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Abstract

A model is proposed to fit differential scanning calorimetry (DSC) isothermal crystallization curves obtained from the
molten state at different temperatures. A commercial 3D printing polylactic acid (PLA) sample is used to test the method. All
DSC curves are fitted by a mixture of two simultaneous functions, one of them being a time derivative generalized logistic
accounting for the exothermic effect and the other, a generalized logistic, accounting for the baseline. There is a rate param-
eter, which is allowed to vary across different temperatures. The rate parameter values obtained at different temperatures
were jointly explained as a result of three crystallization processes, each one defined by a characteristic crystallization time,
a characteristic temperature, and a dispersion or width factor. Apart from the very good fittings obtained at all temperatures,
the results agree with the existence of a few crystal forms of PLA, which were demonstrated by other authors. Thus, the
main significance of this work consists in providing a new approach in order to mathematically describe the isothermal
crystallization kinetics of a polymer from the melt. Such a kinetic description is needed in order to predict the extent of a
crystallization process as a function of time at any isothermal temperature. The approach used here allows to understand the
overall crystallization of the PLA used in this work as the sum of three crystallization processes, each of them corresponding
to a different crystal form. Each experimental crystallization exotherm, which may include more than one crystal form, can
be reproduced by a generalized logistic function. The overall rate factor at a given temperature is the weighted sum of the
rate factors of the different crystal structures at that temperature. The rate factor of each of these three processes is described
by a Gaussian function whose parameters are a crystallization time, a characteristic temperature and a temperature disper-
sion factor. Therefore, the crystallization rate for each crystal form can be interpreted as a relative likelihood to crystallize
at a given temperature. On the other hand, the characteristic crystallization time parameter refers to the time needed for a
given crystal structure to be formed at the temperature at which the relative likelihood to crystallize of that form is highest.
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Introduction crystallization peaks may have shoulders depending on the

cooling conditions, as those reported by some of the authors

Crystallization of polymers from the melt is usually com-
plex because there are more than one possible crystalline
structure. A typical example of complex crystallization is
that of polylactic acid (PLA) [1-3]. Because of this, the
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in previous works [4, 5]. Model-fitting and model-free
kinetic methods have been largely discussed and become
classical approaches [6-9]. A model-fitting approach
assumes a fixed mechanism throughout the reaction, while
model-free methods allow to evaluate Arrhenius parameters
without choosing the reaction model [9]. The best known
representatives of the model-free approach are the isocon-
versional methods. According to the isoconversional princi-
ple, the reaction rate at constant extent of conversion is only
a function of temperature. These methods yield the effective
activation energy as a function of the extent of conversion.
Both differential and integral isoconversional methods have
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been developed. A common differential isoconversional
method is that of Friedman [10]. It was reported that when
working with differential data obtained from DSC, some
inaccuracy may arise as it is difficult to determine the correct
baseline [11]. Also, incremental isoconversional methods
have been developed [12, 13]. According to some reports,
the activation parameters represent apparent quantities with-
out a mechanistic interpretation [13]. The transition zone
theory accurately describes crystal growth rates from the
glass transition temperature to the melting temperature [14].

In spite of all the very good approaches to evaluate kinet-
ics from thermoanalytical data, the authors are not aware of
a model that allows to accurately fit a set of isothermal DSC
crystallization curves corresponding to a broad range of tem-
peratures at all temperatures in practically all the extension
of the isothermal data. Testing of multiple samples is gener-
ally recommended to extract a crystal growth rate constant,
assuming that a single crystal form is observed [15-17].
However, in this study, it is not assumed that a single-crystal
form has to exist. No attempt is made to separate nucleation
from growth. Instead, it is considered as a global crystal-
lization process that encompasses the possible processes of
nucleation and growth of the different crystalline forms that
may arise in an industrial polymer such as the one used in
this work. For the present study, it is critical to minimize
the experimental factors to see better relations between the
measured signal and the model parameters. This work is
focused on the study of isothermal crystallization of polylac-
tic acid (PLA) from the molten state, covering a broad range
of temperatures between its glass transition temperature,
Tg, and its melting temperature, Tm. The approach used
here consists of fitting each exotherm by a mixture of two
simultaneous functions, one accounting for the exothermic
effect and the other for the baseline. Then the rate parameter
values obtained at each temperature are jointly analyzed and
explained as a result of multiple crystallization processes,
each one defined by a characteristic crystallization time, a
characteristic temperature, and a dispersion or width factor.

Experimental

The material used for all samples was a commercial PLA
from Ultimaker. This PLA was supplied in the form of
filament, with a diameter of 2.85 mm. 3DP filaments may
include nucleating agents and other additives. In this particu-
lar case, the composition was not disclosed.

A preliminary thermogravimetric (TG) analysis of the
sample was performed on a TA Instruments 2960 SDT. The
experiment consisted of a linear heating ramp at 20 °C min~!
from room temperature to 1200 °C. A 100 mL min~! dry air
purge was kept along the experiment.
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DSC tests were performed with a single sample on a
TA Instruments Q2000 MDSC. The experiments consisted
of a linear heating at 30 °C min™' up to 170 °C followed
by a 2-min isothermal step and then a cooling ramp at
30 °C min~! down to the crystallization temperature. Then,
the temperature remained constant until a flat baseline was
obtained after the exotherm. This cycle was repeated for 30
crystallization temperatures, some of which were randomly
repeated to check the repeatability of the results.

Results

The result of the preliminary TG test is shown in Fig. 1. Itis
similar to reported results from neat PLA, with the exception
that here there is a small loss of mass in the range from 400
to 500 °C [18]. This small mass loss can be related to the
presence of nucleating agents.

DSC crystallization results consist of typical exotherms
and are presented along with their fittings in “Appendix”. It
is observed that the peak area decreases at the lower crystal-
lization temperatures.

Figure 2 plots the heat flow curves obtained on heating
subsequent to isothermal crystallization at the indicated
temperatures. It can be observed how the melting peak
changes as a function of the temperature of the isothermal
step. It is noticeable that in the case of the ramps follow-
ing the lowest isothermal temperatures a clear shoulder
appears, which is consistent with the existence of more
than one crystalline form of PLA. Figure 3 plots the tem-
peratures at which the melting peaks and the shoulders are
observed versus the temperature at which the sample was
previously crystallized. It is observed that both the melting
temperature and the shoulder depend on the crystallization
temperature in a slightly different way than that reported
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Fig.1 TG plot obtained from the PLA under study in air
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Fig.2 Plots of the heat flow curves obtained on heating, at
30 °C min~!, subsequent to isothermal crystallization at the indicated
temperatures
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Fig. 3 Plot of the melting peak temperature, Tmeltp, and the tempera-
ture at the shoulder peak, Tshoulder, versus the temperature at which
the sample was previously crystallized, Tcryst

for syndiotactic polypropylene [19]. A continual shift of
the melting peak temperature subsequent to isothermal
crystallization was reported for PLA [20]. Differences of
about 12 °C in the melting peak were reported by other
authors [21]. In this work, a difference of 17.6 °C was
found, which is not surprising considering that the com-
mercial PLA used here is different from that used in the
reported study. In addition to the appearance of shoul-
ders, it was also observed that the shapes of the melting
endotherms were different depending on the temperature at
which the crystallization was achieved. This is an indica-
tion that several crystal forms probably coexist.

Description of a single DSC curve

The model used to represent the differential scanning calo-
rimetry (DSC) curves resulting from the isothermal crystal-
lization experiments is shown in Fig. 4. A horizontal and flat
baseline is expected before and after the crystallization since
the temperature is constant and there is no change in the
sample’s Cp. However, there is a little decrease in Cp during
the crystallization associated with a decrease in the molecu-
lar mobility resulting from the crystallization process. That
change in Cp is usually very small, but it may affect the fit-
ting. In this model, it is assumed that the exothermic effect
and the effect from the change of Cp are simultaneous since
both result from the crystallization. The exotherm is rep-
resented by a time-derivative generalized logistic function
(DGL), y,, and the baseline resulting from Cp by a general-
ized logistic (GL), y,. The common parameters in both func-
tions, 7, Lapm> and b, share the same values in order to ensure
absolute simultaneity.

1
()= - 1
(1+T-exp(—b-(tapm—t)))1/ M
() = cobeexp(=b- (tym—1)) )
T (e (b (g —1))) @
where 7., is the time at the peak maximum, ¢ represents

the area of the peak, and t is the symmetry factor, where
7=1 means perfect symmetry and b is a rate factor, which
depends on temperature. The exotherms obtained in this
work did not show any important skewness and thus 7 was
set to 1. The Cp change signal is obtained by the product of
y; by a scale factor, sf, that represents the total Cp change
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Fig.4 Illustration of the Cp and exothermic contributions to the heat
flow obtained in a crystallization process
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during the crystallization process. Then, each isothermal
crystallization curve was fitted by a mixture of y,(t) and y,(t)
where all parameters could vary except for 7, which was set
to 1. The position of the curve on the y-axis is determined
by the a, parameter.

Yt @) = yo () + st -y () + q 3)

It is important to realize that data recorded prior to achiev-
ing the isothermal condition were not taken into account for
the fittings.

DSC curve fitting

While Fig. 4 represents an ideal scenario where there is a
flat baseline both before and after the transition, in prac-
tice it is not easy to determine precisely when the isother-
mal data following a temperature ramp section start to be
valid. Figure 5 plots the heat flow and temperature curves
of three experiments obtained at 80, 100, and 140 °C. In
the three cases, it can be observed how even after reach-
ing the isothermal temperature there is some decrease
in the baseline and after a little time the heat flow curve
starts to rise. That kind of effect, related to the change
from ramp to isothermal conditions, appears in all experi-
ments. In general, the data preceding the exotherm were
not used for the fittings. The other limit of the fitting
range was set towards the end of the DSC curve where
the heat flow is practically constant. The value of the
DSC curve at that point is shown as a, on Table 2 and it
is related to the heat capacity of the sample for the same
experimental run. However, if the sample is moved and
replaced in the same position, that value may change, as
it can be observed by comparing the a; values for two dif-
ferent experimental runs, as indicated in the last column
in the table.

Once the g, parameter was set, the data into the selected
region, between the vertical lines in Fig. 5, are fit by Eq. 3.
The fitting was done with the Fityk software by minimizing
the weighted sum of squared residuals, using the Nelder—
Mead algorithm [22, 23].

On the other hand, it can be observed that the fitting
component representing the exotherm, y,, spans to the left
more than the experimental data from which it was calcu-
lated. This means that the fitting curve represents a whole
exotherm including a little part on the left of the first verti-
cal line that could not be taken into account for the fitting
because the isothermal condition was not well established
yet, and thus, the experimental data in that part were mean-
ingless. This was expected since cooling of the sample and
the DSC cell from melt to isothermal temperature always
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Fig.5 Plots of the heat flow and temperature curves obtained at the
indicated temperatures along with the fitting functions

takes some time. It is also not surprising that this effect is
more noticeable for the experiment at 100 °C, for which a
higher crystallization rate was observed.
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Table 1 Parameter values of the fitting shown in Fig. 3

Fl F2 F3
leryslS 100.5 8325 144.1
e 100.801 114.141 120.947
T/ °C 11.5021 293382 9.89576

Crystallization extent

The parameter values resulting from the fitting of all isother-
mal DSC curves are displayed on “Appendix” Table 2. It is
observed that the peak area, ¢ parameter, clearly decreases
from 105 to 80 °C. One could easily think of a partial crys-
tallization during the cooling step preceding the isotherm.
However, the estimated peak accounts for a possible part of
the exotherm that is missing, as can be observed in Fig. 5.
Several reports comment on the existence of more than one
crystal form of PLA [24, 25]. It was reported that the crys-
tallization enthalpy of PLA is lower at low temperatures
because predominance of one or another coexisting phases
depends on temperature. The enthalpy ratio reported for a,
which is the predominant form at 150 °C, and «’, which is
the predominant form at 80 °C was 1.68 [21]. The results
presented in Table 2 are in line with that report: the ratio of
the ¢ values at 140 °C and 80 °C is 1.72.

The crystallization rate

The optimal fitting of 30 isothermal curves in the range of
temperature between the glass transition temperature, Tg,
and the melting temperature, Tm, resulted in the b values
presented in Fig. 6. A trend with a double peak, similar to
that of this b rate factor, was previously described for the
variation of the reciprocal half-time and the Malkin’s and
Avrami’s rate constants as a function of crystallization tem-
perature [26]. The reciprocal half-time was defined as the
time spent from the onset of the crystallization to the point
where the crystallization is 50% complete. That double-peak
trend can be fitted by a mixture of bell-shaped functions.
In Supaphol’s work, the double-peak variation of the
reciprocal half-time with temperature was attributed to
the result of the contributions from the maximum in the
crystal growth rate and from the maximum in the primary
homogeneous nucleation rate. Then, considering that the
overall crystallization rate parameters relate, in one way or
another, to the primary homogeneous nucleation rate and
the crystal growth rate, the crystallization rate parameters
were fit by nonlinear multivariable regression to an expres-
sion for the overall crystallization rate data [26]. That good
fitting was obtained in two separated ranges of temperature
as if the crystallization rates below and above 40 °C were
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Fig.6 Plot of the b parameter values obtained at different tempera-
tures and their fitting by a mixture of three Gaussian functions

independent. On the other hand, more than one possible
crystalline structure for PLA was reported [1, 2]. Thus,
considering that there is more than one possible crystal-
line structure and that the predominance of one or the other
depends on temperature, the b values presented in Fig. 6 can
be fitted by a mixture of a few functions, each representing a
crystalline form. In practice, an optimal fitting was obtained
with three Gaussian functions, which can be written as

T - Tcenl >2 4)

Thwhm

b(T) = -exp| —In(2) - (

cryst

The parameters of the function are specific for each crystal-
lization structure and represent a characteristic crystalliza-
tion time, 7,,,,; the temperature at which the maximum rate
is obtained, 7., and the half width at height maximum,
Thwhm» Which is related to how b decreases as T diverges
from T,,,,. Table 1 shows the parameter values of the fitting
presented in Fig. 6. It can be observed that F1 represents the
main contribution in the low temperature range, while F3
is predominant at higher temperatures. F2 is much smaller
than F1 and F3. It is noticeable that one of the maxima stems
almost entirely from the contribution of a single function,
F1, while the other maximum results from the contribution
of the three functions. Thus, a maximum crystallization rate
can be obtained near the central temperature of the F1 struc-
ture or at about 113 °C, a temperature at which the three
structures may simultaneously grow.

An important feature of the present model is that it allows
to obtain good fittings making use of just a few parameters.
The overall crystallization rate parameter was formulated
as dependent on characteristic temperature parameters and
characteristic crystallization times, which are specific for
each crystal structure. According to Table 1, the temperature
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at which the crystal form corresponding to F1 can crystal-
lize at its highest crystallization rate is about 101 °C. The
crystallization rate of this form decreases to the half of its
maximum when moving 11.5 °C up or down from the central
value. The crystallization time of the F3 form is longer than
that of F1, indicating a slower crystallization rate, which will
be centered at a temperature about 20 °C higher than that of
F1. On the other hand, the crystal form corresponding to F2
has a much longer crystallization time and may develop to a
very little extent in a narrow range around 114 °C. Even at
that temperature the crystallization rates of the other crystal
forms are higher.

Conclusions

A model to fit DSC isothermal crystallization curves
obtained from the molten state at different temperatures was
tested with a commercial PLA sample.

The overall process is accurately represented at all tem-
peratures by a time derivative generalized logistic. The only
kinetic parameter of the logistic that changes with temper-
ature was explained as a result of the formation of three
crystal forms of PLA, whose existence was demonstrated
by other authors.

The contributions to the overall crystallization rate are
represented by a set of three parameters, specific for each
crystal form: a characteristic crystallization time, a charac-
teristic temperature, and a dispersion or width factor. These
parameters are combined through a Gaussian function that
represents the variation of the rate factor with temperature
for each crystal form.
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Appendix

See Table 2 and Fig. 7.
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Table 2 Parameter values resulting from the fitting of isothermal
DSC curves

Isothermal ¢/J g™ b 10%1s7' ayW g™ sf/W g™ Experiment
tempera- run number
ture/°C

80 17.35 1.13 —0.0066 —-0.0016 2
82 21.86 1.42 —0.0071 —-0.0003 2
85 20.3 2717 —0.0064 —0.0006 2
90 2277  5.38 —0.0064 -0.0021 2
95 25.03  8.18 —0.0064 —-0.0048 2
98 26.02  9.64 —0.0062 —-0.0051 2
100 26.55 10.31 —0.0059 -0.0072 2
102 27.79 10.39 —0.0062 —0.0083 2
105 28.05 10.25 —0.0051 -0.0083 2
108 29.86  9.77 —0.0064 —-0.0092 2
111 31.00  9.62 0.0038 —0.0064 1
112 29.29 10.05 0.00651 —0.0077 1
113 29.51 10.23 0.00286 —0.0076 1
114 29.90 10.05 0.00328 —0.0068 1
115 3336 9091 0.00457 —0.0073 1
116 30.05  9.65 0.00424 —0.0057 1
117 3397 935 0.00482 —0.0058 1
118 3032 9.07 0.00468 —0.0044 1
119 3047 873 0.00494 —0.0045 1
120 30.76  8.30 0.00471 —0.0035 1
120.5 30.68  8.16 0.00485 —0.0035 1
122 3033 7.99 —0.0062 —-0.0045 2
124 30.75  7.06 —0.0064 —-0.0039 2
126 29.70  6.23 —0.0054 -0.0038 2
128 31.2 4.98 —0.0067 —-0.0028 2
130 30.57  3.98 —0.0064 —-0.0023 2
132 31.17 298 —0.0066 —-0.0018 2
134 31.10  2.13 —0.0064 -0.0016 2
138 3274 091 —0.0072 —-0.0008 2
140 29.87  0.57 -0.0074 -0.001 2
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Fig. 7 Plots of the 30 DSC curves obtained at the indicated crystallization temperatures and their corresponding fittings
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