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Abstract

The crystallization and melting process of poly(l-lactic acid), PLLA, is investigated by temperature modulated differential scanning
calorimetry, TMDSC. The sample is cooled from the melt to different temperatures and the crystallization process is followed by subjecting
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he material to a modulated quasi-isothermal stage. From the average component of the heat flow and the application of the Lauritze
heory two crystallization regimes are identified with a transition temperature around 118◦C. Besides, the oscillating heat flow allo
alculating the crystal growth rate via the model proposed by Toda et al., what gives, in addition, an independent determination of th
emperature from modulated experiments. Further, the kinetics of melting is studied by modulated heating scans at different freq
trong frequency dependence is found both in the real and imaginary part of the complex heat capacity in the transition region.
esponse of the material to the temperature modulation is analyzed with the model proposed by Toda et al. Finally, step-wise quas
MDSC was used to investigate the reversible surface crystallization and melting both on cooling and heating and a small excess h

s observed.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Poly(l-lactic acid), PLLA, is a well known biodegradable
nd biocompatible polymer that has been widely used in
any biomedical applications[1–3] such as wound clo-

ure, prosthetic implants, controlled-released systems and
hree-dimensional scaffolds. PLLA degradation takes place
ia hydrolysis whose rate depends strongly on crystalline
nd lamellar organization in the material[4,5]. The thermal
istory influences the crystallinity and microstructure of the
aterial and the knowledge of the kinetics of the process
ecomes fundamental for the control of the morphology
nd therefore of the degradation rates required at each
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E-mail address:masalsan@fis.upv.es (M. Salmerón Śanchez).

application[6,7]. In this way, the cooling rate strongly i
fluences the degree of crystallinity of the system even w
the material is isothermally crystallized, i.e. crystalliza
temperature determines the morphology of the crystals
known that both the nucleation rateJ and the growth rateG
depend non-monotonically upon the extent of supercoo
(the discussion could be extended if heterogeneous
homogeneous nucleation is analyzed independently. I
case of a heterogeneous nucleation process an incre
cumulative function of nuclei with decreasing tempera
would make more sense) and, besides, the maximum oJ is
at lower temperature than that ofG [8]. At low temperatures
the reduced molecular mobility enhances the nucleation
compared to the crystal growth rate, leading to the forma
of a high number of small crystals. On the other hand
low degrees of supercooling, crystal growth is faster
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Fig. 1. Sketch of the crystal growth rateG and the nucleation rateJ. G is
localized at higher temperatures thanG.

nucleation leading to the formation of a lower number of
bigger crystals. A sketch ofJ andG is shown inFig. 1. The
position of the two curves shows the particular situation in
which nuclei are formed on cooling and crystal growth is
able to take place on the subsequent heating scan.

Temperature modulated differential scanning calorimetry,
TMDSC, has been extensively used for studying the melt-
ing and crystallization phenomena in polymer systems (see
[9] and references therein) and it is widely accepted that it
can supply additional information compared to conventional
DSC. In TMDSC the conventional DSC temperature program
is superimposed with a dynamic temperature change. Due to
the phase lag,ϕ, between the calorimeter response function
(i.e. the heat flow) and the time derivative of the modulated
temperature program, a complex apparent heat capacity,C* ,
is defined whose modulus is

|C∗| = Q̇a

ωTa
. (1)

HereQ̇a is the amplitude of the oscillating heat flow (or the
first harmonic of the periodic component of the heat flow in
the usual case the profile is not sinusoidal),Ta is the amplitude
of the temperature wave, andω is the modulation frequency.
Since data treatment is done through a Fourier analysis a
linear response of the process is assumed, i.e. in the case
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Q̇u, i.e. the frequency independent component in the Fourier
analysis, and is equivalent to the trace of a conventional DSC
analysis at the average heating rate,β. Eq.(2b)gives the real
part of the complex heat capacity, the component in phase
with the heat flow, and Eq.(2c) the imaginary part, the out
of phase component that appears when time dependent pro-
cesses take place in the sample.

In this work we have used TMDSC for gain a better in-
sight in the kinetics of crystallization and melting of PLLA.
We show that TMDSC is able to provide from a single
set of quasi-isothermally crystallization curves, on the one
hand, a regime analysis of the crystal growth kinetics via the
Lauritzen–Hoffmann theory[13,14]and, on the other hand, a
direct estimation of the crystal growth rate via the method de-
veloped by Toda et al.[15,16]. Besides, the transition between
the crystallization regimes is obtained in an independent way
both from the underlying heat flow and the modulated exper-
iments.

Melting of polymer crystals is a complicated phenomenon
since there is usually a distribution of non-equilibrium melt-
ing points[17] which gives rise to a broad endothermic peak
in a DSC scan. However, it is known that melting is a fast pro-
cess that takes place with small superheating and it is likely
that a fraction of crystals having melting points slightly lower
than sample temperature melts in a time interval comparable
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sinusoidal temperature modulation is programmed a
inusoidal response should be obtained in the heat flo
his way, selecting the adequate combinations of valu
nderlying heating rate, frequency and temperature a

ude, three temperature dependent magnitudes are ob
s representatives of a TMDSC experiment[10–12]:

β = Q̇u
β

, (2a)

′ = |C∗|cosϕ, (2b)

′′ = |C∗|sinϕ. (2c)

q. (2a) describes the heating rate dependent heat cap
btained from the underlying component of the heat fl
o the temperature modulation period, and so a frequenc
ponse in a TMDSC experiment is expected. This frequ
ependence is exploited through the kinetic modellin
elting due to Toda et al. and related to the tempera
ependence of the melting rate coefficient[18–21].

Finally, polymer crystallites are said to be metastable
hey are able to melt below the equilibrium melting po
hile crystal growth is still possible, and the melting p
ess is said to be reversible in the sense that if the mate
ubjected to a modulated amplitude around a constant
erature, the thermal response is recovered in one per

he modulated temperature[22]. This phenomenon, alrea
tudied in other polymer systems[9,23] is studied for PLLA
n this work.

. Experimental

.1. Material

PLLA was synthesised by classical polycondensa
rocedures. The polymerization reactions were carried
s described elsewhere[24]. Briefly, a glass polymerizatio
eactor equipped with a nitrogen flow-through inlet an
acuum connection, was placed in a temperature-contr
ath containing silicone oil. Polymerization was perform
nder nitrogen atmosphere at the temperature rang
00–150◦C for 12–48 h. In order to remove resid
onomers, chloroform and methanol were used as

olvent and precipitant, respectively. The molecular we
f the polymer,Mn and Mw, were 58,000 and 132,00
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respectively, evaluated from gel permeation chromatography
(Shimadzu, LC 10A, Japan) using polystyrene as standard
and chloroform as solvent. Samples of around 2 mg were
encapsulated in DSC pans for solids what provides a good
contact between sample and pan and cover. Due to the
thermal degradation of PLLA at high temperatures, each
sample was used for no more than three DSC scans.

2.2. Apparatus

TMDSC was performed in a Pyris 1 apparatus (Perkin
Elmer). Dry nitrogen gas was let through the DSC cell with a
flow rate of 20 ml/min. The temperature of the equipment was
calibrated by using indium and benzene. The heat of fusion
of indium was used for calibrating the heat flow.

2.3. Temperature programs

Modulated quasi-isothermal crystallization was per-
formed at different temperaturesTc between 70 and 140◦C
starting from the melt and cooling at 100◦C/min to the de-
sired temperature. An saw-tooth oscillating temperature pro-
file was superimposed at each temperatureTc with amplitude
0.1◦C and period 24 s.

Melting kinetics was studied after erasing the thermal his-
t point
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P = 2(T2 − T1)

β1
. (4d)

Step-wise quasi-isothermal experiments were performed
both on cooling and heating with a temperature step of 5◦C
followed by an isothermal waiting time of 60 min in which
the sample was subjected to a tooth-saw temperature profile,
0.1◦C amplitude and 24 s modulation period.

3. Results and discussion

Fig. 2a–c shows the underlying component of the heat
flow as a function of time at each one of the crystallization
temperaturesTc. Crystallization was absent at temperatures
below 90◦C and above 140◦C, within the available exper-
imental time scale. It is clearly shown than the minimum of
the crystallization exotherm increases and moves to lower
times asTc increases up to 110◦C. From this temperature
on, the crystallization peak diminishes and moves to longer
times. The underlying component of the modulated heat
flow is said to be equivalent to what it would be obtained in
an isothermal conventional DSC measurement at the same
temperature, without modulation. The time taken to develop
half of the crystallization, the so-called half-timet1/2, has
been obtained through the integration of the exotherms
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ory of the sample at temperatures above the melting
or several minutes. Afterwards, the sample was subject
cooling scan from the melt at a rate of 40◦C/min, what al

ows a good cooling control and, therefore, the same the
istory in each sample. No crystallization event was dete
uring the cooling scan for this polymer, i.e. crystalliza

ook place during the subsequent heating scan. The m
ated temperature program was a tooth-saw temperatur
le with an average heating rate of 1.5◦C/min, 0.1◦C of am-
litude and different modulation periods,P (48, 60, 78, 84 s
modulated empty pan curve with the same conditions

erformed immediately after each scan and was later
racted from the measured oscillating heat flow in orde
btain the TMDSC parameters. The temperature prog
ere selected so as to comply with a heating conditio
ays, i.e.,

dTs

dt
> 0. (3)

his is achieved in the equipment used in this work selec
he adequate input parameters that define the tempe
ycle (T1, T2, T3 andβ1), taking into account that

s(t) =
{

T1 + β1t for 0 ≤ t ≤ P
2 ,

(2T2 − T3) + T3−T2
T2−T1

β1t for P
2 ≤ t ≤ P,

(4a)

= β1(T3 − T1)

2(T2 − T1)
, (4b)

a = 1

2

(
T2 − T1 + T3

2

)
, (4c)
n Fig. 2 and has been plotted inFig. 3. t1/2 decrease
s the crystallization temperatureTc increases up to
ertain temperature such that this tendency changes a
rystallization process becomes slower asTc increases. Th
rystal growth rateG can be considered to be proportiona

1/2 [13,14], and using the Lauritzen–Hoffman theory (t
ives the temperature variation ofG) it can be written

1

t1/2

)
=

(
1

t1/2

)
0

exp

[ −U

R(Tc−T∞)

]
exp

[ −Kg

Tc(Tm−Tc)f

]
,

(5)

here (1/t1/2)0 is a rate constant,U is an energy constant (t
ctivation energy for segmental jump rate, in this work
doptU= 10,450 J/mol K from[7]), T∞ is a temperature
hich all segmental motion was frozen (in this work we ad
g −T∞ = 30 K), f is a correction factor that takes into a
ount the variation of the equilibrium melting enthalpy w
emperature,Tm is the equilibrium melting temperature
he polymer (Tm = 206◦C for PLLA [25]) andKg is a kinetic
onstant that depends on an integer and characterizes th
allization regime.Fig. 3 shows ln(1/t1/2) + U/R(Tc − T∞)
ersus 1/Tc(Tm − Tc)f . The change in the slope at 118◦C
uggest a transition from regime II (T> 118◦C) to regime III
T< 118◦C) since the Lauritzen–Hoffman theory predicts
atio of the slopes (Kg) in the II–III transition to be equal to
he temperature of the transition found by means of TMD
grees with that previously obtained by conventional D

7] and optical microscopy[26]. Transition from regime II t
II is related to the fact that secondary nucleation control
inear crystal growth rate. Whereas regime II is characte
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Fig. 2. Average heat flow of transformation obtained at each quasi-isothermal stage atTc (temperature of crystallization in◦C is shown next to each curve).

by multiple secondary nucleation process, in regime III, at
lower temperatures, growth takes place by prolific multiple
nucleation and consequently a faster crystallization process.

Besides, TMDSC provides complementary information
from the same set of quasi-isothermal measurements through
its characteristic magnitudes. Toda et al. model[15,16] al-
lows to calculate the dependence of spherulite growth rate
on crystallization temperature. Let the sample temperature
of the quasi-isothermal stage be

Ts(t) = Tc + Ta eiωt . (6)

The total heat flow to the samplėQ can be written to be

Q̇ = mcp

dTs

dT
+ F (t), (7)

whereF(t) is the part of the heat flow that is not inverted in
rising the temperature of the system but in the phase transfor-

F is
b

mation process.F(t) can be thought to be the linear superpo-
sition of the heat flux of the isothermal process atTc, F̄ (t, Tc)
that would be obtained in a conventional DSC analysis, and
that due to the modulated temperature, i.e., in a formal way
it could be said thatF(t) can be expanded about the crys-
tallization temperature for a small temperature modulation
Ta,

F (t, Ts) = F̄ (t, Tc) + dF

dT
(t, Tc)Ta eiωt . (8)

Inserting Eq.(8) into Eq.(7), results in the above-mentioned
linear superposition of heat flow responses

Q̇ = F̄ (t, Tc) +
(

mcp − i

ω

dF

dT

)
dTs

dt
. (9)

From the coefficient of the temperature time derivative, the
complex heat capacity is defined

C∗ = mcp + i

ω

dF

dT
. (10)

Toda et al. assume that the real part ofC* is frequency in-
dependent for an isothermal crystallization process and the
imaginary part is identified as

C′′ 1 dF

T w
t te
G

F

ig. 3. Temperature dependence oft1/2 and crystallization regime analys
ased on the Lauritzen–Hoffman theory (Eq.(5) in the text).
=
ω dT

. (11)

he model relates the exothermic crystallization heat floF
o the total area of growth faceSt and the crystal growth ra
,

= �hStG, (12)
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Fig. 4. (a) Temperature dependence of the imaginary part of the complex
heat capacity and the exothermal crystallization heat flow (line is a guide
to eye). (b) Temperature dependence of the crystal growth rate determined
by Eq.(14) (�) and by the temperature derivative of Eq.(5) (©) (with the
parameters used in the fitting shown inFig. 3).

here�h is the change in enthalpy per unit volume. Assum-
ing thatSt is irrelevant to temperature modulation, the tem-
perature dependence ofF is determined by the temperature
dependence of the crystal growth rate

1

F

dF

dT
= 1

G

dG

dT
, (13)

and the temperature dependence ofG is related to the modu-
lated experiments

d ln G

dT
= −ωC′′

F
. (14)

Fig. 4a shows the experimental imaginary part of the com-
plex heat capacity and the minimumF obtained at each crys-
tallization temperatureTc. Using Eq.(14), the temperature
dependence of lnG is calculated and depicted inFig. 4b
(note that Eq.(14) predicts, for a fixedTc, a time depen-
dent d lnG/dT. It has been checked that this magnitude is
almost constant for the time interval around the minimum
of the exothermic crystallization event[15,16]). Two differ-
ent crystal growth regimes are obtained that can be related
to the Lauritzen–Hoffman regimes shown inFig. 3. At tem-
peratures below 110◦C, the values of d lnG/dT are almost
constant, what means lnG∼ −kT, and suggests an exponen-
tial dependence on the crystal growth rate on temperature,
G∼ e−T. At higher temperatures the d lnG/dT evolution is

almost linear, i.e. lnG∼ −kT2, what makesG ∼ e−T 2
. The

temperature dependence ofG is difficult to grasp from con-
ventional DSC, however, in the way sketched a direct estima-
tion is obtained with the supplementary information provided
by modulated calorimetry. Nevertheless, the temperature de-
pendence of d lnG/dTcan be calculated from the derivative
of (1/t1/2) in terms of temperature by using Eq.(5) with the
parameters obtained from the fitting of (1/t1/2) in Fig. 3. The
result has been included inFig. 4b. It is noteworthy the good
agreement between the values obtained from both methods.

Melting of polymer crystals on heating is an irreversible
phenomenon usually much more complicated than crystal-
lization due to the reorganization and recrystallization events
superimposed to the melting itself during the heating scan.
It is known that the complex heat capacity in a modulated
scan with non-zero average heating rate shows a strong fre-
quency dependence both in the real and imaginary part of
the complex heat capacity that is ascribed to the time scale
coincidence of the characteristic time of the melting process
and the period of the modulated temperature[9,18,19].Fig. 5
shows results on heating with four different modulation pe-
riods. The heating rate dependent heat capacityCβ (shown
in Fig. 5a) is equivalent to that of a conventional DSC mea-
surement. The four curves corresponding to the four modula-
tion periods used in this work are superimposed showing, as
expected, no frequency dependence. The endothermic melt-
ing peak seems to be the superposition of two different ones.
Whether these peaks corresponds either to two different crys-
tals morphologies due to the existence of a transition from
one kinetic crystallization regime to other around 118◦C or
to a superimposed exothermal event due to recrystallizations
and reorganizations once the melting process starts is not dis-
cussed here. It is not under question that both peaks show the
corresponding ones in the modulated experiments and that
both of them are frequency dependent (what on the other
hand supports the hypothesis of two different crystal mor-
phologies since it is known the frequency independence of
the exothermal process on heating[19,27]). The magnitude
of the complex heat capacity is shown inFig. 5b. A strong
frequency dependence is found, and the magnitude of the
peak decreases as frequency increases. From the magnitude
of C* and the phase lagϕ, the real and imaginary parts of
the complex heat capacity are calculated (Eqs.(2a) and (2b))
and results are shown inFig. 5c and d, respectively. Both of
them show strong frequency dependence with the same ten-
dency as the magnitude of the complex heat capacity. It is
interesting to note that bothC′ andC′′ have similar values,
indicating the high values of the phase lagϕ (above 40◦). The
analysis of the frequency dependence ofC′ andC′′ at differ-
ent temperatures can provide information about the kinetics
of the melting process through the extended model of Toda et
al. to the melting phenomenon[19]. Let the heat flowF(t) be
expanded about the average sample temperatureT̄s, i.e. about
the temperature that the equivalent DSC scan would have at
that time. The same Eq.(8) would be obtained but in terms
of T̄s instead ofTc in which F̄ represents now the heat flow
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Fig. 5. Results of TMDSC with four modulation periods vs. temperature. (a) Underlying heat capacity,Cβ. (b) Magnitude of the complex heat capacity. Real
(c) and imaginary (d) parts of the complex heat capacity.

of the phase transformation, i.e. that that would be obtained
in a conventional DSC analysis at the average heating rate.

Let φ(t, Tm) dTm be the fraction of crystallites having,
at time t, the melting temperature in the range fromTm to
Tm+ dTm. The endothermic heat flow of melting can be ex-
pressed as

F = �H
d

dt

∫ ∞

0
φ(t, Tm) dTm, (15)

where�H is the total enthalpy change of the system on melt-
ing. The model assumes that the evolution in time ofφ(t,Tm)
is controlled by a melting rate coefficient,R, that is a function
of superheating,�T=Ts−Tm:

dφ(t, Tm)

dt
= −R(�T )φ(t, Tm) (16)

Solving this equation, with a concrete expression for the su-
perheating dependence ofR, allows obtaining via Eq.(15)an
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Fig. 6. Real (�) and imaginary (©) parts of the complex heat capacity vs. the modulation period at four different temperatures. The continuous line corresponds
to Eq.(21)with the adjustable parameters (cp, φ0, τ2).

expression for the heat flow of transformation, which can be
related to the complex heat capacity through its first harmonic
in the Fourier expansion.

Since the heating run satisfies the condition of heating al-
ways (Eq.(3)), crystallization cannot be due to temperature
drops during the modulated heating scan. Besides, the model
does not consider the presence of recrystallization or reorga-
nization of the crystallites. Under these conditions Eq.(16)
can be applied, and its solution is

φ(t, Tm) = φ0 exp

[
−

∫ t

0
R dt′

]
, (17)

whereφ0 is the initial distribution of crystallite fractions that
is assumed to be uniform. On this basis, considering the lin-
ear expansion of the melting rate coefficient,R, for small
temperature modulation, dF/dTis calculated introducing the
expression obtained via Eq.(17) for φ(t, Tm) through the ex-
pandedR into Eq.(15)and considering the first harmonic of
its Fourier series. In this way one obtains[18–21]

C∗ = mcp + i

ω

dF

dT
(ω). (18)

that is formally Eq.(10)but where the frequency dependence
o ntal

facts. That is, now is

dF

dT
(ω) = ω

i
�Hφ0β

∫ ∞

0
e−iωx

×
[
e−

∫ x

0
R(βy) dy

∫ x

0
R′(βy) eiωy dy

]
dx. (19)

Depending on the superheating dependence of the melting
rate coefficient, the kinetic response will change. Follow-
ing Toda et al.[18–21]three different expressions have been
tested. The first of them is the case of a constant rate coeffi-
cient, independent of superheating (R=R0), the second one
is a linear dependence of the melting rate on superheating
(R=a�T), and the third one is an exponential dependence
(R = (a/c)(ec�T − 1)). The last one is the most general of
the three and includes the other two as special cases. Intro-
ducing the exponential dependence in Eq.(19), the following
expression is obtained:

dF

dT
(ω) = ω

i

�Hφ0

1 + iωτ2

1

τ3

∫ ∞

0
(ex/τ2 − e−iωx)

× exp

[
−τ2

τ3

(
ex/τ2 − 1 − x

τ2

)]
dx, (20)

where

τ = 1
, τ = c

.

f dF/dT is assumed trying to account for the experime
2
βc

3
a
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It must be here remarked that in Refs.[18,19] this equation
is printed with a mistake.

It is easy to show that whenτ2 τ3 the frequency response
corresponds to a linear dependence of the melting coefficient
on superheating, and that it corresponds to a constant value
of R in the case whenτ3 τ2. Fig. 6 shows the frequency
dependence of the real and imaginary parts of the complex
heat capacity obtained at several temperatures. The fit was
adequate with the time parameters such thatτ3 τ2, i.e., what
corresponds to a time independence melting rate coefficient,

dF

dT
(ω) ≈ ω

i

�Hφ0

1 + iωτ2
. (21)

Fitting an expression for dF/dT(ω) to the experimental results
implies to find a set of parameters (cp, φ0, τ) that reproduces,
at the same time, and for a fixed temperature, the real and
imaginary kinetic response of the material. The fit was ad-
equate with Eq.(21) in the whole temperature range of the
melting process. This dependence seems to suggest that the
heating rate dependence of the characteristic time isτ ∝ β−1

in the whole temperature range. Nevertheless, there is only a
small difference between the frequency response function of
Debye’s type (Eq.(21)) and the one that accounts for a linear
dependence ofR on superheating, that predicts the heating
rate dependence of the characteristic time to beτ ∝ β−1/2
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Fig. 7. Magnitude of the spectral analysis of the modulated (a) tempera-
ture and (b) heat flow. The almost coincident different lines correspond to
different cycles of the modulated scan in the melting region.

polymer molecules partially melted in one cycle are still at-
tached to crystals that melt at a higher temperature and can
serve as molecular nuclei. The reversing heat capacity is just
the magnitude of the previously defined complex heat capac-
ity (Eq. (1)) and its permanent presence (i.e., non-relaxing
to zero behaviour for long enough times) in the case of an
oscillating temperature superimposed to an isothermal stage
was explained as an indication of the recrystallization be-
haviour in the melting process. The magnitude of the com-
plex heat capacity for a quasi-isothermal temperature pro-
gram is shown inFig. 9. The material shows a negligible
reversing heat capacity in slow cooling (Cpmax/Cpmelt∼ 1)
and a small one in the melting range, on heating after fast
cooling (Cpmax/Cpmelt∼ 1.15). This effect has been corre-
lated to the ability of sliding diffusion of the polymer chains
in the crystals[22] and our results suggest that there is little
sliding diffusion due, maybe, to the steric hindrance of the
methyl side group. The absence of reversing heat capacity
on slow cooling is related to the need of a high supercooling
for crystallization to start, as in fact happens in PLLA[7].
A deeper insight in the reversible melting process is being
gained in this polymer by a more detailed experimental pro-
cedure (influence of the temperature step, temperature am-
plitude, time relaxation of the reversing heat capacity and its
18–21]. Therefore, it is quite difficult to differentiate t
requency dependence experimentally obtained by TMD
he exponentx of τ ∝ β−x can be between 0.5 and 1.

The model needs the linear response of the system
odulated temperature profile. At least two independent
ust be checked: linearity and steady-state condition i
elting region. On the one hand the oscillation tempera

s not a pure sinusoidal but a saw-tooth modulation. How
or the experimental conditions chosen in this work, the
aratus rounds the cups of the programmed wave form

he temperature profile to which the sample is finally s
ected is quite similar to a pure sinusoidal:Fig. 7a shows th
ourier analysis of the temperature cycle and the negli
resence of higher harmonics.Fig. 7b shows that the meltin
henomenon takes place in the linear regime: the resp
heat flow) is such that the highest component is due to
amental frequency and much lower for higher harmo
n the other hand, steady-state condition have to be ch

or the application of the model: Lissajous diagrams of
odulated heat flow against the modulated sample tem

ure showing several cycles in the melting area are show
ig. 8; a closed loop can be observed in all cases.

Until know the kinetics of melting and crystallization h
een discussed as a first order irreversible transition; o
olecule is completely melted, reversibility is lost due to
eed for molecular nucleation and the need of overcome
nergy barrier[28]. However, the development of TMDS
llows to study what it is called the ‘reversing’ heat capa
f the material, in the sense that the thermal response
overed in one period of the thermal modulation[9,20]: the
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Fig. 8. Lissajous diagrams of several cycles of the modulated component of the heat flow vs. the modulated component of the temperature calculated at the
high temperature melting region. The average heating rate was 1.5◦C/min, the period is indicated in each diagram.

Fig. 9. Quasi-isothermal TMDSC measurement: (�) slow cooling process,
(�) heating after fast cooling.

modelling, steady-state conditions, different thermal histo-
ries before step modulation)[29].

4. Conclusions

TMDSC is an analytical tool that can supply valuable in-
formation about the kinetics of melting and crystallization
of a biodegradable polylactide. Quasi-isothermal crystalliza-
tion shows via the Lauritzen–Hoffman theory the existence
of a change in the crystallization regime around 118◦C that is

confirmed by the modulated experiments from where a direct
estimation of the crystallization rate is obtained. The kinetic
modelling of the melting process suggests the exponential
dependence of the melting rate coefficient on superheating.
Finally, an introduction to the reversible crystallization and
melting of PLLA is done. This biodegradable polymer shows
a low reversing contribution to the heat capacity on heating
that is almost negligible on cooling. A further research of this
phenomenon in PLLA is in progress.
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