 0 �C
min�1, the slope of the Tm vs 1/l was independent of thermal lag.

The plot of To
m, estimated from Fig. 8 at various pressures against

pressure is given in Fig. 9. The plotted points fitted the quadratic
equation (6) of the following form:

Tom ¼ 206þ 0:309P � 3:86� 10�4P2 (6)

Here To
m is in oC and P is pressure in MPa. The regression coefficient

was 99.8 indicating a good fit of the points. The To
m of 206 �C ob-

tained from equation (6) at atmospheric pressure using the Tm at
0 �C min�1 for all pressures is analogous to that determined at at-
mospheric pressure using the Gibbs-Thomson equation. The pres-
sure dependence of equilibrium melting temperature at

atmospheric pressure,
�
dTo

m
dP

�
o
was found to be 0.309 K MPa�1. This

value is close to the
�
dTo

m
dP

�
o
values of PE [26] 0.30 K MPa�1 and PEG

[40] 0.32 K MPa�1.
However, if the Tmc estimated at atmospheric pressure and the

Tm obtained at a heating rate of 10 �C min�1 at elevated pressures
are used in combination to generate the plot, the quadratic equa-
tion (7), obtained has a very high pressure dependence coefficient.

Tom ¼ 206þ 0:375P � 5:63� 10�4P2 (7)

Therefore, it is suggested that the method of correcting the Tm at all



Fig. 9. Equilibrium melting temperature against pressure.
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pressures to Tmc to determine the
�
dTo

m
dP

�
is more reliable.

One observation worth mentioning in Fig. 9 is the slope of the
graph which increased almost linearly up to 200 MPa before
curving inwards above 250 MPa. This feature has been observed for
other polyesters as well [39]. Data up to 200 MPa fitted well to the

linear equation and the
�
dTo

m
dP

�
o
was found to be 0.236 K MPa�1.

To confirm if the 0.309 K MPa�1 obtained in this investigation
was acceptable, it was compared with the value calculated from the
Clapeyron equation (8) using reported values of the enthalpy of
fusion.

�
dTom
dP

�
0
¼
 
DVo

f

DSo

!
¼
 
TomDV

o
f

DHo
f

!
0

(8)

The specific volume change on fusion was obtained from dila-
tometry of the semicrystalline sample crystallized at 140 �C by
measuring the difference between the specific volume in the melt
and the semi-crystalline phase at Tm as shown in Fig. 10. Tm was
defined as the midpoint where a large discontinuity in the specific
volume occurred. The specific volumes in the melt and semi-
crystalline phase at the Tm were estimated by extrapolation of the
linearly dependent specific volumes with temperature. In the melt,
specific volumes above Tm were used, while in the semi-crystalline
state, the specific volumes between Tg and the pre-melting tem-
perature (melting of premature crystals occurring far below the
main melting peak) were used in the extrapolation. Plot of change
in specific volume with increasing pressure followed a second or-
der polynomial fit as shown in Fig. 11 with the following equation
(9). Here P is in MPa.

DV ¼ 0:0347� 1:99x10�4P þ 4:02x10�7P2 (9)

Using this information, the volume change for perfect crystal-
line material was determined by adjusting it with the crystallinity
determined from density measurement using equation (10).
Fig. 8. Plot of Tmc at different pressures against the reciprocal of lamellar thickness (1/
l).
cm ¼ rcðr� raÞ
rðrc � raÞ

(10)

Here, cm is the mass crystallinity, ra is the density of perfect
amorphous, rc, density of perfect crystalline and r, density of the
sample. The crystalline and amorphous densities of the a crystal
were 1.285 g cm�3 [41] and 1.245 g cm�3 [42], respectively and the
density of the sample at atmospheric pressure at 26 �C was
measured to be 1.267 g cm�3. The change in specific volume of the
sample with 57% crystallinity from the semi-crystalline state to the
melt state (amorphous) was found to be 0.0347 cm3 g-1. For 100%
crystallinity it was adjusted to 0.0609 cm3/g. The enthalpy (DHo

f )

and entropy (DSo) of fusion for the perfect crystal were also
determined using the Clapeyron equation (equation (8)) by
adjusting it with the degree of crystallinity and were found to be
94.5 Jg-1 and 0.197 Jg�1K�1, respectively. TheDHo

f has been reported
Fig. 10. Specific volume as a function of temperature at different pressures obtained in
the isobaric mode. Tg and DV refer to the glass transition temperature and the change
in volume at melting respectively.



Fig. 11. Relationship of specific volume change of the sample crystallized at 140 �C
with increasing pressure.
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to be in the range of 93e140 Jg-1 using other techniques [4,41,42].
The result from this study is in good agreement with the lower

range value. This also supports that the value of
�
dTo

m
dP

�
o

of

0.309 KMPa�1 is also reliable.
Equation (4) provides one of the convenient ways of estimating

the fold surface energy (se). The se of PLLA crystallized at atmo-
spheric pressure was calculated to be 64 � 10�3 J m�2 and was
obtained bymultiplying the slope of Tm vs 1/l by the constant factor
rcDH

o
f =2T

o
m where rc ¼ 1.285 g cm�3 [41] and DHo

f ¼ 94.5 J g�1 and
To
m ¼ 206 �C (479 K) (obtained from this study). Our value is similar

to the reported values in the range of (100 to 63) � 10�3 J m�2 [43]
which was obtained for different molecular weights and deter-
mined using the Lauritzen-Hoffman growth theory of crystalliza-
tion in the regime II region [14]. In the regime II region, the
secondary nucleation rate is considered to have the same order as
the lateral growth rate (g) of the crystal and occurs at moderate
supercoolings. se was suggested to be molecular weight depen-
dent. Since se helps to enlighten what happens to the molecular
chain at the fold surface (high se value indicates loose-loop folds), it
would be interesting to compare the se of samples crystallized at
elevated pressures. One way is to consider the slopes in Fig. 8 at
elevated pressures. However, the issue with Fig. 8 is that atmo-
spheric pressure crystallized samples were used for elevated
pressure analysis. The similarity of the slopes at the different
pressures up to 200 MPa suggests that the se are analogous indi-
cating that impact of pressure on the lamellar crystals was negli-
gible. DHo

f was calculated using the Clapeyron equation (8) at
different pressures and are given in Table 1. It was found that up to
Table 1
Pressure dependence of equilibrium melting temperature, change in volume, To

m ,
enthalpy and entropy of fusion at different pressures.

P (MPa) (dTom/dP) DV (100%) x 10�2 To
m(C) DHo

f (Jg
�1) DS�

(J K�1g�1)

0.1 0.309 6.09 206.3 94.5 0.197
50 0.270 4.52 225.4 83.4 0.167
100 0.232 3.30 237.0 75.2 0.142
150 0.193 2.43 249.6 65.8 0.126
200 0.155 1.91 259.1 65.6 0.123
300 0.077 1.96 267.7 137.6 0.255
200 MPa, the DHo
f and DSo are quite similar but changes signifi-

cantly at 300 MPa. This observation supports the method of using
the lamellar thickness of atmospheric crystallized samples in con-
structing the Gibbs-Thomson plot at elevated pressures on the
assumption that the lamellar thickness remained unchanged. The
behavior of polymer properties changing around 300 MPa is
consistent with other reports [21e25,44] and can be attributed to
the thickening of the lamellar around 300 MPa as reported in PLLA
[11] and some other polymers [21e26,45,46]. Since PLLA shows
lamellar thickening behavior, it can be proposed that lamellar
thickening of PLLA crystals may have occurred around 300 MPa
before melting. This could be a reason for an increase in DV at
300MPa andmay contribute to a sudden increase inDHo

f andDS. To
verify this, the samples have to be crystallized at elevated pressures
and measure the lamellar thickness. Unfortunately, due to the fast
degrading nature of this polyester at high temperatures needed
under high pressure, high pressure crystallization was not per-
formed. Therefore, this proposal still remains to be answered.

Nonetheless, the Gibbs-Thomson method used in this experi-

ment to estimate Tom,
�
dTo

m
dP

�
o
and the thermodynamic variables of

PLLA at various pressures are reliable.

4. Conclusions

The Gibbs-Thomson plot provided a good estimate of the equi-
librium melting temperature of PLLA from atmospheric pressure
and at elevated pressures. The pressure dependence of To

m followed
the second order polynomial of the following form
Tom ¼ 206 þ 0.309P e 3.86 � 10�4P2 when Tm at zero heating rate at

all pressures were used. The To
m and

�
dTo

m
dP

�
o
at atmospheric pres-

sure were determined to be 206 �C and 0.309 KMPa�1, respectively.
The enthalpy and entropy of fusion of the perfect crystal at atmo-
spheric pressure determined from the Clapeyron equation were
94.5 J g�1 and 0.197 J K�1g�1, respectively. These values were fairly
similar up to 200MPa suggesting that pressure had negligible effect
on the lamellar crystals resulting in more or less similar slopes in
the Gibbs-Thomson plot. The fold surface energy, se, of the atmo-
spheric pressure crystallized samples was calculated to be
64 � 10�3 Jm�2. A significant increase in the enthalpy and entropy
of fusion at 300 MPa suggests the pressure may affect the lamellar
crystals which opens up more research.
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