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ABSTRACT: This article provides a detailed investigation of crystallization behavior and morphology of polylactic acid (PLA) in the
presence of a nucleating agent: potassium salt of 5-dimethyl sulfoisothalate, an aromatic sulfonate derivative (Lak-301). Isothermal
crystallization kinetics of PLA melt mixed with Lak at concentrations of 0.25-1 wt % was investigated at a range of crystallization
temperature, 140-150°C. To gain further insight on the effect of Lak, nonisothermal differential scanning calorimetry (DSC), wide
angle X-ray diffraction (WAXD), polarized optical microscope (POM), heat deflection temperature (HDT), and rheology were also
performed. At 0.25 wt % Lak, crystallinity of PLA increased from 10% to 45%, and in 1 wt % Lak, maximum crystallinity of 50%
was achieved. With 1 wt % Lak, crystallization half time reduced to 1.8 min from 61 min for neat PLA at 140°C. The isothermal
crystallization kinetics was analyzed using Avrami model. Values of the Avrami exponent for PLA with Lak were mainly in the range
of 3 indicating a three dimensional crystal growth is favored. Crystallization rate was found to increase with increase in Lak content.
Observation from POM confirmed that the presence of Lak in the PLA matrix significantly increased the nucleation density. © 2016
Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43673.
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Depending on the p-lactide content, PLA can be either amorphous
or crystalline. Melting temperature of semicrystalline PLA, with
low content of p-lactide is in the range of 170-180°C and glass
transition temperature (Tj) is around 60 °C. Crystallization rate of
semicrystalline PLA is very slow compared to other commercial
polymers such as polypropylene and polyethylene.” Therefore, it is
difficult to achieve high crystallinity without changes to formula-
tion or processing conditions. PLA remains almost amorphous
under practical processing and molding conditions adopted for
injection molding processes with high rate of supercooling. Diffi-
culty in demolding and ejection of parts made of PLA is also attrib-
uted to its slow crystallization. In the context of heat deflection
temperature (HDT), increasing the crystallization rate of PLA is of
great importance as higher amount of crystalline form contributes
to high HDT at service temperatures above Tg.4

INTRODUCTION

With global production of bioplastics forecast to quadruple by
2018, there is a huge opportunity for major industries such as
packaging, automotive, and construction, to meet their need for
sustainable products using bioplastics. Polylactic acid (PLA) is a
renewable resource-based compostable polymer having a favor-
able combination of material properties such as high strength
and modulus, biocompatibility, and moderate barrier proper-
ties.” With comprehensive research and development efforts,
PLA is increasingly becoming the sustainable material of choice
for certain applications where conventional, nonbiodegradable
polymers are used. Large scale availability at affordable cost due
to advancements in manufacturing processes and increase in
production capacity gives PLA an edge over other bioplastics.
Much of the current research pertaining to PLA is directed

toward overcoming its two major drawbacks: low impact Major strategies that are known to increase the crystallinity of

strength and slow crystallization rate. Successful modification of
these properties in cost efficient ways will greatly widen the use
of PLA in packaging containers, agricultural, biomedical and
engineering materials.

© 2016 Wiley Periodicals, Inc.
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PLA are (1) formation of stereo-complex crystals, (2) use of
nucleating agents, alone or in combination with plasticizers, (3)
in some cases, epitaxy has also shown to be an effective way to
speed crystallization of PLA.>® Nucleation and crystallization
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mechanisms are, however, different in each of these cases. Incor-
poration of a nucleating agent is the most economical and
widely used method for accelerating the crystallization process
and increasing the crystallinity content. Presence of a nucleating
agent in a virgin polymer can influence the kinetics and crystal-
line morphology by offering nucleation sites for initializing the
crystallization process.” Lowering the crystallization half time
with the addition of a nucleating agent can help shorten the
molding cycle times. Numerous investigations have been con-
ducted on improving the crystallization of PLA.*?® Anderson
et al® investigated the nudcleating efficiency of stereo complex in
comparison with talc, a common nucleating agent. In their study,
crystallization half time of PLA was reduced to less than 1 min with
addition of 6% of talc, however, the stereocomplex showed a supe-
rior effect compared to talc.® Liao et al® investigated the effect of
three different nucleating agents, CaCOs, TiO,, and BaSO, (0.5—
2.0 wt %) and studied their isothermal crystallization kinetics.
BaSO, at 0.5 wt % was concluded to have maximum effect on crys-
tallization of PLA. Tsuji et al.'® ordered the acceleration effects of
various nucleating agents on the crystallization of poly(r-lactic
acid) PLLA in decreasing order as: poly(p-lactic acid)-
> talc > fullerence C60 > montmorillonite > polysaccharides.
Nofar et al.'! investigated the crystallization behavior of linear and
long chain branched PLA and their crystallization kinetics. Blend-
ing PLA with polymers having higher crystallization rate can result
in blends with improved crystallinity. Blends of PLA with polygly-
colide, polyoxymethylene (POM), polyhydroxy butyrate (PHB),
poly e-caprolactone (PCL) have been proved to possess improved
crystallization rate compared to neat PLA.'*™* Numerous other
nucleating agents like talc,'” N,N’-ethylene bis-stearamide (EBS),"®
carbon nanotubes,'” zinc phenyl phosphate,'”® multiamide and
hydrazide compounds,lo’w_24 nano-calcium carbonate (CaCO3),%
and orotic acid*® have also been examined in PLA.

In this article, we have investigated the effectiveness of an aro-
matic sulphonate derivative (potassium salt of 5-dimethyl sul-
foisothalate), commercially available as Lak-301 in increasing
the crystallization rate of PLA. In our previous publication,*”
we showed that use of Lak in combination with high molding
temperature had helped in improving the crystallinity and hence
the HDT of PLA biocomposites. We also concluded Lak offered
best results in comparison to other nucleating agents such as
precipitated calcium carbonate and magnesium oxysulfate.
Recently, Shi et al.®® investigated the synergistic effect of poly-
ethylene glycol (PEG) plasticizer in combination with Lak, talc,
CaCOs;, and halloysite nanotubes. They concluded Lak and talc
provided better enhancement of PLA crystallization in compari-
son to other nucleating agents. To the best of our knowledge,
isothermal crystallization kinetics and nucleation behavior of
Lak at different concentration in PLA have not been investigated
in detail. Intent of this article is, therefore, to investigate the
effect of Lak concentration, crystallization temperature on the
overall crystallization rate, and crystallizability of PLA with Lak.

EXPERIMENTAL

Materials and Sample Preparation
PLA, Ingeo 3001D with 1.5% p-lactide content was purchased
from NatureWorks LLC, USA. Potassium salt of 5-dimethyl sul-
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Figure 1. DSC melting traces of PLA and PLA with Lak from second heat-

ing cycle. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

foisothalate commercially available as Lak-301 was purchased
from Takemoto Oil & Fat Co, Japan. Nucleating agent will be
referred as Lak in the article. Neat PLA was oven-dried at 80°C
for at least 12 hrs. Samples of neat PLA and PLA with different
concentrations of Lak (0.25, 0.5, 0.75, and 1 wt %) were fabri-
cated through melt extrusion and injection molding. 15 cc, co-
rotating twin screw micro extruder and 12 cc micro injection
molding machine (DSM Research, Netherlands) were used.
Processing temperature of 180 °C, screw RPM of 100, and resi-
dence time of 2 min was adopted for all the samples. Melt from
the extruder was collected and transferred to the injection
molder through a preheated collecting device. Holding pressure
and time was set to 9 bar and 18s, respectively. Samples were
molded to disc shape for rheology testing at a molding temper-
ature of 30°C. Neat PLA was also processed under identical
conditions to possess similar thermal history.

Testing and Characterization

Differential Scanning Calorimetry (DSC). Nonisothermal DSC
was performed under heat-cool-heat cycle. Heating profile of
0-190°C with heating rate of 10°C/min was adopted for first and
second heat cycle. Isothermal hold of 3 min was included
between cycles to erase the thermal history. Cooling cycle was
run at 5°C/min. Isothermal DSC was performed by heating the
samples to 190 °C with heating rate of 10 °C/min followed by iso-
thermal step at desired crystallization temperature for 30 mins.
Samples of 3-5 mg for both isothermal and nonisothermal DSC
were prepared from specimens molded at 30°C. TA Instruments
(New Castle, DE) DSC Q200 was used for the analysis.

Wide Angle X-ray Diffraction (WAXD). WAXD profiles of the
samples were collected at room temperature from SuperNova
Agilent single-crystal diffractometer equipped with a microfocus
CuKo (A =1.54184 A) radiation source and Atlas CCD detector.
X-Ray diffraction images were collected from four different
angular positions of the goniometer using ¢-scans to generate a
1D powder pattern within 20 range of 5° and 100°. Images were
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Table I. Thermal Characteristics of PLA and PLA with Different Concentration of Lak

Sample T (°C) AHm (J/g) Tee (°C) T (°C) Tg (°C) 7 (%)

Neat PLA 169.5+x0.1 411+0.1 117.8+0.2 105.3+0.3 63.0+0.3 10.6+0.3
PLA +0.25% Lak 168.9+0.3 409+0.1 - 132.3+0.2 629+0.1 448+0.2
PLA + 0.5% Lak 168.9+0.1 40.1+0.2 = 133.6+0.4 629+0.1 451+0.4
PLA +0.75% Lak 169.1+0.2 41.8+0.1 - 1342+0.2 62.7+0.2 48.3+0.1
PLA + 1% Lak 169.7+0.3 42.8+0.2 = 1346+0.2 62.6+0.1 50.8+0.2

processed using CrysAlisPro software. Plots of the powder pat-
tern were generated from the original images with a step of
0.02° in 20.

Heat Deflection Temperature (HDT). Dynamic Mechanical
Analyzer (DMA) Q800 from TA Instruments was used for
measuring the HDT by heating the samples at 2 °C/min under a
pre-load force calculated to match 0.455 MPa as per ASTM
D648. HDT reported is the temperature corresponding to
0.1889% strain; results are an average of two samples.

Scanning Electron Microscope (SEM). Phenon ProX (Phenon
World BV, Netherlands) SEM equipped with a back scattering
electron (BSE) detector was used to study the morphology of
PLA samples with nucleating agent. Processed, nonisothermal
samples were used for the analysis.

Polarized Optical Microscope (POM). POM from Nikon
Instruments Inc., Canada equipped with a hot stage from Linkam
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Scientific Instruments Ltd., UK was used to perform a qualitative
analysis of the crystallization process. Samples were melted at
180°C, and a maximum cooling rate of 50°C/min was used to
bring the samples to desired isothermal temperature.

Rheological Characterization. Anton Paar MCR302 rheometer
(Anton Paar GmbH, Graz, Austria) with a parallel plate config-
uration (22 mm plate and 1 mm measurement gap) under
nitrogen atmosphere was used for rheological characterization.
Frequency sweep analysis was done between 0.1-600 rad/s, at
190°C and 1% strain rate.

RESULTS AND DISCUSSION

Nonisothermal Crystallization Behavior

Effect of Lak on crystallization of PLA under nonisothermal
conditions were studied and the DSC thermograms of melting
from second heating cycle for neat PLA and PLA with increas-
ing concentration of Lak are presented in Figure 1.
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Figure 2(a—d). Relative crystallinity plots for PLA with different wt % of Lak. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 3(a—d). Avrami Plots for PLA with different wt % of Lak. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Melting (T;,), cold crystallization (T.), and crystallization (T;)
peak temperatures, melting enthalpy (AH,,), glass transition
temperature (T,), and percentage crystallinity (y.) calculated
from second heating cycle are provided in Table 1. PLA exhib-
ited its characteristic cold crystallization, melting peaks, and
glass transition temperature (T,). First obvious observation
from Figure 1 is the cold crystallization peak which reflects the
materials ability to crystallize below the melting temperature.
The presence of cold crystallization peak in the second heating
cycle of neat PLA indicates some of the semicrystalline chains
were still capable of rearranging or recrystallizing before melt-
ing. The absence of cold crystallization peak in PLA/Lak is a
good indication Lak acts as an effective nucleating agent in pro-

as 50% was

moting the crystallization process.
In previously published literature on crystallization of PLA with
other nucleating agents, reduction in cold crystallization peak
and in some cases disappearance has been reported and this
behavior has been concluded to signify the efficiency of nucleat-
ing agent in enhancing the crystallization process.>** The crys-
tallization peak temperature, T. of PLA showed drastic
improvement from 105°C to 134°C with the addition of Lak.
Also, T. showed an increasing trend with increasing concentra-
tion of Lak again suggesting Lak is an efficient nucleating agent,
supported by literature.>***® Presence of nucleating agent
favors heterogeneous nucleation which would decrease the free
enthalpy and increase the nucleation rate in the high tempera-
ture region and shift the T, value to higher temperature.”® Per-
centage crystallinity (x.) of PLA and PLA/Lak formulations

were calculated using the equation,

M“‘d\;;li)} WWW.MATERIALSVIEWS.COM 43673 (4 of 11)
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~ AH,—AH.
A= W * 100%

AH,, is the melting enthalpy and AH, is cold crystallization
enthalpy, both taken from second heating cycle. AH?, is 100%
crystalline PLA’s melting enthalpy, 93.7 J/g,”® and f corresponds
to the weight fraction of PLA. With the disappearance of cold
crystallization peak in the presence of Lak, crystallinity as high
achieved. Like T, percentage crystallinity also

showed an increasing trend with increase in Lak concentration.

Isothermal Crystallization Kinetics
Isothermal crystallization behavior of PLA with different levels of

Lak was examined at a range of temperatures between 140°C
and 150 °C. Literature suggests the crystallization temperature of
PLA to be in the range of 105°C-120°C.>*° In this study, we
have selected 120 °C and 140 °C as isothermal crystallization tem-
perature (7T_s,) for pure PLA. In the case of PLA containing
Lak, it was difficult to conduct the isothermal study at tempera-
tures less than 140 °C as some of the crystals were already formed
at temperatures below 140 °C while cooling from melt condition,
even when a maximum cooling rate of 50 °C was used. When the
polymer melt is rapidly cooled from melt to predetermined T s,
there is a time interval before the start of crystallization. This
time is termed induction time, during which nucleation and
growth process has been suggested to take place. Efficient nucle-
ating agent shortens the induction time and enhances the overall
rate of transformation from the molten state to the crystalline
solid state. For instance, in the case of PLA with 1% Lak, induc-
tion time was noticed to be 2s at 140 °C, whereas for neat PLA,
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Table II. Isothermal Crystallization Kinetics Parameter Obtained from Avrami Plots

Sample In(k)-intercept k Standard error n (slope) Standard error Half Time (t 1/2)
Neat PLA

120°C -4.8 0.007 0.004 2.1 0.002 8.3
140°C -101 0.000 0.000 2.4 0.002 60.8
PLA + 0.25% Lak

140°C =37 0.023 0.003 3.1 0.002 2.9
142°C -3.8 0.020 0.004 3.0 0.004 3.1
144°C -6.1 0.002 0.001 3.6 0.001 4.9
146°C -6.1 0.002 0.003 3.1 0.002 6.2
148°C -6.7 0.001 0.003 3.2 0.001 7.2
150°C -8.7 0.000 0.004 3.5 0.002 10.5
PLA + 0.5% Lak

140°C -31 0.044 0.006 3.2 0.007 2.3
142°C =32 0.038 0.007 2.2 0.005 8.6
144°C -3.3 0.035 0.007 1.8 0.004 51
146°C =5.9 0.004 0.004 2.9 0.002 7.6
148°C -8.4 0.000 0.002 3.5 0.001 9.9
150°C =73 0.001 0.003 3.0 0.001 101
PLA + 0.75% Lak

140°C =23 0.098 0.004 3.1 0.006 1.8
142°C 2.2 0.110 0.002 3.2 0.002 1.9
144°C =33 0.036 0.002 3.0 0.002 2.6
146°C -53 0.005 0.003 3.1 0.002 4.8
148°C =5.9 0.004 0.002 3.0 0.001 5.9
150°C -7.8 0.000 0.003 3.3 0.001 9.2
PLA + 1% Lak

140°C -2.0 0.127 0.009 2.8 0.013 1.8
142°C =3 0.041 0.005 3.1 0.005 2.4
144°C -3.5 0.028 0.010 2.3 0.007 3.8
146°C =38 0.021 0.010 2.0 0.005 5.7
148°C -3.5 0.028 0.007 1.6 0.004 6.8
150°C =3.5 0.030 0.005 iL.5 0.002 8.2

induction time was 6 min at 120°C. Such shortening of induc-
tion times in the presence of Lak is understandable, as PLA does
not have to undergo self-nucleation.

Isothermal crystallization can be better understood by evaluat-
ing the relative degree of crystalline conversion or relative crys-
tallinity (X,) as a function of time at different crystallization
temperatures selected. Relative crystallinity is expressed as the
ratio of the area of the crystallization time, t, to the total area
of the exotherm peak,

Jy (dH/dr)dr
‘T < (aHjdr)dr

Where, dH/dt is the rate of heat flow during the crystallization
process at time t.

2)

Figure 2(a—d) shows the evolution of relative crystallinity with
time for PLA with different levels of Lak at a range of isother-
mal crystallization temperatures. Sigmoid nature of the relative
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crystallinity curves, with time dependence is obvious. These fig-
ures clearly depict the increase in crystallization time as the
crystallization temperature increases from 140°C to 150°C.
There is a critical T, where the crystallization rate is the fast-
est. Below this critical temperature, the crystallization rate is
dominated by crystal nucleation and above this critical tempera-
ture crystal growth rate is the dominant mechanism due to the
increase in molecular mobility.*!

Avrami theory is the most common and widely used method to
analyze and describe the isothermal crystallization kinetics.
Avrami method relates relative crystallinity, X, to crystallization
time, f, by the equation,

1-X,=exp (—kt") (3)

or In[~In (1—X;)]=n In(¢)+In(k) (4)

Where k is the crystallization rate constant involving both nuclea-
tion and growth rate parameters. n is the Avrami exponent,
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Figure 4. Crystallization rate vs crystallization temperature for PLA with
Lak. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

dependent on the nature of nucleation and crystal growth dynam-
ics.?® By plotting In {In[1 X(#)]} versus In(t), the Avrami exponent
n, and the logarithm of the kinetic constant In k, can be determined
from the slope and intercept, respectively. In general, these double
log plots show deviations from linearity toward the beginning and
end of crystallization due to initial and secondary crystallization.*
Secondary crystallization is considered to occur due to crystal per-
fection and/or impingement of spherulites.”” Therefore, only 20%—
80% of relative crystallinity linear portion data was used to fit the
equation to obtain n and k values.

Avrami plots In {In[1 X(#)]} versus In(t) for PLA with different
concentrations of Lak at a range of crystallization temperatures is
shown in Figure 3(a—d). Almost parallel nature of the lines for a
given sample in these plots indicates a good fit. Results evaluated
from the plots are summarized in Table II. For neat PLA, the val-
ues of n range from 2.1 to 2.4 which are similar to literature val-
ues of 2.1-2.4 at T, = 120°C-140°C by Xu et al**; 2.0-2.3 at
Te.iso = 114°C~126°C by Zhang et al’?; 2.5-2.9 at T, = 90°C—
140 °C by Tsuji et al.’”; 2.4-2.8 at T.,, = 120°C~140°C by Weng
et al>* Tn case of PLA with Lak, the n values have shifted from
the range of 2 for pure PLA to range of 3 with 0.25, 0.5, and
0.75% Lak and back to the range of 1.5-3 for PLA with 1% Lak.
This strongly indicates conditions such as, presence of the nucle-
ating agent Lak, its concentration, and the crystallization temper-
ature, have strong influence on the crystallization mechanism of
PLA. Avrami exponent, # usually range from 1-4, the lower val-
ues (1-2) are associated with two dimensional growth with
instantaneous and sporadic nucleation while the higher n values
(3—4) denotes three dimensional growth of spherulites with just
sporadic or combination of simultaneous and sporadic nuclea-
tion.” 1 values in the range of 2 obtained for pure PLA indicates
mainly homogeneous nucleation with two dimensional crystal
growth was favored in the absence of nucleating agents. n values
in the range of 3 obtained for PLA with 0.25%, 0.5%, and 0.75%
Lak indicates that at particular concentration of Lak, three
dimensional crystal growth is favored.
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Figure 5. WAXD pattern for meat PLA and PLA with different concentra-
tion of Lak. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

The drop in n value with increase in Lak concentration (1%)
can be attributed to increased nucleation density which could
result in a large number of partially developed spherulites
impinging with each other at very early stage of crystallization
thus resulting in sheaf like structures or truncated spherulites.
Presence of such intermediate sheaf like crystal geometry has
been reported to decrease the Avrami exponent from 3.°%* k
values with unit min™" are dependent on s, and n varies with
T, iso> therefore, k values are not directly compared. Hence, crys-
tallization kinetics is discussed based on crystallization half time
(t1/2), crystallization rate (t;/,), and activation energy. Crystalli-
zation half time, #,/, is defined as the time required to achieve

Table III. HDT for PLA/Lak formulations Molded at Different
Temperatures

PLA/Lak formulations at different mold

temperatures HDT (°C)
PLA 4+ 0.25% Lak at 30°C 56.1+0.2
PLA + 0.5% Lak

30°C 56.1+0.3
60°C 56.8+0.1
90°C 58.0+0.2
110°C 88.3+0.3
PLA +0.75% Lak

30°C 56.1+0.1
60°C 56.2+0.1
90°C 58.7+x0.2
110°C 116.0+0.2
PLA + 1% Lak

30°C 56.2+0.1
60°C 56.4+ 0.2
90°C 58.7+x0.1
110°C 1408=+1.2

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43673
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Figure 6. Polarized optical microscopy images of PLA (top row) and PLA with 0.5% Lak (bottom row) at 20X magnifications. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

50% of the final crystallinity of the sample at a given T s,
expressed by the equation

Ty ,=(In2/k)"" (5)
The reciprocal of f,,, is denoted as the crystallization rate, 7,/,.
Parameter k is a temperature-dependent factor; it is denoted in
the Arrhenius form for isothermal transformation as

ln(k)zln(ko)—R—ET

The activation energy for overall crystallization can be deter-
mined by plotting In(k) vs 1/T and In(k) is directly related to
the activation energy. For neat PLA, the In(k) value is —10.7 at
140°C, comparing this to PLA with Lak, the In(k) values and
thus the activation energy is reduced in the presence of Lak.
Another notable point is the increase in In(k) value (activation
energy) of PLA/Lak with increase in crystallization temperature.

(6)

Calculated values of t,, are listed in Table II.

With the addition of Lak the crystallization half time reduced
significantly and showed an increasing trend with increase in
crystallization temperature. Lowest crystallization half time was
achieved for PLA with 1% Lak at 140°C. These observations
suggest Lak is effective in enhancing the isothermal crystalliza-
tion behavior of PLA and the level of improvement is depend-
Based on the
explanations of Gao et al.*® and Kang et al.* the change in f,)
with the addition of nucleating agent is based on the nucleation
rate which is controlled by free enthalpy of formation of nuclei

ent on the crystallization temperature.

L39

of critical size, and free energy of the activation governs the dif-
fusion of polymer segments across the phase boundary. In the
high temperature region, free enthalpy is the dominant factor
controlling nucleation rate; whereas in the low temperature
region, free energy of activation has a greater influence on the
nucleation rate. They have attributed higher #;,, of neat PLA to
high free enthalpy and hence slow crystallization. With the
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addition of nucleating agent, free enthalpy reduces which in
turn enhances primary nucleation. For more clarity, dependence
of crystallization rate (t,,) on isothermal crystallization tem-
perature is explained by plotting 1/t;,, as a function of T, in
Figure 4.

It is clear from this graph that the crystallization rate is gradu-
ally decreasing with increase in T, s, and a progressive increase
is observed with increase in the concentration of Lak. At tem-
peratures between 142°C and 148°C, 0.75% Lak shows higher
crystallization rate compared to PLA with 1% Lak. These obser-
vations suggest Lak is effective in accelerating the overall iso-
thermal crystallization process.

Wide Angle X-ray Diffraction (WAXD)

In order to study the effect of addition of Lak on the crystal
forms of PLA, WAXD patterns were recorded for neat PLA and
PLA with different Lak content, and they are shown in Figure 5.
Depending on different crystallization conditions, PLA is known
to crystallize in three different crystal modifications: o, f§, and 7y
forms.*>*! Among the three crystal forms, o form is the most
commonly observed crystal structure for crystals developed
from melt crystallization at T, higher than 120°C, and « form
for T. less than 100°C.*>™*? In our study, samples were not
crystallized and the WAXD pattern obtained reflect the crystalli-
zation structure developed during processing of samples at the
specified molding conditions (30 °C and 110 °C). From Figure 5,
it is evident that neat PLA exhibited a broad hollow ascribed to
the amorphous reflection peak at
20 =16.84°, revealing the semicrystalline nature. Addition of
Lak at different levels did not change this behavior, however a

nature and a weak

slight increase in the intensity of the peak was observed with
increase in the concentration of Lak from 0.25% to 1%. With
increase in mold temperature to 110°C, Lak enhanced the crys-
tallization of PLA and hence two strong peaks appeared at
20 =16.84° and 20 =19.1°. These two peaks indexed as (200/

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43673
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Figure 7(a-b). Variation in complex viscosity, storage modulus, and loss
modulus of PLA/Lak with increasing Lak content as a function of fre-
quency. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

110) and (203) are characteristic peaks for a typical o and o
crystal forms of PLA.**

Heat Deflection Temperature (HDT)

As discussed in the Introduction section, adding nucleating
agents to improve the crystallization of PLA is one of the effi-
cient ways to improve the short term heat resistance property of
PLA indicated by HDT. Current study along with other pub-
lished literature has established the effectiveness of Lak-301 in
improving the crystallinity of PLA; hence it is natural to expect
that it would also significantly improve the HDT. However, in
spite of successful enhancement in crystallization rate of PLA
through addition of nucleating agents, obtaining injection
molded articles of PLA with high crystallinity remains difficult
due to very high mold cooling rate. HDT results obtained in
this study, presented in Table III, also support this practical
limitation of using Lak for samples molded at low mold tem-
perature. Main reason for this observation is the insufficient
level of crystallinity developed in nucleated PLA molded at
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room temperature with fast cooling rates typically higher than
100°C/min. As mold temperature is increased, tremendous
improvements are observed and an increasing trend in HDT
was observed in samples containing higher amounts of Lak
molded at 110°C. Based on the targeted applications, suitable
molding conditions have to be adopted for desired HDT in final
formulations. These results further corroborate with crystallinity
profiles obtained from WAXD.

Spherulite Morphology from Optical Microscopy

In the case of neat PLA, nucleation and subsequent crystal
growth was difficult to observe at temperatures higher than
130°C, where as in the case of PLA containing nucleating agent
Lak, the crystals were already partially formed at this tempera-
ture while cooling from melt state. Therefore, the optical micro-
scope images shown in Figure 6 were captured at 120°C for
neat PLA and 140°C for PLA with Lak. Images for only PLA
with 0.5% Lak are shown as similar crystallization behavior was
noted invariable of the content of Lak. At melt state, optical
microscopy image for PLA was completely dark but in other
formulations with Lak, the Lak particles were actually visible as
bright spots as shown in Figure 6(b). Nucleation and spherulites
growth occurred rather slowly in neat PLA compared to PLA
containing nucleating agents. The spherulites sizes were large
and were impinging on each other. An efficient nucleating agent
is expected to provide a surface conducive to nucleation and
increase the nucleation density by reducing the surface free
energy barrier for primary nucleation.”® Based on the above
explanation, Lak can be an effective nucleating agent as the
nucleation density increased with much smaller spherulites size
but with larger number of spherulites. The crystallization
appears to be complete by 3-4 min in the presence of Lak at
140°C. These observations further confirm that incorporation
of Lak is a promising means to improve the crystallization of
PLA at appropriate molding conditions.

Rheology

Rheology is of fundamental and practical interest as it can
reveal changes in macromolecular chain structure with the addi-
tion of nucleating agents based on the variation in melt viscos-
ity. Figure 7(a-b) presents the storage modulus (G) and
complex viscosity () of neat PLA and PLA/Lak formulations at
190°C as a function of angular frequency. Complex viscosity of
PLA and PLA with Lak exhibited Newtonian behavior at lower
frequencies and shear thinning behavior at higher frequencies.
It can be seen, at lower frequencies, complex viscosity of PLA
containing Lak was less than neat PLA and this behavior was
pronounced at concentrations of 0.75% and 1% Lak. Such
reduction in complex viscosity could be attributed to reduction
in free volume as the nucleating agent increases the crystallinity
of PLA, or just the presence of Lak particles which could inter-
fere with physical process of chain entanglements in PLA melt.
Similar behavior has been reported previously by other
researchers in nucleated systems with PLA as matrix.*>** The
storage modulus, G” and loss modulus G” of PLA with Lak was
almost the same as neat PLA and at certain concentrations
slightly lower than PLA. A characteristic terminal flow behavior
of G'(w) x w* and G"(w) x w was expected for PLA and it
was observed to follow this behavior fairly well. The slopes of
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G'(w) and G"(w) calculated from angular frequencies lower
than 10 rad/s for neat PLA was 1.93 and 0.96, respectively.
These values are consistent with values reported by other
researchers for PLA.**™** Addition of Lak did not seem to affect
the shape and slope of storage modulus and loss modulus
curves indicating chain dynamics were not drastically affected
by the presence of Lak.

Scanning Electron Microscopy (SEM)

SEM of Lak-301 is shown in Figure 8 at low and high magnifica-
tions. Irregular trapezoidal crystal structures with particle size rang-
ing from approximately 5-200 pm were observed. Some of the large
size particles were noticed to be agglomerated. Fractured surface
morphology of PLA with Lak is shown in Figure 9. The fractured
surface was obtained by breaking the extruded strands of PLA con-
taining different concentrations of Lak. SEM micrographs on the
top row show the distribution of Lak particles in PLA matrix. As the
concentration of Lak is increased, more particles were seen on the
surface, and hence a propensity for higher nucleation density. At

Sl

WILEYONLINELIBRARY.COM/APP

Figure 8. SEM Images of Lak-301 at 200X and 1000X magnification.
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0.25% Lak concentration, the fracture surface of PLA is smooth,
characteristic of PLA brittle fracture. As the concentration increased
to 1%, a rough fracture surface with some fibrils was observed. SEM
micrographs in the bottom row show the development of spherulites
structures in PLA/Lak formulations. The sizes of the spherulites
were in the order of 100 um. The spherulites observed here seems to
have formed from an aggregate of lamellae radiating from the center
outward. They appear to have a Lak particle as a central nucleating
entity which has initiated the crystal growth in all directions. Thus,
the different crystals are nucleated separately and grow uncorrelated.
Also, the spherulites developed have distinct boundaries, and are
noticed to impinge on each other. The size of the spherulite is
reduced and is smaller in the case of PLA with 1% Lak. Another
notable observation is spherulitic structures which have formed only
around certain Lak particles. This could be due to the wide range of
variation in the Lak particle size or simply not enough time to
undergo complete crystallization process under the adopted process-
ing conditions. This SEM morphology shown here gives an idea of

Figure 9. SEM Images of (a,b) PLA + 0.25% Lak; (c,d) PLA + 0.5% Lak; (e,f) PLA + 0.75% Lak; (g,h) PLA + 1%Lak at 1000X magnification.
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the morphology that is likely to develop in PLA formulations under
nonisothermal conditions with fairly high cooling rates from melt
temperature.

CONCLUSIONS

PLA with different concentration of Lak was prepared through
melt extrusion and injection molding. The isothermal and noniso-
thermal crystallization behavior, isothermal crystallization kinetics,
spherulitic morphology, and crystalline structure of PLA and PLA
with Lak were investigated in detail. The addition of even small
amounts of Lak significantly enhanced the nonisothermal crystalli-
zation peak temperature of PLA from 105°C to 134°C. The iso-
thermal crystallization kinetics study revealed the overall
crystallization rate to be much faster in PLA nucleated with Lak
and the rate was found to be highest at 0.75 wt % Lak. Crystalli-
zation rate, however, decreased with increasing crystallization tem-
perature indicating the presence of critical isothermal
crystallization temperature. Crystallization half time as low as 1.8
min was obtained while adding 0.75%-1% Lak at isothermal crys-
tallization temperature of 140 °C. The values of the Avrami expo-
nent of the neat PLA indicated two dimensional crystal growths.
In the case of PLA/Lak formulations, at Lak concentration of up
to 0.75% the n values were around 3 indicating a three dimen-
sional crystal growth. With further increase in Lak concentration
to 1 wt % Avrami exponent value reduced, this is believed to be
due to increased nucleation density which could result in a large
number of partially developed spherulites impinging on each
other. Therefore, at early stage of crystallization sheaf like struc-
tures or truncated spherulites are expected to be developed. The
observations from POM showed greater nucleation density in
PLA/Lak blends with numerous small size spherulites compared
to larger and sparse spherulite structures developed in PLA.
WAXD profiles showed both neat PLA, and PLA with Lak was
having mainly o and o form of crystal structure and hence we
can conclude Lak did not modify the crystal structure but
enhanced the process of crystallization. In summary, Lak can be
effective in providing the required crystallizability for PLA, which
could help in extending the practical range of PLA applications,
when the products are molded at higher molding temperature.
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