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ABSTRACT: The crystallization behavior and isothermal crystallization kinetics of neat poly(L-lactic acid) (PLLA) and PLLA blended

with ionic liquid (IL), 1-butyl-3-methylimidazolium dibutylphosphate, were researched by differential scanning calorimetry (DSC),

polarizing optical microscopy (POM), and wide angle X-ray diffraction (WXRD). Similar to the non-isothermal crystallization behav-

ior of neat PLLA, when PLLA melt was cooled from 200 to 20�C at a cooling rate of 10�C min21, no crystallization peak was

detected yet with the incorporation of IL. However, the glass transition temperature and cold crystallization temperature of PLLA

gradually decreased with the increase of IL content. It can be attributed to the significant plasticizing effect of IL, which improved the

chain mobility and cold crystallization ability of PLLA. Isothermal crystallization kinetics was also analyzed by DSC and described by

Avrami equation. For neat PLLA and IL/PLLA blends, the Avrami exponent n was almost in the range of 2.5–3.0. It is found that t1/2

reduced largely, and the crystallization rate constant k increased exponentially with the incorporation of IL. These results show that

the IL could accelerate the overall crystallization rate of PLLA due to its plasticizing effect. In addition, the dependences of crystalliza-

tion rate on crystallization temperature and IL content were discussed in detail according to the results obtained by DSC and POM

measurements. It was verified by WXRD that the addition of IL could not change the crystal structure of PLLA matrix. All samples

isothermally crystallized at 100�C formed the a-form crystal. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41308.
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INTRODUCTION

Ionic liquids (ILs) are low melting point salts melt (Tm< 100�C)

and typically consist of a bulky organic cation and an anion.

Because ILs have enormous potential, such as low toxicity, negli-

gible vapor pressure, low inflammability, non-explosive, high

electric conductivity, and thermal stability, the ILs are considered

as green alternatives to volatile organic compounds in organic

synthesis, catalysis, chromatography, extraction, electroanalytical

chemistry, sensing, spectrometry, etc.1–4

Moreover, ILs have been proved to work as plasticizers, lubri-

cants, and even retardants for universal polymers, including of

PMMA,5 PVC,6,7 PC,8 and PU.9

Poly(L-lactic acid) (PLLA) is a novel kind of green biodegrad-

able and linear aliphatic thermoplastics, which is produced

from renewable resources, such as corn and wheat straw. Since

PLLA is compostable and derived from sustainable resources, it

has been viewed as a promising material to reduce the societal

solid waste disposal problem. Its low toxicity, along with its

environmentally benign characteristics, has made PLLA an ideal

material for consumer products in the 21st century.10

However, the final products of PLLA obtained by the traditional

processing technology usually are low of crystallinity even amor-

phous owing to the slow crystallization rate of PLLA. Due to its

low crystallinity and glass transition temperature (Tg) of around

50–60�C, the mechanical properties of neat PLLA is unsatisfied,

such as brittleness, poor thermal-dimensional stability, which

restrict its development and practical application.10

Introduction of plasticizers is an important method to

improve the toughness of PLLA. Varying types of plasticizers

such as citrate esters, triacetine, poly(ethylene glycol), poly(-

propylene glycol), oligomeric lactic acid, glycerol, tributyl
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citrate, tributyl citrate oligomers, glucosemono esters, and par-

tial fatty acid ester were found to be efficient plasticizers for

PLLA.11–16

Recently, research efforts have shown that ILs can also be used

as efficient plasticizers or lubricants for poly(lactic acid).17–19

In Bor-Kuan Chen’s study,17 ILs/PLLA blends were prepared by solu-

tion casting method, and four ILs: 1-methyl-3-pentylimidazolium

tetrafluoroborate ([MPI][BF4]), 1-methyl-3-pentylimidazolium hex-

afluorophosphate ([MPI][PF6]), 1-methyl-3-pentylimidazolium

bis(trifluoromethanesulfonyl) imide ([MPI][TFSI]), and 1,2-

dimethyl-3-pentyl imidazolium bis(trifluoromethanesulfonyl) imide

([DMPI][TFSI]) were chosen to enhance the ductility of PLLA.

The obtained ILs/PLLA samples had very high elongation at break

(increased by 10–25 times when compared with neat PLLA).

Moreover, TGA data demonstrated higher thermal stability of

ILs/PLLA samples than neat PLLA, which can be attributed to the

high temperature stability of ILs. The sequence of the effects on

the thermal property of imidazolium ILs modified PLLA samples

was [PF6]> [BF4]> [TFSI].

Park and Xanthos18 reported that two phosphonium cation-

based ILs with different anions appeared to be potential plasti-

cizers and/or lubricants for PLLA. Both ILs lowered the glass

transition temperature of PLLA and modified its rheological

characteristics as evidenced from reduced viscosities and appa-

rent phase separation and lubrication. In their later research,19

two ILs with different anions (decanoate, tetrafluoroborate) but

with the same phosphonium-based cation were evaluated as

potential plasticizers and lubricants for PLLA. Both ILs at 5 wt

% were well dispersible and partly miscible with PLLA as evi-

denced by scanning electron microscopy and glass transition

temperature (Tg) characterization, as well as from solubility

parameters calculations. However, phase separation in the

PLLA system containing the IL with tetrafluoroborate anions

was observed 1 year after melt processing. The effects of the IL

containing the tetrafluoroborate anion were more pronounced

on lubrication as evidenced by lower values of coefficient of

friction that could also be correlated with lower contact angle;

this IL could then be considered as a more effective plasticizer

than the IL containing the decanoate anion based on reduced

flexural modulus and brittleness as well as Tg suppression

results.

It is well-known that the crystallization behavior, crystalline

structure, and morphology of semicrystalline polymers play

important roles in their physical properties. To the best of our

knowledge, although a couple of papers focusing on the plasti-

cizing/lubricating effects of ILs on PLLA have been reported,

the crystallization behavior, especially isothermal crystallization

behavior of PLLA in the presence of IL has not been researched

sufficiently. In this article, crystallization behavior and crystal

structure of IL/PLLA blends with various IL contents were

investigated using differential scanning calorimetry (DSC),

polarizing optical microscopy (POM), and wide angle X-ray

diffraction (WXRD). Furthermore, to better understand the

effect of IL on the crystallization behavior of PLLA, isothermal

crystallization kinetics was analyzed according to Avrami

equation.

EXPERIMENTAL

Materials

PLLA supplied by NatureWorks LLC was a semicrystalline grade

(4032D) comprising around 2% D-LA. Butyl-3-methylimidazolium

dibutylphosphate, [BMIM][(C4H9O)2PO2] was purchased from

Cheng Jie Chemical, Shanghai, China. Structures of [BMIM]

[(C4H9O)2PO2] are shown in Figure 1.

Sample Preparation

The PLLA pellets and IL were dried at 60�C in a vacuum oven

for 12 h prior to processing. Varying amounts of IL (1, 3, 6,

and 9, in wt %) were mixed with PLLA melt at 180�C for 5

min in an internal mixer (LH60, Shanghai Kechuang Plastic

Machinery Factory, China) with a screw speed of 60 rpm.

To make sure neat PLLA undergoes the same processing and

thermal history, neat PLLA was also processed at 180�C for 5

min in the internal mixer with a screw speed of 60 rpm.

Thermal Analysis

The crystallization and melting behavior of IL/PLLA blends

were investigated using a differential scanning calorimeter

(Q100, TA instrument). Calibration was performed using pure

indium at a heating rate of 10�C min21. All DSC measurements

were conducted under a nitrogen atmosphere.

Before the start of a cycle, each sample (around 5 mg) was first

heated to 200�C at a rate of 50�C min21 and held at the same

temperature for 4 min to eliminate prior thermal history. And

then, the melt was cooled down to 20�C from 200�C at a rate of

210�C min21. The non-isothermal crystallization behavior of IL/

PLLA sample was recorded in the first cooling scan. After the cool-

ing, the sample was heated to 200�C at a rate of 10�C min21 to

record its cold crystallization and melting behavior. Glass transition

temperature (Tg), cold crystallization temperature (Tcc), and melt-

ing temperature (Tm) were determined in the second heating scan.

For isothermal crystallization measurements, each sample

(around 5 mg) was first heated to 200�C at a rate of 50�C
min21 and held at the same temperature for 4 min to eliminate

prior thermal history. And then, the melt was rapidly cooled

down to a desired crystallization temperature, and the isother-

mal crystallization processes was recorded entirely until the exo-

thermic enthalpy became completely invariant.

The crystallization kinetics of polymers under isothermal condi-

tions for various modes of nucleation and growth can be well

approximated by the well-known Avrami equation. The general

form of the equation is given in eq. (1):20–22

XðtÞ512exp ð2KtnÞ (1)

where K is the Avrami rate constant containing the nucleation

and the growth parameters, n is the Avrami exponent whose

Figure 1. Structures of [BMIM][(C4H9O)2PO2].
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value depends on the mechanism of nucleation and on the

form of crystal growth, t denotes the real time of crystallization.

X(t) is related to the relative crystallinity at time t. X(t) can be

obtained from the ratio of the area of the exotherm up to time

t divided by the total exotherm as follows:20

XðtÞ5 Qt

Q1
5

Ð t

o
ðdH=dtÞdt

Ð1
o
ðdH=dtÞdt

(2)

Where Qt and Q1 are the heat generated at time t and infinite

time, respectively, and dH/dt is the rate of heat evolution.

Taking its double logarithmic form, eq. (1) can be changed to

log ½2ln ð12XðtÞÞ�5nlog t1log K (3)

From a graphic representation of log[2ln(1 2 X(t))] versus t,

the n (slope of the straight line) and K values (intersection with

the Y-axis) can be calculated.

Differentiating eq. (1) twice, and when d2X(t)/dt2 5 0, the time

at maximum heat flow tmax can be expressed as:22

tmax 5½ðn21Þ=nK �1=n
(4)

And let eq. (1) equal to 0.5, the crystallization half-time (t1/2)

defined as the time to a relative crystallinity of 50% can be

obtained:

t1=25ðln 2=K Þ1=n
(5)

POM Analysis

A Leica DMRX POM was applied to investigate the spherulitic

growth and morphology of neat PLLA and IL/PLLA samples in

different isothermal crystallization conditions.

Each sample was first inserted between two microscope cover-

slips and squeezed at 200�C to obtain a slice with a thickness of

around 40 um. Subsequently, the sandwiched slice was trans-

ferred as quickly as possible onto a hot stage to be isothermally

crystallized at a given temperature for 3 min/or 30 min. Finally,

the sample was removed from the hot stage and quenched to

room temperature, and kept for POM observation.

WXRD Analysis

WXRD measurement was applied to investigate the effect of IL

on crystalline structure of PLLA. The samples for WXRD meas-

urements were prepared as follows: IL/PLLA samples were

melted at 200�C and then pressed into films with a thickness of

around 1 mm. The temperature was maintained at 200�C for 4

min to eliminate the thermal history. And then, the films were

quickly transferred in a hot stage for isothermal crystallization at

the given temperature of 100�C. When the crystallization time

reached 20 min, the crystallized samples were quickly removed

and quenched in ice water. WXRD patterns were recorded with a

Bruker D8 ADVANCE XRD (Germany) system by using Cu Ka
radiation in the scattering angle range of 2h53o � 40owith a

scan speed of 2o min21 at room temperature.

RESULTS AND DISCUSSION

Non-Isothermal DSC Analysis

The effect of IL on non-isothermal crystallization and melting

behavior of PLLA was investigated. The DSC thermograms for

PLLA and IL/PLLA samples cooled at 210�C min21 and subse-

quently heated at 10�C min21 are shown in Figures 2 and 3,

respectively. The obtained DSC parameters are also given in

Table I.

As expected, neat PLLA did not exhibit a crystallization peak

upon cooling due to its weak melt-crystallization ability.10,13,23

Similar to neat PLLA, there was no obvious crystallization peak

observed yet for the IL/PLLA samples, as shown in Figure 2. It

indicates that the presence of IL could not significantly enhance

the crystallization rate of PLLA when PLLA melt was cooled

down at a cooling rate of 10�C min21.

However, as indicated in Figure 3, each PLLA sample shows a

strong exothermic peak in the DSC thermogram obtained for

subsequently heated at 10�C min21. These exothermic peaks are

attributed to the cold crystallization of PLLA in amorphous

solid state during the subsequent heating DSC scanning. The

corresponding crystallization peak is known as the cold crystal-

lization temperature (Tcc). Neat PLLA represented an exother-

mic peak at 103.4�C. However, in the case of the IL/PLLA

samples, this peak shifted to lower temperature with the

increase of IL content. When IL content increased to 9 wt %,

Tcc of PLLA matrix decreased to 88.7�C from 103.4�C for neat

PLLA. The improvement in cold crystallization ability of PLLA

can be attributed to the plasticizing effect of IL which improved

the mobility of PLLA segment.

To investigate the plasticizing effect of IL on PLLA, glass transi-

tion temperature (Tg) was measured and listed in Table I. As a

general trend, the Tg of PLLA matrix obviously decreased to

lower temperature with the increase of IL content. When IL

content reached to 9 wt %, Tg of PLLA matrix decreased from

61.1�C for neat PLLA to 32.2�C. It suggests that the IL had an

obvious plasticizing effect on PLLA, and enhanced the mobility

of PLLA segment because the incorporation of IL resulted in

larger free volume of PLLA segments than neat PLLA. The simi-

lar result also was reported by Park and Xanthos18 It was found

that two phosphonium cation-based IL with different anions

both lowered the Tg of PLLA matrix and appeared to be poten-

tial plasticizers and/or lubricants for PLLA.

Figure 2. DSC trace of PLLA with various IL contents at a cooling rate of

210�C min21.
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Similar to Tg, Tm of PLLA matrix also gradually shifted down

with increasing IL content as shown in Figure 3 and Table I.

The depression of Tm can be attributed to the plasticizing effect

of IL which enhances the chain mobility of PLLA. When the IL

is introduced into PLLA matrix, the thermal mobility of PLLA

chains is improved. As a result, these regular close-packed PLLA

chains/segments in crystal could come into a state of random

thermal motion in a relatively lower melting temperature.

DHcc of the blends measured from the DSC thermograms are also

listed in Table I. It was found that the value of DHcc increased

from 31.0 J g21 for neat PLLA to 39.0 J g21 for 3 wt % IL/PLLA

blend, which was in agreement with the enhanced cold crystalliza-

tion capacity mentioned above. However, when IL content

exceeded 6 wt %, DHcc began to decrease. It can be explained by

the dilution effect of the amorphous phase of IL on the system.

Isothermal Crystallization Behavior and Kinetics

The isothermal crystallization behaviors of neat PLLA and IL/

PLLA samples were investigated by DSC. Figure 4 shows the iso-

thermal DSC thermograms of PLLA samples with different IL

content at the crystallization temperature (Tc) of 90�C. It is

found that the overall crystallization time to reach the maximum

crystallinity for PLLA matrix reduced largely with the incorpora-

tion of IL. The overall crystallization time decreased from about

40 min for neat PLLA to about 2 min for 9 wt % IL/PLLA blend.

The increase in crystallization rate of PLLA is attributed to the

plasticizing effect of IL, resulting in the enhancement in chain

mobility and crystallization ability of PLLA matrix.

Furthermore, to investigate the dependence of IL content and

crystallization temperature on the isothermal crystallization

behavior of PLLA, the molten PLLA samples with various IL

content were quenched to a given crystallization temperature

(Tc), respectively, and their exothermic peaks during the isother-

mal crystallization processes were recorded. According to eq.

(1), X(t) at different crystallization times can be calculated from

the exothermic peaks. Plots of X(t) versus crystallization time

(t) for neat PLLA and IL/PLLA samples at different crystalliza-

tion temperatures are showed in Figure 5. It seems that all the

isotherms exhibit a sigmoid dependence with time. It is found

that from Figure 5 that not only IL content but also crystalliza-

tion temperature can significantly affect the overall crystalliza-

tion time of PLLA.

The dependences of crystallization time on crystallization tem-

perature and IL content will be further discussed in succession

according to the calculations obtained from isothermal crystalli-

zation kinetics of PLLA samples.

Avrami equation [eq. (1)] was used to describe the isothermal

crystallization kinetics of IL/PLLA samples. The plot of

log[2ln(1 2 X(t))] versus log t according to eq. (1) are shown

in Figure 6. It is found there is a linear relationship between

log[2ln(1 2 X(t))] and log t. Therefore, the linear portions of

these plots were fitted for the isothermal crystallization kinetics

analysis according to Avrami equation.

From Figure 6, Avrami parameters (n), and crystallization rate

constant (k) for neat PLLA and IL/PLLA samples with various

Figure 3. (a) DSC traces of heating process of neat PLLA and IL/PLLA samples at the rate of 10�C min21; (b) the detail with enlarged scale of (a).

Table I. Melting Endotherms Parameters of Neat PLLA and ILs/PLLA Samples

Sample Tg (�C) Tcc (�C) Tm (�C) �Hcc (J g21) �Hm (J g21)

Neat PLLA 61.1 103.4 170.2 31.0 36.2

1 wt % IL/PLLA 57.2 97.9 167.1 36.3 41.5

3 wt % IL/PLLA 49.7 95.4 161.2 39.0 42.3

6 wt % IL/PLLA 42.4 94.1 157.0 38.8 40.8

9 wt % IL/PLLA 32.2 88.7 151.1 35.1 35.6

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4130841308 (4 of 11)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


IL content were calculated according to eq. (1) and are listed in

Table II. The crystallization half-time (t1/2) were calculated by

eq. (5) and are also listed in Table II.

As shown in Figure 6, all curves are divided into two sections:

the primary crystallization stage and the secondary crystalliza-

tion stage. In the primary stage, the plots show a good linear

relationship. As a result, the Avrami parameters can be calcu-

lated by fitting a line to these experimental data. At the second-

ary stage, the linear relationship shows a huge deviation. It is

generally believed that the secondary crystallization is caused by

the spherulite impingement in the later stage of crystallization

process at longer crystallization time.

The values of n were almost in the range of 2.5–3.0 for neat

PLLA at the different crystallization temperatures. It is an aver-

age value of various nucleation types, and the growth dimen-

sions occurring simultaneous in the crystallization process. For

neat PLLA without any heterogeneous nucleus, its nucleation

type should predominantly be homogeneous nucleating and its

growth dimension should be a two-dimensional growth.24,25

Compared with the values of n for neat PLLA, the values of n

for IL/PLLA blends are still in the range of 2.5–3.0. For IL/

PLLA samples, its nucleation type should mostly be heterogene-

ous nucleating and its growth dimension should mostly be two-

dimensional space extension.

On the other hand, the values of crystallization rate constant k

for IL/PLLA samples showed an exponential growth, and the

values of crystallization half-time (t1/2) decreased largely. The

decrease of k and increase of t1/2 meant that the overall

Figure 4. Isothermal crystallization process of PLLA and IL/PLLA samples

at 90�C.

Figure 5. Plots of relative crystallinity as a function of crystallization time for (a) Neat PLLA; (b) 3 wt % IL/PLLA; (c) 6 wt % IL/PLLA; (d) 9 wt % IL/PLLA.
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crystallization rate and crystallization ability of PLLA matrix

were obviously improved due to the enhancement in PLLA seg-

ment mobility in the presence of IL.

Figure 7 shows the crystallization temperature (Tc) and compo-

nent dependence of t1/2 for neat PLLA and IL/PLLA samples. In

this paper, it needs to be pointed that the time to reach the

maximum crystallization degree at Tc of 80�C for neat PLLA

exceeded 90 min, resulting in that the corresponding DSC exo-

thermic peak was too weak to distinguish. Therefore, the data

and plots on isothermal crystallization at Tc of 80�C for neat

PLLA could not be presented.

As shown in Figure 7, it is clear that the plots of t1/2 versus Tc

is a typical ordinal rate curve with “U” type for neat PLLA.26–28

When Tc reached to 90�C, it is found from Figure 7 that the

value of t1/2 for neat PLLA was 19.9 min. With increasing Tc, t1/

2 became shorter and showed a minimum value of 7.9 min at

100�C. However, as Tc exceeded 110�C, the value of t1/2 began

to increase obviously.

The above result can be explained by the relation between over-

all crystallization rate and athletic ability of chains, as shown in

Figure 8. It is well-known that the crystallization process of

semicrystalline polymers includes nucleation and crystalline

growth. Therefore, the nucleation rate and the growth rate

combine to dominate the overall crystallization rate. When iso-

thermal crystallization process happens at lower temperature,

the crystalline growth is restrained due to low mobility of

chain segments, resulting in a slow overall crystallization rate.

With the increase of Tc, the mobility of chain segments is

enhanced, and the nucleating rate and crystalline growth rate

are comparable. As a result, the overall crystallization rate

increases largely and reaches a maximum value at an optimum

temperature. However, as Tc is too high, the overall crystalliza-

tion rate would decrease because the supercooling degree

decreases and the excessive chain activity restricts the formation

of nucleus.

As shown in Figure 7, the plots of t1/2 versus Tc for IL/PLLA

blends also are ordinal rate curves with “U” type similar with

that of neat PLLA. However, it is obvious that the optimum

temperature shift down with the addition of IL. These shifts

mean that the maximum crystallization rate and the minimum

t1/2 for IL/PLLA samples would happen at lower temperature

compared with neat PLLA. It is evident that the existence of IL

can enhance the mobility of PLLA segments, leading to an

Figure 6. Avrami plots for (a) Neat PLLA; (b) 3 wt % IL/PLLA; (c) 6 wt % IL/PLLA; (d) 9 wt % IL/PLLA.
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increase in overall crystallization rate of PLLA even at a lower

temperature.

To further understand the combined effect of nucleation and

crystal growth on the crystallization rate of IL/PLLA samples,

spherulitic morphology of neat PLLA and 3 wt % IL/PLLA

blend isothermally crystallized in the temperature range of 80–

120�C for 3 min were obtained using a polarized optical micro-

scope (POM) and presented in Figure 9, respectively.

As shown in Figure 9(a), when neat PLLA was isothermally

crystallized at the lower temperature (Tc 5 90�C) for 3 min,

some spherulites were forming in PLLA matrix. However, the

growth of these spherulites was stunted because the lower crys-

tallization temperature lowered the mobility of PLLA segments.

With increasing Tc to 100 and 110�C, as shown in Figure

9(b,c), respectively, the formed spherulites are small and appear

in large quantity, indicating that the crystallization rate of PLLA

is higher at the temperature range of 100–110�C. The extinction

pattern is therefore barely recognizable due to high nuclei den-

sity. When Tc increases to 120�C, some spherulites with extinc-

tion pattern are visible in Figure 9(d). Although these

spherulites’ size increases largely, the nucleation density signifi-

cantly decreases. It is obvious that the overall crystallization rate

is relatively low as PLLA melt is isothermal crystallized at

120�C. It is because that the overall crystallization rate mainly

depends on two factors before the growing spherulites impinge

with each other: one is the density of the nuclei, another is the

growth rate of spherulite. Generally speaking, the high crystalli-

zation temperature can accelerate the growth of each spherulite,

yet largely decrease the density of the crystal nuclei. As a result,

the overall crystallization rate decreased when Tc increased to

120�C, although some large spherulites with extinction cross

formed in PLLA matrix. It can be confirmed from Figure 9(a–

d) that the optimum crystallization temperature range for neat

PLLA is 100–110�C that is consistent with DSC enthalpy

measurements.

Figure 9(e–h) show the POM pictures of 3% IL/PLLA isother-

mally crystallized at 80, 90, 100, and 110�C for 3 min, respec-

tively. Compared with neat PLLA isothermally crystallized at

90�C for 3 min [Figure 9(a)], it is worth mentioning that much

more spherulites appear with a small size for 3% IL/PLLA iso-

thermally crystallized at 80�C for 3 min, as shown in Figure

9(e). It indicates that the plasticizing effect of IL can increase

the nuclei density and accelerate the growth of spherulites in a

lower temperature. With increasing Tc to 90 and 100�C, as

shown in Figure 9(f,g), respectively, the formed spherulites

appear in large quantity, and become larger in size, indicating

that the crystallization rate of PLLA is higher at the temperature

range of 90–100�C. Interestingly, when Tc increases to 110�C,

there is only a small quantity of large spherulites with extinction

pattern formed in PLLA matrix, indicating that the crystalliza-

tion rate of 3% IL/PLLA sample obviously decreases at 110�C.

According to the results of POM and DSC, it is confirmed that the

introduction of IL can increase the nuclei density and accelerate

the growth rate of spherulites especially at the lower temperatures

Figure 7. Plots of crystallization half-time as a function of isothermal

crystallization temperature for IL/PLLA samples.

Figure 8. The relation between overall crystallization rate and athletic

ability of macromolecular segments.

Table II. Crystallization Kinetic Parameters of Neat PLLA and IL/PLLA

Samples

PLA blends Tc (oC) n log K t1/2 (min)

Neat PLLA 90 2.7 23.67 19.9

100 2.6 22.48 7.9

110 2.6 22.62 8.6

120 2.4 23.07 16.3

3 wt % IL/PLLA 80 2.8 22.62 7.6

90 2.5 20.91 2.0

100 2.7 20.49 1.3

110 2.8 22.24 6.3

6 wt % IL/PLLA 80 2.8 21.64 3.3

90 2.6 20.41 1.3

100 2.7 21.17 2.3

110 2.3 21.54 4.1

9 wt % IL/PLLA 80 2.6 21.14 2.4

90 2.5 20.67 1.6

100 2.7 21.30 2.7

110 2.4 22.17 7.0
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due to its plasticizing effect. Actually, at the high temperature (i.e.,

110�C), the motion ability of PLLA segments is enhanced too

strong by IL and the nucleation is obviously restrained, that leads

to a few of large spherulites with extinction cross formed at a

slower overall crystallization rate. Moreover, with the addition of

3% IL, the optimum crystallization temperature range shifts down

to 90–100�C from 100–110�C for neat PLLA.

To observe the morphologies of spherulites which were fully

crystallized, Figure 10(a,b) shows the POM pictures of PLLA

isothermally crystallized at 90 and 120�C for 30 min, respec-

tively. It can be found that the spherulites fully grew until these

spherulites impinged with each other. Because the nucleation

density decreases with the increase of crystallization tempera-

ture, the spherulite’s size obviously increases. The POM pictures

Figure 9. Polarizing optical micrographs of neat PLLA and 3 wt % IL/PLLA samples isothermally crystallized at various Tc: (a) Neat PLLA, 90�C; (b)

Neat PLLA, 100�C; (c) Neat PLLA, 110�C; (d) Neat PLLA, 120�C; (e) 3 wt % IL/PLLA, 80�C; (f) 3 wt % IL/PLLA, 90�C; (g) 3 wt % IL/PLLA, 100�C;

(h) 3 wt % IL/PLLA, 110�C. (All samples were isothermally crystallized for 3 minutes.) [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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of 3% IL/PLLA samples isothermally crystallized at 80 and

110�C for 30 min are also presented in Figure 10(c,d), respec-

tively. And a similar temperature dependence of the spherulitic

morphology is found from the POM pictures of 3% IL/PLLA

blends. Compared with that of neat PLLA isothermally crystal-

lized at 120�C for 30 min, the spherulite’s size of 3% IL/PLLA

is even larger when the blend has been isothermally crystallized

at 110�C for 30 min. It is apparent that the plasticizing effect of

IL can improve the growth of PLLA spherulites even in a rela-

tively low temperature.

Moreover, it is worthy noted that the relation of IL content and

t1/2 at different Tc. It was found that the value of t1/2 reduced

with increasing IL content at lower Tc (80�C). When Tc

increased to a temperature range from 90 to 100�C, the discrep-

ancy between the values of t1/2 for PLLA samples with various

IL content is insignificant. However, as Tc increased to 110�C,

t1/2 decreased from 6.3 min for 3 wt % IL/PLLA blend to a

minimum value of 4.1 min for 6 wt % IL/PLLA blend. And

then, with IL content increasing to 9 wt %, t1/2 increased to 7.0

min again.

The inconsistent trends of t1/2 versus IL content at different Tc

maybe attributed to the following factors: the nucleation density

and the degree of supercooling of PLLA. When isothermal crys-

tallization was performed at 80�C, the higher supercooling

degree could make the matrix of IL/PLLA blends produce

enough nuclei for crystal growth. When IL content increased

from 3 wt % to 9 wt %, the mobility of chains gradually

increased, which is helpful to accelerate the crystal growth and

decrease the value of t1/2. However, when the isothermal crystal-

lization happened at higher temperature (110�C), the lower

supercooling degree and the presence of excess IL might show a

negative effect on the formation of nuclei because the mobility

of PLLA chains became too strong to form enough nuclei,

which would lead to an obvious increase of t1/2 for all IL/PLLA

samples. In fact, in the lower IL content as shown in Figure 7,

when IL content increased from 3 wt % to 6 wt %, it was found

that t1/2 decrease from 6.3 min for 3 wt % IL/PLLA to 4.1 min

for 6 wt % IL/PLLA isothermally crystallized at 110�C. It shows

that the plasticizing effect of IL on the crystallization rate of

PLLA still had a positive effect in some way. However, when IL

content exceed 6 wt %, the negative effect of IL on the nuclea-

tion of PLLA matrix became dominant, which caused an

obvious increase of t1/2 for PLLA blends isothermally crystal-

lized at 110�C. The above result is similar with isothermal crys-

tallization behavior of plasticized PLLA with triphenyl

phosphate reported by Xiao et al.25

As shown as Table II, compared with t1/2 of IL/PLLA blends,

the logarithm of crystallization rate constant (k) shows a similar

dependence on IL content and Tc.

WXRD Analysis

In order to get further information about the crystal structure

of neat PLLA and IL/PLLA samples, WXRD was used to check

the crystalline nature. Figure 11 shows the WXRD patterns of

neat PLLA, 3 wt % IL/PLLA and 6 wt % IL/PLLA samples,

which had been fully isothermally crystallized at Tc of 100�C.

When neat PLLA melt was isothermally crystallized at 100�C
for 20 min, there were four peaks observed on its WXRD pat-

tern, as shown in Figure 11. The peaks at 2H 5 14.9o, 16.8o,

Figure 10. Polarizing optical micrographs of neat PLLA and 3 wt % IL/PLLA samples isothermally crystallized at various Tc: (a) Neat PLLA, 90�C; (b)

Neat PLLA, 120�C; (c) 3 wt % IL/PLLA, 80�C; (d) 3 wt % IL/PLLA, 110�C. (All samples were isothermally crystallized for 30 minutes.) [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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19.0o, and 22.4o correspond, respectively, to the reflections of

(010), (200) or (110), (203), and (015) planes for PLLA crystal.

It can be confirmed that the obtained crystal form of neat

PLLA is ascribed to the a-form.29,30 When IL/PLLA melts were

isothermally crystallized at 100�C for 20 min, the obtained

WXRD patterns were same with that of crystallized PLLA,

which indicated that the incorporation of IL could not obvi-

ously change the crystal structure of PLLA.

CONCLUSIONS

In this article, the crystallization behavior and isothermal crys-

tallization kinetics of neat PLLA and PLLA blended with the IL,

[BMIM](C4H9O)2PO2, were researched in detail by DSC, POM,

and WXRD.

The DSC results show that Tg of PLLA decreased largely with

the increase of IL content due to the plasticizing effect of IL. In

addition, it is found that the cold crystallization ability of PLLA

was improved obviously with the addition of IL.

The isothermal crystallization kinetics of neat PLLA and IL/

PLLA blends were also analyzed by DSC and described by

Avrami equation. The Avrami exponent n for neat PLLA and

plasticized PLLA were almost in the range of 2.5–3.0.

The overall isothermal crystallization rate of PLLA was influ-

enced apparently by Tc and IL content. It is found that the

plots of t1/2 versus Tc are typical ordinal rate curves with “U”

type for neat PLLA and plasticized PLLA. Neat PLLA had a rel-

atively slow crystallization rate and the minimum t1/2 was 7.9

min at the optimum temperature around 100�C. With the

incorporation of IL, the t1/2 showed a significant decrease. And

the minimum t1/2 reduced below 2min compared with the min-

imum t1/2 of 7.9 min for neat PLLA. It can be found also that

the optimum temperature shifted down with the introduction

of IL. The shift means that the minimum t1/2 for IL/PLLA

blends would happen at a lower temperature compared with

neat PLLA. It is evident that the existence of IL enhanced the

mobility of PLLA segments, leading to an increase in overall

crystallization rate for PLLA matrix at lower temperature. The

dependences of t1/2 on crystallization temperature and IL con-

tent were also confirmed by POM observation.

WXRD patterns indicate that neat PLLA and its blends contain-

ing various IL contents isothermally crystallized at 100�C all

formed the a-form crystal.
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