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Abstract. Polylactic acid (PLA) has emerged as a promising alternative to conventional petroleum —
based plastics due to its biodegradability, renewable sourcing, and lower environmental impact.
However, PLA exhibits a slow crystallization kinetics compared to other semi-crystalline polymers,
such as polyethylene (PE) or polypropylene (PP), resulting in an amorphous structure after
processing. This amorphous morphology can adversely influence the mechanical properties and
overall performance of PLA components. The present study investigates the cold crystallization
behavior of PLA using Differential Scanning Calorimetry (DSC) with the objective of developing an
empirical model capable of describing crystallinity as joint function of holding temperature and time.
The resulting model is intended to serve as a practical reference for industrial applications, facilitating
improved control of PLA’s microstructure and mechanical performance.

Introduction

Polylactic Acid (PLA) is a widely used biodegradable polymer derived from renewable resources,
making it an attractive alternative to petroleum-based plastics. PLA has garnered significant attention
in various applications, such as packaging, biomedical devices, and 3D printing, due to its
biocompatibility and eco-friendly nature. However, despite its promising potential, PLA exhibits
relatively poor crystallization behavior, which limits its thermal mechanical properties, such as
strength, rigidity, and thermal stability. One of the key challenges in optimizing PLA’s properties for
practical applications lies in understanding and controlling its crystallization behavior.

Cold crystallization is a phenomenon that occurs when an amorphous polymer, like PLA, is heated
above its glass transition temperature (Tg) but below its melting temperature (Tm), causing
crystallization to take place without prior nucleation. This process is particularly relevant in PLA, as
it can significantly enhance its mechanical and thermal properties. The rate and extent of cold
crystallization in PLA are influenced by various factors, including molecular weight, cooling rate,
processing conditions, and the presence of additives and fillers [1].

Long Yu et al. [2] have studied the cold crystallization and the postmelting crystallization of PLA
using a high-pressure differential scanning calorimetry (DSC). They have shown that cold
crystallization of PLA happened around 70°C. However, this temperature (Tcc) as well as the size of
the cold crystallization exotherms decreased with increasing pressure. Omaima Alhaddad et al. [3]
have shown in their study that crystallization behaviors of neat PLA depend on the heating rate. The
cold crystallization temperature (Tcc) for all values shifted to higher temperatures as the heating rate
increased and the peak height simultaneously increased. Ingrid et al. [4] investigated non-isothermal
cold crystallization kinetics of PLA compounds. In their study, they applied Ozawa & Mo model [5]
which described successfully the experimental data.

Several studies have reported the used of modified Avrami model [6] to describe the non-
isothermal crystallization kinetics of PLA samples [7], [8], [9], [10]. Jeziorny [11] proposed that the
ki parameter in the Avrami model should be corrected to account for the heating rate.

In this study, we examine the cold crystallization behavior of PLA and develop an empirical model
to describe its crystallization kinetics, with the objective of enhancing the attainable crystallinity. The
model couples a sigmoidal arctangent temperature dependence with a Gaussian time-efficiency
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factor. While the formulation is empirical rather than mechanistic, it accurately reproduces measured
trends and generates a practical response surface suitable for processing optimization and design.

Materials and Methods
Materials

The PLA used in this study is PLI 005 supplied by NATUREPLAST [12] in the form of granulates.
The properties of the PLA are presented in the following Table 1:

Table 1. Properties of PLI 005 (NATUREPLAST)

Density [kg/m3] 1250
MFI [190°C; 2.16 kg] 25-35
Shrinkage during molding [%] 0.3-04
Glass transition temperature [°C] 60+1.2
Melting temperature [°C] 170-180
Young’s modulus [MPa] 3500
Drying time [h] 3
Drying temperature [°C] 60

Characterization methods

Differential Scanning Calorimetry (DSC) measurements were carried out using a Mettler Toledo
instruments DSC1 STARe System under a nitrogen atmosphere (50 mL/min). The PLA samples were
equilibrated isothermally at 5°C for 10 minutes to ensure thermal stability, followed by heating to
220°C at a rate of 5°C/min, subsequent cooling at a rate of 10°C/min to 5°C, and a second heating
cycle to 220°C at a rate of 5°C/min to evaluate thermal transitions associated with melting and
recrystallization.

Empirical modelling of cold crystallization

Initial measurements performed at a range of isothermal holding temperatures were used to determine
the onset of cold crystallization and to identify the holding times required to achieve complete
crystallinity. Although the expected temperature range for pure PLA is typically 80-85 °C, our results
indicate deviations from this behavior.

As shown in Fig. 1, a pronounced increase in crystallinity occurs around a threshold temperature of
approximately 75 °C. Above this point, a gradual rise in the crystalline fraction is observed, followed
by a plateau beyond 90 °C.

Base on the experimental results presented in Fig. 1, the crystallinity as a function of temperature
exhibits behavior which can be described by Eq. 1. In fact, the function arctan(x) naturally generates

o . . . . T
a smooth S-shaped curve because it is monotonically increasing. As x——o0, arctan(x)—»—; , and as

X—+00, arctan(x)—%, with an inflection point located at x=0. [13]

Towo — To Too +T0 (1)

Tteo (T) = 2

However, in Eq. 1, the lower/ upper asymptotes, the inflection point as well as the steepness factor
are represented below:

Tioo (T): Crystallization rate (%) for a given temperature (°C)

To: Crystallization rate for an infinite temperature (upper asymptotic value)

To: Crystallization rate for a non-crystallized sample at room temperature, or residual crystallization
rate (%) (lower asymptotic value)

Tr: The transition temperature from a quasi-amorphous state to a crystalline state (°C) (inflection
point)

k: a parameter that represents the rapidity of a transition from one to another (°C) (controls the
steepness of the transition)

arctan(k™*(T — Tp)) +



Solid State Phenomena Vol. 390 33

70

: — +

50

N
o

w
o

Crystallinity (%)

@ DSCresults

—analytical model

]
o

10

55 60 65 70 75 80 85 90 95 100 105 110 115
Holding temperature (°C)

Fig. 1. Measurement of the degree of crystallinity

The model parameters of Eq.1 were estimated using the Solver tool in Microsoft Excel by minimizing
the sum of squared residuals. It is important to note that 1 does not account for the melting process
occurring around 160-170 °C.

Although this model has no direct physical meaning and serves only as a mathematical description of
the phenomenon, the lower and upper plateaus it exhibits are physically consistent. Below the glass
transition temperature, the crystallinity remains unchanged because the material is in a glassy state.
Likewise, once a certain temperature is exceeded, the crystallinity no longer increases, indicating that
the maximum achievable crystalline fraction has been reached. It is also expected that above a specific
temperature cold crystallization ceases altogether; however, this threshold could not be identified
within the scope of this study due to time limitations.

Within the framework of modeling crystallinity as a function of temperature and time, the minimum
holding time required to achieve complete crystallization was determined from DSC data, based on
the crystallinity curves obtained at different isothermal temperatures (Fig. 2).
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Fig. 1. Holding time required for complete crystallization

It is observed that the holding time required for the transformation to reach a chosen completion level
‘p’ 1s inversely proportional to the temperature. Eq. 2 describes the temperature dependence of the

time required to achieve complete crystallization at a given holding temperature. In the equation, “r
is a kinetic fitting parameter related to the crystallization rate, and “Tt,” represents a characteristic
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temperature associated with the onset of crystallization. The inverse dependence on (T — Tr,) reflects
the strong slowdown of crystallization kinetics as the isothermal temperature approaches Tr,. The
model parameters of Eq. 2 were also estimated using the Solver tool in Microsoft Excel by minimizing
the sum of squared residuals.

tepos(T) = (2

T — Ty,

Eq. 1 and Eq. 2, which describe the crystallinity as a function of temperature at infinite time and the
minimum holding time required for complete crystallization as a function of holding temperature,
respectively, enable the construction of an analytical model describing the degree of crystallization
of PLA as a function of both holding temperature and holding time.

The first in constructing the model consists of characterizing the melting transformation, which
reflects the crystalline fraction of the material, with crystallinity being quantified through the melting
enthalpy. The heat flow associated with melting can be described by a Gaussian function, which
reproduces the bell-shaped peak observed in the DSC thermograms (Fig. 3).
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Fig. 2. Modelling of the transformation

This Gaussian function can be represented by a peak of amplitude A, width o, and position v, as
shown in Eq. 3.

a(t) = Ae~ot-V)* (3)

a(t): the heat flow released during the transformation, as a function of time (W)

A: the peak amplitude of the signal (W)

o: a parameter related to the kinetics of transformation. It controls the width of the distribution (s%)
t: the time elapsed since the start of the transformation (s)

v: the time at which the released power is maximum, in other words the peak position (s)

Due to the properties of Gaussian curves, the released power is positive over an infinite time interval.
In reality, however, the transformation occurs over a finite time. To address this, an arbitrary
transformation percentage p, 98%, is defined to represent the point at which the transformation is
considered complete (Fig. 4).
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Fig. 3. Arbitrary truncation of the curve representing the transformation

Consequently, at time t=0 s, a very small percentage, 1-p, of the transformation has already occurred.
0
t)dt
We therefore seek the value of v such that: f;‘,”L =
J_ oo a(bdt
The integral of a Gaussian over the entire domain is:

T
f a(t)dt = f Ae~tV*dt = A \E

Using the error function, which is a mathematical function that calculated the area under the curve of
the Gaussian function from 0 to x, we get:

fa(t)dt = %\/g (1 + erf(—vV/o)) = %\/g (1 — erf(—vv/o))

— 00

Thus, the value of v is (Eq. 4):

[0, a®de %Jg (1 - erf(-vVo))

1% a®dt AV P
Vo
%(erf(vx/g) — 1) =p-—1
_ erf‘lﬁp—l) 4)

We therefore choose to analyze the transformation over the time interval t€[0,2v]. Considering that
the holding time tp%) required to reach a transformation of p% corresponds to this interval, we then
obtain the Eq. 5:

2erf71(2p—1) r 5

ttp%=2V= \/6 =T—TT,
It is therefore possible to express the concentration of the transformation, o, as a function of
temperature T, and we obtain (Eq. 6):
o= (Z(T—Tfr) erf_1(2p—1))2 (6)

r
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Now that the transformation a is properly characterized as a function of temperature and of the
running time, we define an efficiency factor n, which represents the normalized cumulative Gaussian
starting at t = 0. This factor is defined by Eq. 7:

Jy «(®)dt (7)
Js” a(t)dt

n() =

By integrating [ Ot a (t)dt, we get:
t

] a(t)dt = %\/g [erf((t — V)\/E) + erf(vx/g)]

0

Integrating [ 000 a(t)dt, we get:

oo

f a(t)dt = %\E [erf(vv/o) + 1]

0
Hence, the efficiency factor becomes (Eq. 8):

_ erf((t—v)\/E)+erf (v/0) (8)
n(®) = erf(vVo)+1
To simplify the calculation, erf(x) is approximated by tanh(x/a), with a = ? However, tanh(x) can
2X _
be converted to an exponential form, tanh(x) = 22X+1. The factor, 1, becomes (Eq. 9):

(o) = exp(2(t-v)a~*vo)—exp(-2va~1vo) Q)
exp(2(t—-v)a~1vo)+1

Now, to express the crystallinity in relative terms, Eq. 1 was normalized between its two asymptotic

limits Ty and t,. The relative crystallinity rate was defined as in Eq. 10:

T, (T) — Tteo (T)-10 (10)

Too~To

Which ensures that T, = 0 when T, = Ty and T, = 1 when T, = T. By substituting Eq. 1 in Eq.
10, the relative crystallinity rate equation becomes (Eq. 11):

.(T) = %arctan(k‘l(T —Tr)) + % (11)

By multiplying the relative crystallinity rate (Eq. 11) by the efficiency factor (Eq. 9), we therefore
obtain a measurement between 0 and 1 of the crystallinity rates of PLA as a function of the heating
temperature and the holding time at this heating temperature. To transform the scale from 0 to 1 on
the interval [0; o], we multiply by T, — Ty and we add t,. We find (Eq. 12):

(T, t) = Atnt. + 19 (12)

In order to model a complete crystallization, we consider p=98%, then we substitute v and ¢ with
their corresponding equations. Thus Eq. 12 becomes (Eq. 13):

2 arctan(k‘l(T — TT)) + 1 exp(yc;) — 1 N (13)
To

«(T,0) = 4 21 exp(ycy) + ¢,
Where: y = (T — T)t, while c1 and c2 includes all the constants present in the previous equations.
The parameters listed below were determined using Microsoft Excel Solver by minimizing the sum
of squared residuals.
At =48.88% k=0.9477 (°C) Tr =72.89 (°C) Tr, = 70.88 (°C)
c; =0.07093 (°Clmin!) ¢, =33.1890 (unitless) To = 5.67 (%)



Solid State Phenomena Vol. 390 37

Based on this model, we obtain iso-holding time lines and iso-crystallinity lines in function of
temperature and holding time.
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Fig. 4. Representative surface of the crystallinity model

In Fig. 5, three experimental data points (shown in white) were added to assess the validity of the
developed analytical model in describing the crystallization behavior. The comparison indicates good
agreement, suggesting that the model provides a reliable prediction of the crystallization process.

Conclusion

Differential Scanning Calorimetry (DSC) measurements were performed to characterize cold
crystallization behavior of PLA under different heating temperatures. Based on the DSC results, an
empirical model was developed to describe the evolution of cold crystallinity of PLA as a function
of both the heating temperature and the isothermal holding time. From this model, a representative
crystallinity response surface was established, enabling the prediction of the crystallization behavior
over a range of processing conditions.
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