
Vol.:(0123456789)1 3

Journal of Thermal Analysis and Calorimetry (2023) 148:13463–13485 
https://doi.org/10.1007/s10973-023-12648-6

Quiescent and shear‑induced non‑isothermal crystallization kinetics 
of PLA/HNT nanocomposites

Guilherme G. Biazin1,2   · Cesar A. G. Beatrice2 · Thiago de A. Augusto1 · Juliano Marini1,2 · Lidiane C. Costa1,2,3

Received: 31 May 2023 / Accepted: 30 September 2023 / Published online: 10 November 2023 
© Akadémiai Kiadó, Budapest, Hungary 2023

Abstract
This study explores the impact of different levels of halloysite nanotubes (HNT) and d-isomer on the non-isothermal crys-
tallization behavior of the polylactic acid (PLA). The processing conditions, thermal flow, molecular orientation and the 
presence of nanofillers can affect the crystallinity and properties of PLA. In this work, PLA-based nanocomposite filaments 
were produced and their crystallization kinetics was studied. The data obtained through experiments, using differential 
scanning calorimetry at various cooling rates, were analyzed employing the Jeziorny and Mo models. And the activation 
energy of crystallization was determined by the Friedman method. The results showed that the growth of PLA crystals is 
three-dimensional, the HNT can accelerate the crystallization process, and crystallization occurs at higher temperatures in 
the presence of flow. The activation energy increased with addiction of more HNT in the nanocomposite. The study also 
found that the d-isomer has a more significant influence on the crystallization of PLA than HNT, which can inhibit crystal 
formation in some cases. These findings provide insights into the factors that can influence the properties of PLA nanocom-
posites and how they can be optimized.

Keywords  Biocompatible polymers · PLA · Nanocomposites · Thermal properties · Crystallization kinetics

Introduction

The polylactic acid (PLA) is an aliphatic, non-toxic, trans-
parent, biodegradable and biocompatible polyester. Because 
it has a chiral carbon (optical isomerism), this polymer can 
be found as poly(L-lactic acid) (PLLA), poly(d-lactic acid) 
(PLDA) or even poly(DL-lactic acid) (PDLLA), depend-
ing on the enantiomers present during synthesis. Its crys-
tallization kinetics is generally slow and depends on the 
presence and content of its stereoisomers. The addition of 
even a small percentage of the d-isomer in PLLA makes 

the crystallization even slower and causes a reduction in 
the degree of crystallinity. This slow crystallization kinetic 
exhibits a crystallization half-time (t1/2) spanning from 17 
to 40 min for the pure PLA, which is impractical for indus-
trial-scale manufacturing (combined with poor heat and 
impact resistance of the PLA), particularly for processes 
like injection molding, where cycle times typically last 60 
to 90 s [1–3]. Despite these limitations, PLA has shown 
considerable potential as a material in various applications 
such as packaging, nanocomposites, biomedical and three-
dimensional (3D) printing [4–6].

In general, the use of nucleating agents is an effective 
strategy to increase the crystallization temperature and 
crystallinity of a material, resulting in improved proper-
ties and processability. For the PLA, the nucleating agents 
zinc phenylphosphonate [7]; N,N′,N″-tricyclohexyl-
1,3,5-benzenetricarboxylamide (TMC) [8]; N,N′-bis(2-
hydroxyethyl)-terephthalamide (BHET) [9]; Kraft and 
Organosolv lignin [10],ultrafine talc [10], dilithium 
hexahydrophthalate [11] and cadmium phenylmalonate 
(PMACd) [12] were studied. All of them reported increase 
in the degree of crystallinity and faster crystallization. 
Wu et al. [13] and Liu et al. [14] researched PLA/HNT 
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nanocomposites and concluded that HNT worked as a 
nucleating agent, increased the mechanical properties, and 
was well dispersed in the PLA matrix.

Halloysite nanotubes (HNT) are clay minerals that can 
act as mechanical reinforcing nanoparticles in polymeric 
matrices. Additionally, HNT can be utilized as a material 
for hydrogen storage due to its hydrogen adsorption capa-
bilities [15]. It can also function as a sensor (for dopamine 
and paracetamol) within a Cu-MOF (metal–organic frame-
work), achieved by growing Cu-MOF in situ on HNTs/
reduced graphene oxide surfaces [16]. In addition, because 
it has a hollow tubular structure and biocompatibility, 
HNT has substantial potential for various applications, 
including biomedical and packaging uses [13, 14, 17]. 
This potential stems from their tubular structure, which 
allows for effective transport of fluid medicines and anti-
bacterial agents, for example [18, 19]. But this all depends 
on understanding the influence of the nanoparticle on the 
matrix. Nanoparticles must be well distributed and well 
dispersed for the performance of the nanocomposite to 
be optimized. The successful production of these nano-
composites is influenced by the behavior of the material 
observed when there is variation in the thermomechanical 
conditions. So, to ensure the final properties of the prod-
uct, it is necessary to know the kinetics of crystallization 
of PLA/HNT [20–23]. 

The crystallinity of a polymeric material is one of the 
main characteristics that determine its properties and, con-
sequently, its performance during application. High crys-
tallinity may be required depending on the use, positively 
affecting properties such as elastic modulus, chemical resist-
ance and barrier behavior to liquids and gases, among others. 
However, molecular ordering can negatively impact applica-
tions that depend on high transparency, high degradability 
and dimensional stability during processing. The crystal-
lization process is influenced by intrinsic parameters of the 
polymer matrix (chemical structure, type of chain, molar 
mass), as well as by process conditions (time, temperature, 
pressure, deformation) and the presence of additives (nucle-
ating agents, reinforcing fillers, functional fillers, etc.), and 
their understanding and control have great scientific and 
technological importance [24, 25].

Shear-induced and strain-induced crystallizations rep-
resent alternative methods to accelerate the crystallization 
kinetics, often occurring during processing through the ori-
entation of the polymer chains. Bojda et al. [26] studied the 
shear flow effects on two distinct PLA grades (varying in 
d-isomer content) and noted that shear flow indeed accel-
erated crystallization, whereas a higher d-isomer content 
had the opposite effect, decelerating it. Similarly, Zin et al. 
[27] and Yin et al. [28] investigated the impact of strain on 
crystallization in PLA (with varying d-isomer content) and 
reported consistent findings with Bojda's research.

The main objective of this work was to analyze the influ-
ence of the d-isomer content and the presence and content 
of HNT on the non-isothermal crystallization kinetics, in 
quiescent and shear-induced conditions, of PLA/HNT 
nanocomposites. This aimed to observe which conditions 
increase the crystallization rate and crystallinity. Thermal 
and rheological characterizations of PLA/HNT nanocom-
posites were also conducted.

Experimental

Materials

Polylactic acid (PLA) used was the Ingeo Biopolymer 
4032D (1.5% PLA d-isomer) and 4043D (5% PLA d-iso-
mer), produced by NatureWorks. According to the manu-
facturer, the 4032D resin has a specific mass of 1.24 g cm−3 
(ASTM D792), a melt flow index of 7 g 10−1 min−1 (210 °C 
2.16−1 kg−1) and a melting range between 155 and 170 °C. 
The 4043D resin has a specific mass of 1.24 g cm−3 (ASTM 
D792), a melt flow index of 6  g 10−1  min−1 (210  °C 
2.16−1 kg−1), a melting range between 145 and 160 °C, and 
glass transition temperature between 55 and 60 °C. Through-
out this work, the 4032D and 4043D PLAs will be referred 
to as PLA1.5D and PLA5.0D, respectively, alluding to their 
d-isomer content. The halloysite nanotubes (HNT) were the 
Dragonite-XR grade, extracted by Applied Minerals Inc. 
According to the manufacturer, the material has a surface 
area of 64.66 m2 g−1, an average internal diameter of 15 nm, 
an average external diameter of 50 nm, an average length of 
1.75 µm and a density of 2.52 g cm−3. Its cation exchange 
capacity (CEC) is 8 meq 100−1 g−1.

Filaments production

The two grades of PLA pellets were cryogenically grounded 
using a Mikro-Bantam® hammer mill (Hosokawa Micron 
Powder Systems). The filaments were produced by melt 
extrusion using both PLA grades and four different concen-
trations of HNT (0, 2.5, 5.0 and 10.0 mass percentage). The 
materials were mixed manually in plastic bags and dried for 
12 h at 60 °C in a circulating air oven before being added to 
the extruder. The twin-screw extruder was a model MP19 
from B&P Process Equipment Systems with a screw diame-
ter of 19 mm and L/D of 25. The processing conditions were 
adjusted in order to obtain homogeneous filaments with an 
average diameter of 1.75 ± 0.10 mm. The temperature profile 
was between 155 and 175 °C, the screw speed was 60 rpm, 
and the feed speed was 1 kg h−1. The filaments were cooled 
in water at room temperature. Before characterization, the 
materials were dried for 12 h at 60 °C in a circulating air 
oven.
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Thermogravimetric analysis

Thermogravimetric analysis (TGA) was used to assess 
the thermal stability of PLA and its nanocomposites. The 
equipment used was the model Q50 from TA Instruments. 
The tests occurred under an inert atmosphere (N2), at a 
constant heating rate (20 °C min−1), from room tempera-
ture to 800 °C. Experimental data were analyzed with TA 
Universal Analysis 2000 software (TA Instruments).

Rheological properties

The influence of the presence and content of HNT on the 
rheological behavior of the nanocomposites was evaluated 
by parallel plate rheometry. Viscosity behavior as a func-
tion of shear rate and storage modulus (G′) and loss modu-
lus (G″) as a function of frequency (oscillatory regime 
between 0.02 and 500 rad s−1) were obtained in a stress-
controlled rheometer AR-G2, from TA Instruments. The 
main test parameters were plate diameter of 25 mm, gap of 
1 mm, temperature of 200 °C and inert atmosphere of N2.

Crystallization kinetics by differential scanning 
calorimetry

The quiescent non-isothermal crystallization kinetics was 
analyzed by differential scanning calorimetry (DSC) using 
a TA Instruments equipment, model Q2000. The materials 
were subjected to four different cooling rates Φ: 1, 3, 5 and 
10 °C min−1, adopting the following experimental proce-
dure: (1) heating from 20 °C to 200 °C at 10 °C min−1; 
(2) isothermal stage at 200 °C for 5 min to balance the 
temperature; (3) cooling from 200 °C to 20 °C at a given 
Φ; (4) isothermal stage at 20 °C for 5 min to balance the 
temperature; and (5) second heating from 20 to 200 °C at 
10 °C min−1.

The heat of crystallization ΔHc was obtained from the 
cooling steps of the non-isothermal analyses by the com-
plete integration of the crystallization peak divided by the 
sample mass. The relative crystallinity as a function of 
temperature Xr(T) was calculated as the ratio between the 
integral of the area under the exothermic peak at a given 
temperature T (ΔHT) and the integral of the total area 
under the exothermic peak (ΔH0), according to Eq. 1 [12]:

where the numerator is the heat generated at a certain tem-
perature T and the denominator is the total heat obtained 
during complete crystallization [12].
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The crystallization temperature during cooling can be 
converted to the crystallization time according to Eq. 2 
[12]:

where T is the temperature at time t and T0 is the initial tem-
perature. The transformation from T to t can be done when 
a constant Φ is used. Thus, the time to obtain 50% relative 
crystallinity, t1/2, can be determined.

The degree of crystallinity of the samples was obtained 
by Eq. 3 [12]:

where ΔHf is the enthalpy of melting of the sample, ΔHcc is 
the enthalpy of cold crystallization occurring during heat-
ing, ΔHf

0 is the equilibrium melting enthalpy (the theoretical 
value for 100% crystalline PLA is 93 J g−1) [29] and φ is the 
mass fraction of HNT.

The following parameters were obtained from the sec-
ond heating steps: glass transition temperature Tg; cold 
crystallization peak temperature TP

cc; melting temperature 
Tm; enthalpy of cold crystallization ΔHcc; and enthalpy of 
fusion ΔHf.

Crystallization kinetics by rheometry

The shear flow-induced non-isothermal crystallization kinet-
ics was evaluated on a TA Instruments AR-G2 rheometer, 
using the procedure described by Farah and Bretas [30] and 
a parallel plate geometry with a diameter of 25 mm and 
distance between plates of 1 mm. The material was melted 
at 200 °C and, after 3 min, was subjected to cooling at a 
given Φ (5 or 10 °C min−1) and shear rate (0.1 or 1.0 s−1). 
By monitoring the stress as a function of temperature, it was 
possible to obtain the temperature at which crystal structures 
began to grow.

Result and discussion

Thermogravimetric analysis

The main events of the thermogravimetry of pure halloysite 
are concentrated in: (1) between 50 and 150 °C, attrib-
uted to the release of adsorbed water on the surface and 
the beginning of the gradual decrease of water between the 
interlamellar layers of halloysite (2.0% reduction in mass); 
(2) between 100 and 400 °C, attributed to the total release 
of structural water (interlamellar water) and organic impu-
rities (4.0% decrease in mass); and (3) between 400 and 

(2)t =

(
T0 − T

)
Φ

(3)Xc =
ΔHf − ΔHcc

(1 − �) × ΔH0
f

× 100
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600 °C, attributed to the dehydroxylation of the AlOH and 
SiOH groups (11.7% mass loss). Since samples only reached 
800 °C, no event was attributed to the formation of new 
phases, reported to happen between 885 and 1000 °C [31, 
32].

Table 1 shows the decomposition temperatures (onset Ton, 
peak Tp and end Tend) of each filament. At Tp and Tend, there 
is a small tendency for the temperature to decrease with 
increasing HNT concentration, that is, a tendency to reduce 
the temperature range in which decomposition occurs, shift-
ing the maximum decomposition rate to lower temperature 
values. On the other hand, the Ton remains the same with the 
incorporation of HNT. Alakrach et al. [33] used different 
types of HNT in different mass percentages as nanofillers 
in the PLA. It is argued that these nanofillers may have a 
thermal barrier effect (stronger in clay, but HNT can have a 
limited effect), increasing thermal stability, but at the same 
time there is the opposite effect of water, which decreases 
thermal stability. The best thermal barrier effect is obtained 

with better dispersion, and in the work of Alakrach et al., 
this occurs with 5% HNT.

The thermal degradation of PLA, which occurs at T ≥ Tm, 
is mainly attributed to the random scission of the main chain 
and to the depolymerization reactions that release mono-
mers as the final product (unzipping). If there is a decrease 
in thermal stability with the incorporation of HNT, there 
should be a decrease in Ton. However, this was not observed 
in this study.

Liu et al. [34], Wu et al. [13] and Kim et al. [35] inves-
tigated the effect on the thermal properties of PLA com-
posites. Based on the TGA results, Liu et al. noticed that 
fillers caused a decrease in the matrix molar mass and, con-
sequently, a drop in thermal stability during mixing and pro-
cessing. The PLA degradation may be influenced by HNT, 
which can act as an accelerator for matrix decomposition 
at high temperatures. Wu et al. attributed the decrease in 
thermal stability to the release of water vapor from the HNT 
(both structural water and water adsorbed on the surface), 
accelerating the decomposition of the ester bonds of PLA. 
Kim et al. justified the decrease in thermal stability by the 
presence, on the surface of HNT, of Bronsted acid sites 
(Al–OH and Si–OH) that act as a catalyst to PLA pyrolysis 
[5, 6, 36–43]. A more intense change in thermal stability 
with the incorporation of HNT, especially in terms of Ton, 
may have been prevented in the current investigation due to 
the adequate drying process and adjustment of processing 
parameters.

Rheological properties

Figure 1 shows the curves of viscosity η as a function of 
the shear rate 𝛾̇ obtained by parallel plate rheometry. The 

Table 1   Decomposition temperatures of PLA and PLA/HNT

Sample Ton/°C Tp/°C Tend/°C

PLA1.5D 0%HNT 292 380 400
PLA1.5D 2.5%HNT 292 372 393
PLA1.5D 5.0%HNT 292 370 393
PLA1.5D 10.0%HNT 291 372 392
PLA5.0D 0%HNT 281 378 400
PLA5.0D 2.5%HNT 281 376 396
PLA5.0D 5.0%HNT 281 371 392
PLA5.0D 10.0%HNT 281 371 392
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Fig. 1   Viscosity versus shear rate curves of PLA and PLA/HNT: a PLA1.5D; b PLA5.0D
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power-law model (η = m·γn−1) describes the experimental 
data collected, where m is the consistency index and n is 
the power-law index. Table 2 shows the values of initial vis-
cosity η0 (Newtonian plateau) and n.

It was observed that the behaviors of all samples are 
practically Newtonian up to 10 s−1, as indicated by the pla-
teau formed in Fig. 1 and by the values of n close to one in 
Table 2. No reduction in the viscosity was observed with 
the incorporation of HNT. On the contrary, there is a slight 
tendency toward an increase of η0 with increasing HNT con-
tent. This corroborates what was observed in the analysis 
of Ton based on TGA tests; that is, there is no evidence of 
relevant degradation in the PLA. For Kelnar et al. [44], the 
increase in viscosity in a PLA/HNT nanocomposite is given 
by the increase in particle anisometry (HNT), which leads to 
stronger interactions and short distances between particles 
(in a certain volumetric fraction of dispersed particles).

Cobos et  al. [45] and Sharma et  al. [46] studied the 
viscosity of the PLA/HNT nanocomposites and noticed a 
reduction in viscosity with the incorporation of HNT. For 
Sharma et al., the cause of the reduction in viscosity was the 

hydrolysis, while for Cobos et al., it was a plausible reduc-
tion in molecular mass. The presence of HNT justifies both 
phenomena.

Figure 2 shows the G′ and G″ curves (as a function of 
angular frequency) for all samples. All compositions showed 
typical behavior of molten thermoplastics in the terminal 
zone, with G″ greater than G′ at low oscillation frequencies. 
The results indicate that the behaviors of these materials are 
similar to that of a viscous liquid (G″ > G′) for the entire 
angular frequency range.

The degree of dispersion of HNT is related to the viscoe-
lastic behavior of the nanocomposites, and the moduli and 
slopes of the curves in the low-frequency region (terminal 
zone) can be used to assess this dispersion and the forma-
tion of possible percolated structures [47]. Zhao et al. [48] 
demonstrated that the creation of a percolated network in 
nanocomposites could be rheologically visualized owing 
to the change in the behavior of the nanocomposite, which 
starts to present characteristics similar to those of a solid 
(with G′ > G″, and G′ and G″ ~ ω0, in the terminal zone, i.e., 
at low oscillation frequencies). Therefore, no signs of the 
formation of percolated networks were noticed in the cur-
rent investigation.

Although there is an increase in G′ with the addition of 
HNT (a slight increase was also observed for η0), this did 
not change the predominantly viscous behavior of PLA in 
the terminal zone (but the behavior of PLA with an increase 
in HNT tends toward greater elasticity).

Crystallization kinetics by differential scanning 
calorimetry

Table 3 shows the results obtained with the cooling (at 
different Φ) and second heating steps of DSC tests. The 

Table 2   Results of parallel plate rheometry in the permanent regime

Sample η0/Pa s n

PLA1.5D 0%HNT 255.5 0.96
PLA1.5D 2.5%HNT 257.4 0.95
PLA1.5D 5.0%HNT 262.1 0.95
PLA1.5D 10.0%HNT 264.4 0.94
PLA5.0D 0%HNT 261.5 0.95
PLA5.0D 2.5% HNT 282.0 0.94
PLA5.0D 5.0% HNT 303.3 0.93
PLA5.0D 10.0% HNT 336.1 0.91
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Fig. 2   Storage modulus (G′) and loss modulus (G″) versus angular frequency of PLA and PLA/HNT: a PLA1.5D; b PLA5.0D
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results of Xc show that 5% of d-isomer in PLA is enough to 
inhibit the crystallization of the material at the Φ of 5 and 
10 °C min−1, and in this case, the presence of the inorganic 
nanoparticles does not change the behavior of the matrix, 
and induces amorphous products. (With 4% of d-isomer, 
in the study by Díez-Rodriguez et al. [49], crystallization 
has already been restricted with a cooling/heating rate of 
10 °C min−1.) The presence of 1.5% D does not completely 
prevent molecular ordering, as indicated by the values of 
Xc up to 49% found for the PLA1.5D samples. It is possible 
to observe that HNT acts as a nucleating agent for PLA 
since nanocomposites with higher nanofiller concentra-
tions presented higher Xc. As Φ increased, a considerable 
reduction in Xc was observed, as expected [1]. Venkatesh 
et al. [50] concluded that HNT acts as a nucleating agent in 

PLA, as the PLA/HNT nanocomposite crystallizes faster 
than neat PLA.

Both PLA1.5D and PLA5.0D samples do not have 
ΔHcc e TP

cc after cooling at a rate of 1 °C min−1 since the 
samples have enough time to crystallize at this rate. Pure 
PLA1.5D did not crystallize completely, on cooling, at 5 
and 10 °C min−1, whereas its nanocomposites did not crys-
tallize only at the cooling rate of 10 °C min−1, showing that 
the HNT helped in the crystallization, even at only 2.5% 
mass fraction. When comparing PLA1.5D and PLA5.0D, it 
is evident that the lower percentage of d-isomer in PLA1.5D 
allowed it to crystallize faster on cooling, indicating that D 
makes crystallization harder [1].

Table 3 also shows the results obtained from the second 
heating. It is known that Tg is a second-order transition 

Table 3   DSC results of PLA and PLA/HNT

Sample Φ/°C min−1 ΔHc/J g−1 Tg/°C Tcc
p/°C Tm/°C ΔHcc/J g−1 ΔHf/J g−1 Xc/% t1/2/min

PLA1.5D 0%HNT 1 34.2 64 – 165/171 0 40.0 43 18.0
PLA1.5D 2.5%HNT 1 32.1 65 – 166/171 0 36.5 40 14.6
PLA1.5D 5.0%HNT 1 34.9 65 – 167/171 0 40.2 46 13.5
PLA1.5D 10.0%HNT 1 36.8 63 – 165/170 0 40.8 49 10.8
PLA5.0D 0%HNT 1 19.6 61 – 147/155 0 30.1 32 15.1
PLA5.0D 2.5%HNT 1 22.0 61 – 147/154 0 30.9 34 17.6
PLA5.0D 5.0%HNT 1 22.8 61 – 148/155 0 26.7 30 16.9
PLA5.0D 10.0%HNT 1 26.8 61 – 150 0 29.9 36 16.2
PLA1.5D 0%HNT 3 21.8 65 – 170 0 29.2 31 7.5
PLA1.5D 2.5%HNT 3 28.7 64 – 170 0 34.8 38 6.4
PLA1.5D 5.0%HNT 3 29.5 63 – 164/170 0 38.2 43 7.2
PLA1.5D 10.0%HNT 3 31.2 62 – 163/170 0 36.5 44 6.0
PLA5.0D 0%HNT 3 – 61 120 151 25.7 29.1 4 –
PLA5.0D 2.5%HNT 3 – 60 118 150 25.7 28.8 3 –
PLA5.0D 5.0%HNT 3 – 60 121 151 23.6 23.9 0 –
PLA5.0D 10.0%HNT 3 4.3 61 117 150/155 18.4 22.7 5 5.6
PLA1.5D 0%HNT 5 11.3 61 104 169 16.5 41.2 27 5.1
PLA1.5D 2.5%HNT 5 23.0 62 – 169 0 33.7 37 3.9
PLA1.5D 5.0%HNT 5 25.7 63 – 169 0 35.1 40 4.6
PLA1.5D 10.0%HNT 5 28.1 63 – 169 0 34.9 42 3.6
PLA5.0D 0%HNT 5 – 61 121 152 23.1 25.6 0 –
PLA5.0D 2.5%HNT 5 – 60 120 151 26.3 26.7 0 –
PLA5.0D 5.0%HNT 5 – 60 125 152 20.3 20.3 0 –
PLA5.0D 10.0%HNT 5 – 60 122 151 22.8 22.8 0 –
PLA1.5D 0%HNT 10 1.3 60 107 169 37.8 38.9 1 2.3
PLA1.5D 2.5%HNT 10 3.4 62 105 170 29.6 36.4 7 2.1
PLA1.5D 5.0%HNT 10 3.9 62 104 170 27.6 34.6 8 2.0
PLA1.5D 10.0%HNT 10 6.8 61 102 169 25.4 40.5 18 1.8
PLA5.0D 0%HNT 10 – 60 119 151 27.0 26.8 0 –
PLA5.0D 2.5%HNT 10 – 60 118 151 27.0 27.0 0 –
PLA5.0D 5.0%HNT 10 – 60 128 153 16.6 17.3 0 –
PLA5.0D 10.0%HNT 10 – 60 126 152 22.6 22.8 0 –
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that is manifested by the variation of the baseline of the 
DSC curve and that can be directly affected by crystallinity 
and molar mass. For the materials studied, the Tg does not 
seem to be influenced by changes in Φ or HNT content, at 
least in the ranges considered. The Tg values of PLA1.5D 
and its nanocomposites vary between 60 and 65 °C, and 
for PLA5.0D, they are around 60 and 61 °C. The d-iso-
mer in this case can function as a defect in the polymer 
chain, causing a decrease in the crystal growth rate and an 
increase in the amorphous phase. As there is no significant 
change in Tg with the addition of HNT, there is a possibil-
ity that the nanofiller does not have much influence on the 
anchoring of the amorphous phase chains, and this could 

indicate that HNT may have low interaction with PLA or 
the HNT is in a small volume fraction [1, 51, 52].

The endothermic peak, present in the second heating, 
occurs at Tm. In samples that were subjected to Φ of 5 and 
10 °C min−1, HNT did not cause a significant change in Tm, 
but the percentage of d-isomer is important, as PLA1.5D 
presented Tm between 169 and 170 °C and PLA5.0D had 
Tm between 151 and 153 °C [1, 2, 14, 53].

When exposed to a cooling rate of 3  °C  min−1, 
PLA shows unique Tm values, similar to rates of 5 and 
10 °C min−1, but for PLA1.5D with 5 and 10% HNT and 
PLA5.0D with 10% HNT, a second melting peak emerges 
leading to two Tm values (as shown in Table 3, where 
there are two values of Tm). This can be due to either the 
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Fig. 3   Relative crystallinity Xr curves of PLA1.5D as a function of crystallization time for different Φ: a 10  °C  min−1; b 5  °C  min−1; c 
3 °C min−1; d 1 °C min.−1
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polymorphism of the PLA crystals or the melting of crys-
talline regions of varying sizes and perfections formed 
during cooling and crystallization. Most samples exposed 
to a cooling rate of 1 °C min−1 also show two endother-
mic peaks with the same explanation, except for PLA5.0D 
with 10% HNT, which only shows one peak (with a small 
shoulder), possibly due to the low rate or the influence of 
HNT in forming more homogeneous crystals [1, 2, 13, 53].

Dong et al. [54] concluded in their study that increasing 
the content of HNT in a PLA/HNT nanocomposite causes 
almost no change in Tg. However, increasing the percent-
age of HNT in the nanocomposites causes a decrease in 
Tm, as there are incomplete crystal structures formed by 
heterogeneous nucleation of HNT with thinner and/or less 
perfect crystalline lamellae (differently from what is pro-
posed here, Dong et al. used electrospun mats).

Figures 3 and 4 are created based on Eqs. 1 and 2 (basi-
cally, the crystallization peak obtained at the cooling step 
was integrated with the baseline being tracked by the ini-
tial and final points, as the equations determine) and show 
a typical S shape for the curves of relative crystallinity Xr 
as a function of crystallization time. The shape obtained 
is associated with primary crystallization, the stage of 
crystallization where crystalline regions occupy the entire 
volume of the mass [20].

Observing the data in Table  3, Figs.  3 and 4, it can 
again be suggested that HNT influences the crystallization 
of PLA1.5D. The t1/2 increases with decreasing Φ, which 

indicates a lower crystallization rate (relative) and tends 
to decrease with an increasing percentage of HNT. The 
increase of d-isomer acts in a way that decreases the Φ nec-
essary for crystallization to occur, as indicated by the fact 
that PLA5.0D could not be crystallized even during cooling 
at 5 °C min−1 [1].

Shi et al. [55, 56] studied PLA nanocomposites, and HNT 
worked as a nucleating agent. Halloysite particles increase 
the melt crystallization rate and shorten the crystallization 
time t1/2 by half. Wu et al. [13] studied the crystallization 
and melting behavior of the PLA (with 4% of d-isomer) 
nanocomposite with HNT from a DSC test with a Φ of 
10 °C min−1 and explained that the lack of the crystalliza-
tion peak of PLA and its nanocomposites was due to the 
rigid segments in the polymer backbone molecular chain. 
The study also cites that cold crystallization happens more 
easily with HNT, thus indicating that it can function as a 
nucleating agent, which was also observed in the current 
study.

Jeziorny’s model

Jeziorny [57] proposed a change for the Avrami model 
(Eq. 4) that can be used to study the non-isothermal crystal-
lization kinetics. The model adopts the variable Zc, a modi-
fied crystallization rate constant that considers the Φ and is 
represented in Eq. 5.
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where n is the Avrami constant, a function of the nucleation 
mechanism and the geometric shape of the growing crystal; 
Zt is the Avrami crystallization rate, constant that includes 
both nucleation and growth parameters; Xr is the relative 
crystallinity at an arbitrary time t [58]; and Zc is the modi-
fied crystallization rate constant [12, 57].

(4)log
[
− ln

(
1−Xr

)]
= n log t + log Zt

(5)log Zc =
logZt

Φ

The graphs of log[− ln(1 − Xr)] versus log(t) were created 
using the DSC measurement data for the studied materials. 
The Xr were was transformed into log[− ln(1 − Xr)], and the 
crystallization time was converted using Eq. 2 for use in the 
Jeziorny model. The plotted data were then fitted with lines 
to determine the Avrami parameters and are displayed in 
the following table. It is possible to observe in Table 4 that 
the Zc values increase with the increase in the Φ, indicat-
ing an increase in the crystallization rate, something already 
expected by previous analyses. The rise of Zc means that at a 
higher Φ, there is a higher crystallization rate. Su et al. [59] 
studied PLA filled with carbon black, and the incorporation 
of filler had the same behavior on Zc.

The values of n are related to the processes of nuclea-
tion and growth. When n values are greater than three, they 
indicate three-dimensional growth of the formed crystals 
(spherulites), between two and three growth of disk-shaped 
crystals (two-dimensional) and values between one and 
two formation of crystals in a shape similar to rods [11, 12, 
21, 57]. In the current investigation, most samples undergo 
three-dimensional growth (spherulite) [60].

Table 4 is used to calculate Xr of the Jeziorny model (using 
Eq. 4) for each sample and Φ. The model’s calculations were 
compared to the experimental Xr values, and the curves are 
displayed in Fig. 5. According to Li et al. [11, 12], the Jeziorny 
model is better suited for representing primary crystallization 
in PLA. As a result, the model and experimental data in Fig. 5 
do not align, indicating secondary crystallization and spheru-
lite impingement [59].

Mo’s model

Mo’s model relates the Φ to time at constant Xr, and Jeziorny’s 
correlates Xr with time at constant Φ. Mo’s method was devel-
oped by modifying the Avrami model, as expressed in Eqs. 6, 
7 and 8 [11, 12, 61].

where K(T) is a function of cooling, which indicates the 
speed of the process (related to the global crystallization 
rate); m is the Ozawa exponent, which depends on the size 
of crystal growth; F(T) is the value of the Φ to be chosen in a 

(6)log (Φ) = logF(T) − � log (t)

(7)F(T) =

[
K(T)

Zt

] 1

m

(8)� =
n

m

Table 4   Jeziorny model parameters

Sample Φ/°C min−1 n 106Zc

PLA1.5D 0%HNT 1 3.952 6
PLA1.5D 2.5%HNT 1 3.690 28
PLA1.5D 5.0%HNT 1 4.778 2
PLA1.5D 10.0%HNT 1 3.762 50
PLA5.0D 0%HNT 1 4.323 6
PLA5.0D 2.5%HNT 1 4.352 3
PLA5.0D 5.0%HNT 1 4.348 2
PLA5.0D 10.0%HNT 1 4.943 1
PLA1.5D 0%HNT 3 4.253 33
PLA1.5D 2.5%HNT 3 4.775 26
PLA1.5D 5.0%HNT 3 5.559 3
PLA1.5D 10.0%HNT 3 5.564 10
PLA5.0D 0%HNT 3 – –
PLA5.0D 2.5%HNT 3 – –
PLA5.0D 5.0%HNT 3 – –
PLA5.0D 10.0%HNT 3 2.719 2220
PLA1.5D 0%HNT 5 4.349 112
PLA1.5D 2.5%HNT 5 4.431 318
PLA1.5D 5.0%HNT 5 5.278 45
PLA1.5D 10.0%HNT 5 4.377 507
PLA5.0D 0%HNT 5 – –
PLA5.0D 2.5%HNT 5 – –
PLA5.0D 5.0%HNT 5 – –
PLA5.0D 10.0%HNT 5 – –
PLA1.5D 0%HNT 10 2.908 13,608
PLA1.5D 2.5%HNT 10 3.860 3070
PLA1.5D 5.0%HNT 10 3.660 4857
PLA1.5D 10.0%HNT 10 3.855 5370
PLA5.0D 0%HNT 10 – –
PLA5.0D 2.5%HNT 10 – –
PLA5.0D 5.0%HNT 10 – –
PLA5.0D 10.0%HNT 10 – –
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Fig. 5   Comparison between the relative crystallinity Xr as a function of the crystallization time of the Jeziorny model with the experimental data: a 
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unit crystallization time when the system has the same crys-
tallinity; and α is the ratio between n and m, values linked 
to the growth dimension of the polymer crystals [11, 12, 
61, 62].

Creating graphs of log(Φ) versus log(t) involved DSC 
data and Eqs. 2 and 6 for the studied materials. The plot-
ted data were then fitted with lines using linear regression 
to determine the Mo parameters, with log(F(T)) being the 
constant and α being the slope of the line. There are two 
methods to obtain these points: The first is using the poly-
nomial equation derived from the DSC data and Eq. 7 and 
finding the value of t by inserting Xr for a specific Φ in the 
equation; and the second method involves interpolating 
experimental data near the desired points. The behavior 
of log(F(T)) and α is shown in Fig. 6.

According to the model, F(T) should depend on Xr, 
while α should be either independent or only slightly vary-
ing. The values of α in this study show minimal change 
with Xr due to three-dimensional crystal growth in crystal-
lization [11, 12, 61, 62]. With increasing Xr, F(T) and α 
values also increase, indicating that the Xr of nanocompos-
ites can be enhanced by speeding up the cooling process, 
and the refinement of crystals increases as crystallization 
progresses. Additionally, as noted by Liu et al. [11], F(T) 
values systematically increase with growing crystallinity, 
implying that a higher Φ should be used to attain a higher 
Xr. Thus, α can be considered to have a strong relationship 
with Φ.

The Mo parameters cannot be directly interpreted, but 
Fig. 6 shows growth in both log(F(T)) and α with increas-
ing Xr for all samples. The results of neat PLA1.5D and 
its nanocomposites reveal that higher values of log(F(T)) 
and α occur when HNT is present. It is also evident that 
log(F(T)) values increase with increasing Xr, implying that 
higher Φ are required to achieve higher Xr with a given 
crystallization time, indicating that higher crystallization 
rates occur at higher Φ [11, 12, 63].

Estimations of the Xr of the Mo model were performed 
for each sample and available Φ on a point-by-point basis. 
The values calculated by the model were compared to the 
experimental results, which are shown in Figs. 7 to 10.

The Mo model has a better correlation between 10 and 
90% Xr but does not fit well at the start and end of crystal-
lization, resulting in a discrepancy with the experimental 
data. Nonetheless, compared to the Jeziorny model (which 
has a large number of data points), the Mo model provides 
results that more closely match the actual behavior of the 
materials, except for some samples at the cooling rate of 
1 °C min−1 where Jeziorny performed better (such as the 
PLA5.0D with 10%HNT). Li et al. [11, 12, 64] found that 
the Mo model effectively describes the non-isothermal 
crystallization of PLAs with nucleating agents such as 

dilithium hexahydrophthalate, calcium phenylphosphonate 
or cadmium phenylmalonate.

Crystallization activation energy

Equation 8 is the Friedman method to determine the activa-
tion energy of crystallization [11, 12, 65–67]:

where dXr/dt is the instantaneous crystallization rate as a 
function of time for a given Xr conversion; R is the gas con-
stant; ΔEx is the effective activation energy (the sum of the 
activation energies for the nucleation and crystal growth 
processes) for a given Xr conversion; and Tx is the set of 
temperatures related to a given Xr conversion at a different 
Φ [11, 12, 65–67].

From Fig. 3 and Table 3, it is possible to obtain the 
instantaneous crystallization rate dXr/dt. By choosing dif-
ferent values of Xr (from 10 to 90%), related to a Tx, differ-
ent values of dXr/dt are obtained, and it is possible to plot a 
graph ln(dXr/dt) versus 1000/Tx, where the slope of the lin-
ear regression will be equal to − ΔEx R−1. From the slopes, 
the values of the ΔEx can be calculated for the different Xr. 
These values are presented in Fig. 11. The data show that, 
in the case of the nanocomposites, ΔEx increases with Xr. 
Neat PLA1.5D has greater difficulty crystallizing than its 
nanocomposites under the conditions analyzed (especially 
at high crystallinity). Figure 11 shows that the activation 
energy is negative for all crystallizations. As the analysis is 
done on cooling, the temperature decreases and the process 
rate (Xr) increases, so ΔEx is negative and goes toward zero. 
On heating, increasing temperature usually brings higher 
reaction rates, so ΔEx becomes positive [68, 69].

As the temperature drops below Tm and the melt converts 
to the crystalline phase, the ΔEx increases to zero. The point 
at which ΔEx changes to zero corresponds to the tempera-
ture of the maximum crystal growth rate. In simple terms, 
the negative sign of ΔEx means that the crystallization rate 
increases as the temperature decreases [69]. Adding more 
HNT led to a higher ΔEx (closer to zero) and increased the 
crystallization rate. The crystallization process is controlled 
by two processes: nucleation and spherulitic growth [70]. 
So, the nucleation effect seems to have been predominant, 
as the ΔEx values remained negative.

Crystallization kinetics by rheometry

The orientation of polymer chains through shear flow affects 
the crystallization kinetics and morphology of polymers. 
Figures 12 and 13 show the results obtained by rheometry 
that elucidate the non-isothermal crystallization induced 

(9)ln

(
dXr

dt

)

Xr,�

= constant −
ΔEx

RTx
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by shear flow using the higher cooling rates of this DSC 
analysis.

All samples analyzed had an increase in viscosity with 
a decrease in temperature in all situations observed. How-
ever, the test only ends after a sudden increase in viscosity 
occurs, as this characterizes the point where the polymer 
crystals reach a critical size, and from then on, the mate-
rial starts to behave similarly to a solid. Table 5 presents 

the non-isothermal crystallization temperature TNIC for all 
the samples and conditions studied and a comparison with 
the final crystallization temperature found by DSC (without 
flow). The DSC results of PLA5.0D are not present since 
at Φ of 5 and 10 °C min−1 there was no crystallization on 
cooling during tests.

At TNIC, the viscous material starts to act similarly to 
a solid. The crystallization temperature without flow is 
lower, meaning that the crystallization time is higher and 
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the crystallization rate is lower compared with the condition 
where the material suffers shear flow.

When comparing the TNIC for PLA5.0D and its nanocom-
posites, it is possible to observe that the values are very close 
even for the different Φ and shear rates, with a very slight 

increase in TNIC for the highest Φ, and a small drop in TNIC, 
in most samples, when there is an increase in the shear rate.

As for the PLA1.5D and its nanocomposites, a notice-
able trend emerges. In most samples, except for pure PLA 
(where the values closely resemble those of PLA5.0D), there 
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is a notable rise in TNIC as the shear rate increases and Φ 
decreases. Notably, this variation is more pronounced than 
in PLA5.0D, potentially exceeding 10 °C with increasing 
shear rate.

The results of PLA5.0D and its nanocomposites and neat 
PLA1.5D may indicate that neither the change in the Φ nor 
the change in the shear rate allows for great variation in 
crystallization, as the TNIC values are very close. Now for 
the PLA1.5D nanocomposites, it is possible to observe that 
a higher shear rate decreases the crystallization time (higher 

TNIC temperatures indicate that the crystals reached a critical 
size in shorter times), leading to an increase in the crystal-
lization rate. Thus, it is acceptable to say that the increase 
in the shear rate favors crystallization, probably due to the 
orientation of the molecules, which allows the formation of 
crystalline nuclei more easily compared to cases where the 
melt is not submitted to shear forces. The higher percentage 
of d-isomer in PLA5.0D seems to act as a physical hetero-
geneity that prevents the total orientation of the polymeric 
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chains of the crystalline domains under stress, hindering the 
crystallization of the material [28].

Using Table 5, it is possible to observe the crystallization 
temperatures data from DSC (quiescent) and the rheometer 
(shear-induced). Quiescent non-isothermal crystalliza-
tion occurs more favorably in this study for the PLA1.5D, 
which has a lower d-isomer content, as in higher quanti-
ties, d-isomer tends to hinder PLA organization and make 

crystallization more challenging [26–28]. Studies by Han 
et al. [7], Xu et al. [8], Leoné et al. [9], Kovalcik et al. [10], 
Li et al. [11, 12] investigated the use of various nucleating 
agents, different from HNT, in PLA and reported an increase 
in crystallinity and acceleration of crystallization in the pres-
ence of these nucleating agents (at most cooling rates). Wu 
et al. [13] and Liu et al. [14] studied PLA/HNT nanocom-
posites and concluded that HNT worked as a nucleating 
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agent for the PLA. Therefore, the effect observed in this 
study, where HNT assisted in the crystallization of the PLA 
and increased its crystallinity, can be replicated. The effect 
of HNT is more pronounced in PLA1.5D, with its influence 
reduced in PLA5.0D due to the high quantity of d-isomer.

The experimental data obtained through DSC analysis 
served as the basis for evaluating the congruence of various 
models with the empirical findings. According to Li et al. 
[11, 12], the Jeziorny model is conventionally considered an 
appropriate representation of primary crystallization. How-
ever, it falls short in closely aligning with the experimental 
data from this study, suggesting the presence of secondary 
crystallization and spherulite impingement [59]. In con-
trast, the Mo model, grounded in more intricate assump-
tions including the mechanisms of secondary crystalliza-
tion, the influence of crystallization temperature on lamellar 
thickness and the treatment of cooling rate as a variable 
throughout the entire crystallization process, demonstrates 
a stronger correlation between 10 and 90% crystallinity (Xr). 
Nevertheless, it does exhibit limitations at the beginning and 
end of the crystallization process.

When compared to the Jeziorny model, which incorpo-
rates a greater number of data points, the Mo model yields 
results that closely mimic the actual behavior of the mate-
rial. Exceptions arise, notably when the cooling rate is set 
at 1 °C min−1, where the Jeziorny model outperforms, par-
ticularly in cases such as PLA5.0D with 10% HNT. It is 
essential to emphasize that Li et al. [11, 12, 64] noted the 
effectiveness of the Mo model in describing non-isothermal 
crystallization in PLAs when nucleating agents such as dil-
ithium hexahydrophthalate, calcium phenylphosphonate or 
cadmium phenylmalonate are introduced.

Shear-induced non-isothermal crystallization was 
explored by Bojda et al. [26], who investigated PLA with dif-
fering d-isomer mass percentages (1.8% and 2.5%) and found 
that a lower d-isomer content intensified the impact of shear 
flow on crystallization. Similarly, Tang et al. [71] examined 
non-isothermal crystallization in PLA/carbon nanotube nano-
composites, affirming that shear flow boosts crystallization 
in both pure PLA and nanocomposites. Meanwhile, Zin et al. 
[27] studied crystallization under strain-induced conditions 
in PLA with different d-isomer levels (2%, 4% and 12% in 
mass percentage). Their results, consistent with this study, 
indicated that a higher d-isomer content hindered crystalliza-
tion, even in the presence of flow/strain, leading to reduced 
crystallinity in PLA—contrary to the usual promotion of 
crystallization by flow/strain. Indeed, these studies show evi-
dence that the shear flow facilitates crystallization, whereas 
an increased d-isomer content exerts the opposite effect, thus 
reinforcing the results presented in Table 5 within this study.

A direct comparison from Table 5 reveals that the val-
ues of flow-induced crystallization temperatures (ranging 
between 110 to 130 °C) are higher than those of quiescent 
crystallization obtained via DSC (ranging between 104 and 
109 °C). This demonstrates PLA's enhanced crystallization 
tendency in the presence of flow, despite the influence of 
a higher d-isomer content. By exclusively analyzing the 
crystallization temperatures, it is not possible to discern 
the effect of HNT; one can merely observe a slight trend of 
increased crystallization temperature in its presence. This 
could be attributed to the flow effect being more predomi-
nant in these data.

0 20 40 60 80 100
– 140

– 120

– 100

– 80

– 60

– 40

– 20
∆E

x /
kJ

 m
ol

–1

Xr/%

 PLA1.5D 0%HNT
 PLA1.5D 2.5%HNT
 PLA1.5D 5.0%HNT
 PLA1.5D 10.0%HNT

Fig. 11   Effective activation energy ΔEx as a function of relative crys-
tallinity Xr



13480	 G. G. Biazin et al.

1 3

100 120 140 160 180
0

50000

100000

150000

200000
 PLA1.5D 0% HNT - 10 ºC min–1 e 0.1 s–1

 PLA1.5D 0% HNT - 10 ºC min–1 e 1 s–1

 PLA1.5D 0% HNT - 5 ºC min–1 e 0.1 s–1

 PLA1.5D 0% HNT - 5 ºC min–1 e 1 s–1

Temperature/ºC Temperature/ºC

Temperature/ºCTemperature/ºC

100 120 140 160 180
0

50000

100000

150000

200000
 PLA1.5D 2.5% HNT - 10 ºC min–1 e 0.1 s–1

 PLA1.5D 2.5% HNT - 10 ºC min–1 e 1 s–1

 PLA1.5D 2.5% HNT - 5 ºC min–1 e 0.1 s–1

 PLA1.5D 2.5% HNT - 5 ºC min–1 e 1 s–1

100 120 140 160 180
0

50000

100000

150000

200000  PLA1.5D 5.0% HNT - 10 ºC min–1 e 0.1 s–1

 PLA1.5D 5.0% HNT - 10 ºC min–1 e 1 s–1

 PLA1.5D 5.0% HNT - 5 ºC min–1 e 0.1 s–1

 PLA1.5D 5.0% HNT - 5 ºC min–1 e 1 s–1

100 120 140 160 180
0

50000

100000

150000

200000
 PLA1.5D 10.0% HNT - 10 ºC min–1e 0.1 s–1

 PLA1.5D 10.0% HNT - 10 ºC min–1 e 1 s–1

 PLA1.5D 10.0% HNT - 5 ºC min–1e 0.1 s–1

 PLA1.5D 10.0% HNT - 5 ºC min–1e 1 s–1

V
is

co
si

ty
/P

a 
s

V
is

co
si

ty
/P

a 
s

V
is

co
si

ty
/P

a 
s

V
is

co
si

ty
/P

a 
s

(a) (b)

(c) (d)

Fig. 12   Viscosity curves as a function of temperature for the non-isothermal flow crystallization of PLA1.5D for different Φ and shear rates: a 
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Conclusions

In this paper, we set out to investigate the non-isothermal 
crystallization kinetics of PLA/HNT nanocomposites under 
both quiescent and shear-induced conditions. The experi-
mental data were analyzed using Jeziorny and Mo models, 
and the crystallization activation energies were determined 
by Friedman method. Additionally, this research encom-
passed thermal and rheological characterizations of PLA/
HNT nanocomposites. The Mo model presented the best fit 
to describe the non-isothermal crystallization of PLA, possi-
bly due to the fact that the method is based on more complex 
assumptions, such as how secondary crystallization occurs, 
the dependence of lamellar thickness on the crystallization 
temperature and the rate of cooling treated as a variable 
throughout the entire crystallization process. Even though 

it is not the best model, Jeziorny was able to indicate that the 
growth of PLA crystals is mostly three-dimensional, which 
is corroborated by Mo’s model. The evaluation of activation 
energy showed that HNT favors an increase in the crystalli-
zation rate and that nucleation was the predominant process. 
The flow-induced crystallization allowed the conclusion that 
the shear action could lead to crystallization at higher tem-
peratures, which suggests that in these cases, there is the 
orientation of polymeric chains which induces molecular 
ordering. The percentage of d-isomer greatly affects crystal-
lization to the point that it can prevent crystallization under 
certain conditions. It was noticed that the HNT nanofiller 
nearly loses its function as a nucleating agent in PLA5.0D 
samples, primarily attributed to the higher d-isomer percent-
age in this material.

Table 5   Non-isothermal 
crystallization temperatures 
TNIC for PLA1.5D and 
PLA5.0D for different Φ and 
shear rates and a comparison 
between TNIC (with the shear 
flow) and the crystallization 
temperature found by DSC 
(without flow)

Sample Cooling rate/°C 
min−1

Shear rate/s−1 TNIC/°C Crystallization 
temperature by 
DSC/°C

PLA1.5D 0%HNT 10 0.1 115.3 105
PLA1.5D 0%HNT 10 1 110.6 105
PLA1.5D 0%HNT 5 0.1 115.5 105
PLA1.5D 0%HNT 5 1 112.5 105
PLA1.5D 2.5%HNT 10 0.1 113.4 104
PLA1.5D 2.5%HNT 10 1 117.8 104
PLA1.5D 2.5%HNT 5 0.1 115.0 107
PLA1.5D 2.5%HNT 5 1 124.6 107
PLA1.5D 5.0%HNT 10 0.1 117.3 104
PLA1.5D 5.0%HNT 10 1 120.5 104
PLA1.5D 5.0%HNT 5 0.1 118.3 108
PLA1.5D 5.0%HNT 5 1 126.2 108
PLA1.5D 10.0%HNT 10 0.1 117.3 105
PLA1.5D 10.0%HNT 10 1 124.3 105
PLA1.5D 10.0%HNT 5 0.1 118.8 109
PLA1.5D 10.0%HNT 5 1 129.9 109
PLA5.0D 0%HNT 10 0.1 116.6 –
PLA5.0D 0%HNT 10 1 113.4 –
PLA5.0D 0%HNT 5 0.1 115.0 –
PLA5.0D 0%HNT 5 1 111.1 –
PLA5.0D 2.5%HNT 10 0.1 116.4 –
PLA5.0D 2.5%HNT 10 1 111.8 –
PLA5.0D 2.5%HNT 5 0.1 115.5 –
PLA5.0D 2.5%HNT 5 1 111.8 –
PLA5.0D 5.0%HNT 10 0.1 116.5 –
PLA5.0D 5.0%HNT 10 1 114.1 –
PLA5.0D 5.0%HNT 5 0.1 114.5 –
PLA5.0D 5.0%HNT 5 1 115.9 –
PLA5.0D 10.0%HNT 10 0.1 114.7 –
PLA5.0D 10.0%HNT 10 1 113.9 –
PLA5.0D 10.0%HNT 5 0.1 115.5 –
PLA5.0D 10.0%HNT 5 1 116.7 –
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Through the TGA analysis the results showed that the 
presence of HNT did not cause a sudden change in thermal 
stability. Furthermore, there was no evidence of degrada-
tion provoked by the addition of HNT. Meanwhile, the rheo-
logical studies of these PLA nanocomposites in steady and 
dynamic states showed that all samples presented a viscous 
behavior and that HNT did not lead to major changes in 
rheological properties in steady state. The results indicated 
the absence of percolated networks too.

Finally, the DSC results showed that the smaller amount 
of d-isomer in PLA1.5D does not hinder the organization 
of the molecular chains, and the addition of HNT acts as 
a nucleating agent, favoring crystallization. On the other 
hand, the resulting morphology of processing a nanocom-
posite of PLA5.0D should be an amorphous material, only 
showing higher crystallinity in the lower cooling rate (the 
addiction of HNT show signs of increasing crystallinity in 
the 3 °C min−1 cooling rate). The crystallization half-time 
followed the same tendency. The neat PLA1.5D can have 
43% of crystallinity against 32% of the neat PLA5.0D at 
1 °C min−1 cooling rate (which have more time to crys-
tallize), and the difference changes to 49% against 36% 
when 10%HNT is added (at 1 °C min−1 cooling rate). At 
10 °C min−1 cooling rate, PLA1.5D 10%HNT crystalize and 
the PLA5.0D is amorphous. 
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