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Abstract: The poly(lactic acid) (PLA)/graphene (GN) composites were prepared by solution blending. An in situ mea-
surement technique was adopted to examine the non-isothermal crystallization of PLA/GN composites, which was dif-
ferent from the typical circumstances at constant cooling rate in DSC. The rheological properties of the samples were
investigated, and the Carreau-4 model was applied to non-linearly fit the rheological data. The non-isothermal crys-
tallization kinetics and solidification behaviors at variant cooling rates were investigated using a modified version of
Avrami equation by Jeziorny coupled with three-parameter model (TPM) and four-parameter model (FPM). Our findings
showed that the viscosity of the PLA/GN composites dropped with increasing shear rate or GN content. Crystallization
kinetic analysis suggested that GN served as an effective nucleating agent for PLA under non-isothermal melt crys-
tallization conditions with variant cooling rate.
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Introduction mechanical properties (e.g., poor toughness,® finite thermal

resistance,’ etc.) and slow crystallization rate.® Researches on

Poly(lactic acid) (PLA) has drawn intensive attentions in the the modification towards PLA materials have become one of
last several decades as a well-recognized biodegradable envi- the key issues in recent years.’

ronmental friendly and biocompatible materials.'” However, The mechanical properties, degradation performance and

PLA was still limited to relatively narrow application areas, thermal stability of PLA are directly related to the crystal-

such as, food packaging industry,’ 3D printing industry* and lization behavior of PLA.!" In order to improve the crystal-
biomedical applications,” primarily due to some inferior lization kinetics of PLA, many researchers have carried out
extensive studies in recent few decades. In the study by Zhen

et al.,"! PLA/ZnO pillared organic saponite nanocomposites
"To whom correspondence should be addressed.

yangbin@ahu.edu.cn, ORC 0000-0001-7578-4389 ) ] i ]
©2019 The Polymer Society of Korea. All rights reserved. strated that ZnO pillared organic saponite had a good inter-

were prepared by melting processing. Their results demon-
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facial heterogeneous nucleation effect in PLA matrix, and also
played an active role in accelerating the crystallization process
of PLA. Yue et al.” studied the influence of chemical modified
microfibrillated cellulose (MMFCO on crystallization behavior
and mechanical properties of PLA, and even small amount of
MMEFC (ca. 3 wt%) could improve the tensile modulus and
tensile strength by 25% in comparison to neat PLA. Girdthep
et al.” used graphene nanoplatelets as NA for PLA, and found
that an optimal graphene content (0.5 phr) showed a most pro-
nounced effect in facilitating PLA’s crystallization. Orellnan et
al."* prepared the PLA/amine-modified silica nanocomposites,
and found that the crystallization rate of PLA was significantly
increased after the addition of silica. Kamal ef al." studied the
crystallization kinetics of PLA filled with cellulose nano-
crystals (CNC), and found that the PLA/CNC composites
showed a high nucleation density, smaller spherulitic dimen-
sion, and higher crystallization rate than neat PLA. Similar
phenomenon was also observed by Petchwattana ef al.,'® who
studied the effect of talc with different particle sizes on the
crystallization kinetics of PLA, and discovered that smaller
particles of talc were favorable for faster crystallization rate.
Park er al."” investigated the effect of carbon nanotube (CNT)
on PLA as the nucleating agent, and found that the crys-
tallization kinetics of PLA were significantly enhanced in the
presence of CNTs, which further resulted in remarkable
enhancement in the mechanical properties of the PLA/CNT
nanocomposites even with a very small amount of CNTs.

These previous work'"'7 suggested that it is an effective way
to control the crystallization behavior of PLA through the
usage of nano-fillers. Graphene (GN) is a well-known prom-
ising nano-filler material owing to its unique microscopic struc-
ture, large specific surface area'® and so on, which was recently
widely adopted to modify a variety of polymers to improve
their mechanical, electrical and thermal properties.'”* For
instance, Abbasi et al.> found that graphene-reinforced poly-
etherimide (PEI) foam presented higher thermal stabilities and
higher values of storage modulus than unfilled PEI foam. The
nanocomposite foam filled with 2.2 vol% GN showed a dra-
matic increase in the electrical conductivity.

The present work was aimed at studying the effect of GN
upon PLA’s non-isothermal crystallization process during a
cooling period close to industrial processing operations (quite
close to the real processing situations, e.g., injection and com-
pression molding operations), which provides a facile method
for studying the melt non-isothermal crystallization kinetics of
slowly crystallizing polymers (e.g., poly(ethylene terephthalate),
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PLA, etc.) as compared to traditional methods for crystalli-
zation kinetic analysis® (typically, DSC,” XRD, etc). Based
upon the crystallization kinetics analysis regarding the effect of
GN content on the crystallization process of PLA with the GN
loading from 0.5% to 2.0% using DSC,*® the melt crystal-
lization kinetics of PLA in the presence of GN was inves-
tigated under variant cooling circumstances and GN was found
to serve as an effective nucleating agent (NA) for PLA.

Experimental

Materials. In this work, poly(lactic acid) (PLA), model:
ECOLAS-1010, was kindly supplied by Kao Co., Japan, with
a density of 1.252 g/cm’. Figure 1(a) showed the P-V-T curves
of the PLA material, which was plotted based upon the 2d-Tait
equation’” with the material parameters provided by the man-
ufacturer. The relative crystallinity of the samples was calcu-
lated based upon the density variations from the P-V-T
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Figure 1. P-V-T relationship (a); viscosity curves measured at
190 °C and 210 °C (b) for neat PLA.
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relationship (as shown later). Pristine graphene (SGNP-
F01005), with a bulk density of 0.065 g/mL, was kindly pro-
vided by the SCF Nanotech Co., Ltd., China, with an average
grain size of 5 mm and an average thickness of 5 nm.

Experimental Procedures. Sample Preparation: The
PLA/GN composites were prepared by solution blending.
Firstly, PLA was dissolved in N,N-dimethylformamide (DMF)
at a concentration of 100 mg/mL at 70 °C for 2.5 h. Mean-
while, put GN into the DMF to prepare a suspension liquid
with a GN concentration of 1 mg/mL, which was placed in an
ultrasonic dispersion machine (model: PS-30, SuperArt Tech.
Co., China) at a frequency of 40 kHz for 2 h to ensure that GN
was dispersed evenly. Then mixed the GN suspension liquid
with the solution of PLA, and stirred at 65 °C for 4 h. Sub-
sequently, placed the mixture in the ultrasonic dispersion
machine and mixed for 10 min. After that, the mixture was
poured into a watch-glass to stir for volatilization. The samples
were prepared after the solvent was completely volatilized.
The contents of GN in the prepared PLA/GN composites were
0, 0.5 and 1.0 wt%, respectively.

Rheological Property Characterization: The dynamic
rheological measurements were characterized in a stress-con-
trolled rheometer (model: Bohlin Gemini-HR nano, Malvern
Instruments Ltd., U.K.) using a 25-mm-parallel-plate geom-
etry. Dynamic mechanical tests were performed at 190 and
210 °C with frequency ranging from 0.01 to 100 Hz. In order
to measure the linear viscoelastic of the samples, the strain of
dynamic frequency was set as 1.0%.

In Situ Measurement of Solidification Behavior: In this
study, a micro-thermocouple (model: WRTK-192, Ode Pre-
cision Instrument Co., China) was used to record the tem-

perature decay during the cooling process of the prepared
samples. The micro-thermocouple was fixed on top of a spe-
cially-designed metallic container with its tip inserted into the
molten samples at specific depth. The samples were initially
heated to 250 °C by a hot-stage (model: 946A, Youyue Seiko
Co., China), then the metallic container was quickly immersed
into the cold water to cool the samples to the room tem-
perature. The temperature decays during the entire cooling
period was recorded by a data acquisition system (model: LU-
R2100, Anthone Electronics Co., China) with a sampling time
of 1.0 s. The experimental set-up used in this work is designed
by our lab,® and can be illustrated in Figure 2.

Results and Discussion

The relationship of viscosity versus frequency of neat PLA
under different temperatures was shown in Figure 1(b). It can
be seen that the shear viscosity dropped continuously with
increasing frequency, which was deemed as the “shear thin-
ning” phenomenon, indicating the characteristics of obvious
pseudo-plastic fluid of the PLA melt. The Carreau-A model
was applied in this work to fit the rheological data of the PLA

material®:

7= el + (A 97D (M

where 7* is the complex viscosity, 7, is the zero-shear vis-
cosity, 7 is the shear rate, and A is the characteristic relaxation
time. Here, » indicates the non-Newtonian exponent. Using the
nonlinear fitting, all parameters was obtained and listed in
Table 1 (all data have gone through several rounds of rep-
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Figure 2. Schematic of experimental set-up for in situ measurement device.
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Table 1. The Rheological Parameters Obtained through the
Carreau-A Model

Samples Tem(;()%?ture o (Pa‘s) A (s) n
190 3089.6 0.13 0.660
Neat PLA
210 1105.5 0.18 0.840
190 462.9 16.54 0.951
PLA/0.5% GN
210 105.1 3.76 0.768
190 91.5 20.74 0.845
PLA/1.0% GN
210 44.5 10.85 0.749

etition). The viscosity drops with increasing GN% and tem-
perature for all samples. As for the relaxation time (A1), the 4
value of the PLA composites displayed a decreasing trend as
a function of increasing temperature, considering that higher
temperature always leads to higher motion ability of the mac-
romolecular chains. However, the A value of neat PLA dis-
played a different trend from the composites, which should be
further investigated in our on-going work.

According to the Arrhenius equation towards temperature
dependence,®

n=K-&™ )

There existed a linear relationship between In # and 1/7, so
the viscosity of the polymer dropped with increasing tem-
perature.

Figure 3 showed the plots of viscosity vs. shear rate for PLA
and PLA/GN composites at 190 and 210 °C through dynamic
rheological tests. As can be seen from Figure 3, the viscosity
of the PLA/GN composites were a bit lower than neat PLA,
and with the increase of the GN content, the viscosity of the
PLA/GN composites were reduced, which suggested that the
addition of GN could improve the processability of PLA to
some extent. As is known, GN is a special nano-particles with
unique configuration, and has large specific surface area as
well as high activity, which can form an excellent chemical
and physical connection with the PLA matrix. This kind of
interface binding effect will reduce the molecular chain’s flex-
ibility and lower its entanglement density, leading to reduced
apparent viscosity.”® Additionally, as the chains of PLA tended
to get entangled, GN could fill in the free volume between the
molecular chains, which presented some “rigidity” so that it’s
easier for the melt to flow.”! As for this issue, a very similar
phenomenon was also observed by Cipriano et al.** in their
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Figure 3. Comparison of shear rate dependence of viscosity of PLA
and PLA/GN composites measured at 190 °C (a); 210 °C (b).

studies on PLA/talc composites.
The relative crystallinity of a polymer can be practically cal-
culated by the equation as follows,

— V.-V
=2 PP 100% = 2 100% 3)
P Pc=Pa Va_ Vc
where ¥, and V., meant the specific volumes of the 100% crys-

tallized and amorphous phases of PLA, respectively. In this
work, the values of ¥, and ¥, of PLA are 0.799 cm®/g and
0.932 cm’/g, respectively. The value of ¥ was obtained from
Figure 1(a) since the temperature and pressure were known.

Figure 4 showed the variations of temperature and crys-
tallinity with the crystallization time.

It can be seen that the temperature of the polymer dropped
with the elapsed time, while its crystallinity increased grad-
ually. Both kinds of curves took the shape of an “arc” with a
leveling-off in the later stage. Compared with our previous
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Figure 4. Variation of temperature and relative crystallinity (X;) as
a function of time: (a) neat PLA; (b) PLA/0.5%GN; (c) PLA/

1.0%GN.

work, there is no apparent “phase-change platform” that can be

seen,”” which is because the temperature drop was quite fast,

leading to considerable decrease in the time span of the crys-

tallization process. Figure 5 presents the Avrami curve fitting
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Figure 5. The Avrami curve fitting of the experimental X; versus
crystallization time: neat PLA (a); PLA/0.5%GN (b); PLA/1.0%GN
(c). Here “f,5” denotes the crystallization half time.

of the X; versus crystallization time, with the crystallization

half time (¢,5) labeled in the plots which is generally used as

a measure of overall crystallization rate (cf. Table 2). Inter-

estingly, there existed a linear correlation between (f,s)" and
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Table 2. Crystallization Kinetic Parameters Including Primary and Secondary Stages

Primary Secondary Overall
Samples
My, Zia My YA n Zy 1/tys K n
Neat PLA 0.868 0.082 1.249 0.036 1.045 0.059 0.090 4422 1.063
PLA/0.5% GN 1.368 0.054 0.650 0.262 1.089 0.090 0.153 8.729 1.154
PLA/1.0% GN 0.926 0.214 0.551 0.431 0.810 0.210 0.260 5.869 0.766
GN% as follows: 1.0
(a) ;
(tos)' = 0.08 +0.174 - GN% ) 051 Visorimaey. ot |
=
According to Table 2, with increasing GN content, (#s)" of T e e
the samples rose linearly. That is to say, the crystallization rate g
of the composites was accelerated with the addition of GN, 'é'n o |
and this effect could be strengthened with a further increase of =
the GN content, indicating that the presence of GN could pro-
mote a heterogeneous nucleation for PLA* since GN provided S i
a number of new nucleation sites, reduced the activation 0.
energy of crystal formation.* Based on the foregoing research
on dynamic rheological study of PLA and its composites with 1.0
GN, it was clearly seen that when the GN content was small,
the viscosity of the composite materials decreased with the 0.5+ 1
increase of the filler’s content, which enhanced the mobility of =
the molecular chains and was in favor of the crystallization PO 1
process of PLA.* E“
As is known, the isothermal crystallization kinetics of the % 45 1
samples can be evaluated using the Avrami equation®: = s
X=1-ep(Z, ) ®) g | | |
0.0 0.5 1.0 1.5
where Z, is the crystallization rate constant, and # is the Avrami log t
exponent related to the mechanism involved crystal nucleation o
and growth of crystalline phases. The above equation can be (c) —
converted to the following form, which was first proposed by 0.5 - i
Jeziorny, 637 =
log[~In(1-X)] = logZ+ 1 - logs 6) R Primary2
e
Figure 6 shows that plots of log[—In(1-X))] versus log ¢ for = 0s- : .
various samples. Obviously, the crystallization of PLA and its e i
composites occurred through two main stages (i.e., primary i . _ ‘ 1l .

and secondary crystallization processes). However, the primary
crystallization also consisted of two segments, and this type of
complex crystallization was also reported in previous liter-
ature.” For a particular sample, the fitting lines for each seg-
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Figure 6. Plot of log[-In(1-X))] versus log t: (a) neat PLA; (b) PLA/
0.5%GN; (c) PLA/1.0%GN.
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ment are approximately parallel to each other, indicating a
similar nucleation mechanism and crystal growth geometries at
different cooling rates for the samples. During the first stage of
the primary crystallization, the values of » for all the samples
lie within 0.8 < n < 1.4 (cf. Table 2). During the second stage,
the value of » increased for neat PLA but decreased for PLA/
GN composites, which may correspond to either a very com-
plex crystallization process or to the growth of smaller crys-
tallites. During the secondary crystallization process, all »
values remain within 2, indicating that the crystallization pro-
cess concludes with a two-dimensional growth of particles. As
the GN% increased, the value of crystallization rate Z,
increased, indicating GN could help to improve the crystal-
lization rate. This is in agreement with the results of 75 (cf.
Table 2), which suggests that GN could offers a more specific
area for PLA to crystallize under the non-isothermal condi-
tions. It is noted that there still exists a doubt that as compared
with neat PLA, Z;, value for PLA/0.5%GN sample is low,
which requires an on-going study in our group.

In this work two nonlinear empirical models of three-param-
eter and four-parameter models are utilized, which have
recently been raised in our research group for the transient heat
conduction mechanisms of crystalline polymers,*** namely,
“TPM” and “FPM,” respectively. The TPM can be expressed
in the following form:

y=B+(A-B)/(1+10*°), with x=1Inf and y=0 @)

where A and B were the parameters determined by the initial
temperature (7;) and the cooling medium temperature (T,),
respectively. Parameter C was closely related to the molecular
properties of polymers (i.e., composition, filler content, chain
branching structures, etc). For better understanding the influ-
ence exerted by the locations on the heat conduction, a position
dependent coefficient “D” in FPM was defined:

y=-B+(A-B)[1+(D - ¢)*“], with x=Inf and y=0 (8)

The parameters A, B, and C were similar to those defined
earlier in eq. (9), and parameter D was the position-dependent
coefficient. Figures 7 and 8 showed the non-linear curve fitting
of dimensionless temperature (¢) versus Int using TPM and
FPM, respectively. All fitting parameters and the correspond-
ing regression coefficient (R?) are listed in Table 3. Generally,
the models could reasonably give the prediction of the tem-
perature decay. FPM obviously presented even better fitting
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Figure 7. The non-linear curve fitting of dimensionless temperature
(0) versus In t using TPM: (a) neat PLA; (b) PLA/0.5%GN; (c)
PLA/1.0%GN.

results,®* as judged from the R* values (cf. Table 3). In spite
of the fact that the models are actually a phenomenological
description of the phase-change behavior of crystalline poly-
mers, the incorporation of latent heat and position corrections
to FPM could better reflect the kinetic nature of crystallization

Polymer(Korea), Vol. 43, No. 5, 2019
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process for of crystalline polymers (e.g., PE, PP, PLA, PET,
etc.)

Conclusions

In this work, the PLA/GN composites with various GN con-
tents were prepared through solution blending method, which
ensured a better dispersion of GN in the matrix. The dynamic
rheological measurements disclosed that the shear viscosities
of the PLA and PLA/GN composites dropped gradually along
with the increase of shear rate or increasing GN content. The
melt non-isothermal crystallization kinetics was characterized
based upon our solidification analysis, and our results showed
that GN played a good role as a nucleating agent. The crys-
tallization rate of the PLA/GN composites rose with increasing
GN content. The temperature dependence of relative crys-
tallinity (X;) during the primary and secondary crystallization
stages for PLA and PLA/GN composites was generalized as
the empirical equations, which can be adopted to predict the X;
with the variation of temperature. In addition, the three-
parameter model proposed by our group was used to obtain the
cooling parameters A, B and C via non-linearly curve fitting
technique, which is applicable in the forecast of melt non-iso-
thermal crystallization as well as the optimization of cooling
time during the injection molding operations.
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