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ABSTRACT: Nonisothermal crystallization behavior of poly(butylene terephthalate) (PBT) was investigated by means of differential scan-

ning calorimetry. The nonisothermal crystallization kinetic process was analyzed and relative kinetic parameters were obtained with the

Avrami and Liu–Mo equations. The results demonstrate a heterogeneous nucleation mechanism. It was found that the nonisothermal

primary crystallization of PBT was composed of two courses. Course I corresponded to the two-dimensional formation process of the

lamellae, and the corresponding relative crystallinity (Xt) was less than 15%. Course II was concerned with the three-dimensional

growth process of the spherulite, and Xt changed from 15 to 90%. The secondary crystallization began when Xt was greater than 90%.

According to the Flynn–Wall–Ozawa equation, the activation energies for course I, course II, and secondary crystallization were

calculated to be �120, �210, and �100 kJ/mol, respectively. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012

KEYWORDS: poly(butylene terephthalate); nonisothermal crystallization; primary crystallization; two courses

Received 4 November 2010; accepted 4 June 2012; published online
DOI: 10.1002/app.38160

INTRODUCTION

Poly(butylene terephthalate) (PBT) is a semicrystalline thermo-

plastic polymer with a rapid crystallization rate, and it is well

suited for injection molding because of its low mold shrinkage,

excellent dimensional stability, high mechanical strength, and

good solvent resistance. The physical and mechanical properties

of the product are directly related to the microstructure, which

is determined by the extent of crystallization and influenced by

the nonisothermal conditions set forth during practical process-

ing. Therefore, the nonisothermal crystallization kinetics can be

used to clarify the crystallization behavior and provide a theo-

retical basis for the formation of crystals.

PBT can form a crystals by nonisothermal crystallization.1–3 For

the nonisothermal crystallization of PBT, the investigation of

crystallization kinetics has mainly focused on differential scan-

ning calorimetry (DSC); however, the observation of crystalline

morphology has been carried out with the methods of small-

angle laser scattering, time-resolved X-ray diffraction, and trans-

mission electronic microscopy.4–10 Although Ozawa, Ziabicki,

Jeziorny, Gupta, Liu, and some other models could be used to

analyze and discuss the nonisothermal crystallization process,

most of them were unable to accurately describe the entire pro-

cess because nonisothermal crystallization kinetics are more

complex than isothermal kinetics.11–16 Until recently, most

researchers have analyzed and processed the kinetic data with a

log U � log t (where t is the crystallization time and U is the

cooling rate) linear relationship and demonstrated a nonisother-

mal crystallization mechanism based on the related kinetic pa-

rameters. By analyzing the primary crystallization kinetic pa-

rameters of the nonisothermal crystallization of PBT, Huang17

and Yao et al.18 suggested a mechanism of thermal nucleation

and three-dimensional spherical growth, Al-Mulla et al.19 con-

sidered a model of heterogeneous nucleation and three-dimen-

sional growth, and Bai et al.20, Kalkar and Deshpande,21 and

Wu et al.22 provided some mechanisms, including three-dimen-

sional morphological growth preceded by instantaneous nuclea-

tion, instantaneous nucleation with diffusion control, and a

reflection of memory effects.

Combining the Avrami and Ozawa equations, Liu, Mo, and co-

workers15,16 proposed a novel method to exactly describe the

nonisothermal crystallization process. The Liu–Mo method can

solve the problems of fewer data points, the often appearing

nonlinear relationship, and the difficulty in getting reliable ki-

netic parameters with the Ozawa equation. The method is also

able to overcome the shortcoming that the mechanism of nucle-

ation and growth during nonisothermal crystallization cannot

be predicted accurately on the basis of the apparent Avrami

exponent (n) obtained from the Avrami equation modified by

Jeziorny.
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In this study, the nonisothermal crystallization behavior of PBTwas

investigated by means of DSC. The nonisothermal crystallization

process could be regarded as the superposition and combination of

numerous successive micro-isothermal processes; this means that

the nonisothermal crystallization kinetics can be analyzed by the

Avrami equation. By applying the Avrami equation and the

Liu–Mo method to analyze and discuss the kinetic parameters, we

discovered that not only could the Liu–Mo method entirely charac-

terize the nonisothermal crystallization process of PBT, including

the primary and secondary crystallization, but also the nonisother-

mal primary crystallization of PBT could be divided into two

courses, the two-dimensional formation of lamellar crystals and the

three-dimensional growth of spherulites. Furthermore, the activa-

tion energy (Ea) of nonisothermal crystallization was evaluated

with the Kissinger and Flynn–Wall–Ozawa (FWO) methods.

EXPERIMENTAL

PBT (weight-average molecular weight ¼ 83,000) was provided

by the Chang Chun Plastics Co., LTD (Taiwan, China) under the

trade name PBT-1100 and had a density of 1.3 g/cm3 and a melt

index of 18–22 g/10 min (ASTM D 1238). PBT pellets were dried

at 100�C in a vacuum oven for 6 h before the test. A Mettler–Tol-

edo DSC1 differential scanning calorimeter (Zurich, Switzerland)

was used to perform the nonisothermal crystallization experi-

ments. The calibration was done with standard indium and zinc

sealed in aluminum pans. All operations were carried out in a

high-purity nitrogen atmosphere. For cooling experiments, each

sample prepared from the pellets was heated to 260�C for 10 min

to ensure the elimination of the thermal history, and the complete

melting of the PBT sample was achieved. Then, the sample was

cooled down at various U’s (2.5, 5, 10, 20, 40, and 80�C/min) to

40�C. The exothermal nonisothermal crystallization curves of the

heat flow as a function of time were recorded using the software

provided by Mettler–Toledo.

RESULTS AND DISCUSSION

Nonisothermal Primary Crystallization Kinetic Analysis

by the Avrami Equation

Figure 1 shows the nonisothermal crystallization DSC curves of

PBT at different U’s after the baseline is subtracted. The exother-

mic peak of PBT crystallization at each U was mainly a single

peak. With increasing U, the exothermic peaks gradually shifted

to lower temperatures, and the shapes of the peaks also widened.

By comparing the onset temperature (T0) and end temperature of

the nonisothermal crystallization temperature of the exothermic

peaks at different U’s, we found that both temperatures decreased

with increasing U. In addition, the temperature at the end of crys-

tallization of the exothermic peaks decreased even more steeply.

Generally, the crystallization T0 is higher with a lower U; this indi-
cates that the system has enough time to cross the nucleation bar-

rier. Alternatively, at a higher U, T0 is lower; this reflects a higher

nucleation efficiency at lower temperatures.23

The relative crystallinity (Xt) as a function of temperature was

calculated as the ratio of the exothermic peak areas in Figure 1

according to the definition of Xt. The curves of Xt versus tem-

perature at different U’s were inverse sigmoidal curves. The

temperature abscissa in Figure 2 could be transformed into a

timescale, as shown in Figure 3, on the basis of the following

equation:

Figure 1. Heat flow versus temperature during the nonisothermal melt

crystallization of PBT at different U’s.
Figure 2. Xt versus temperature during the nonisothermal melt crystalli-

zation of PBT at different U’s.

Figure 3. Xt versus time during the nonisothermal melt crystallization of

PBT at different U’s.
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t ¼ ðT0 � TÞ=Uj j (1)

where T0 and T are defined as the onset temperature when the

crystallization started (t ¼ 0) and the temperature at time t,

respectively. It can be seen clearly from Figure 3 that the higher

U was, the shorter the time was for completing the

crystallization.

In general, for polymer crystallization, the half-crystallization

time (t1/2) is an important parameter. The inverse value of t1/2
signifies the crystallization rate, and a higher 1/t1/2 value indi-

cates faster crystallization. t1/2 and crystallization rate (1/t1/2)

were obtained from Figure 3. The relationship between t1/2 and

the crystallization rate versus various U’s are shown in Figure 4.

When U was in the range 2.5–20�C/min, t1/2 decreased rapidly

with increasing U. Then, the rate of decrease leveled off. More-

over, the crystallization exothermic peak temperature (Tp) with

different U’s shared the same trend with t1/2. The crystallization

rate increased with increasing U; this indicated that PBT crystal-

lized faster when U was higher.

The Avrami equation is often used to describe the nonisother-

mal crystallization of polymers. The Avrami equation is

expressed as follows:

log½� lnð1� Xt Þ� ¼ log k þ n log t (2)

where k is the Avrami crystallization rate constant and n is the

Avrami exponent, which indicates the crystallization

mechanism.

The plot of log[�ln(1 � Xt)] versus log t for nonisothermal

crystallization of PBT is shown in Figure 5. The entire crystal-

lization process could be divided into two stages, that is,

primary crystallization and secondary crystallization. In

general, the primary crystallization data showed a cursory

linearity on the basis of the Avrami equation analysis model.

An average value of n ¼ 2.6 was obtained at different U’s;
this was consistent with the results obtained and reported by

Gilbert and Hybart24 and Marrs et al.25 Righetti and Munari26

confirmed the theoretical spherulites of the crystalline

morphology of PBT by optical microscopy; therefore, n ¼ 3

for PBT. They, thus, pointed out the crystallization of PBT

could be considered a heterogeneous nucleation with a three-

dimensional crystal growth mechanism. As nonisothermal

crystallization processes are more complex than the isothermal

ones, the kinetic parameters significantly deviated from one

straight line when the Avrami equation was simply used to

analyze the nonisothermal crystallizations.

In fact, as shown in Figure 5, the primary crystallization of the

nonisothermal crystallization was not one straight line. When

the primary crystallization process was divided into two courses,

courses I and II, noted in Figure 5, the experimental results

indicate that for each process, log[�ln(1 � Xt)] and log t were

in a linear relationship. To provide more analysis information

for the two segments in Figure 5, Table I summarizes the fitting

ranges of each linear fit, as shown later.

Figure 4. Relationships among t1/2, crystallization rate, and U for the

nonisothermal crystallization of PBT. Figure 5. log[�ln(1 � Xt)] versus log t for the nonisothermal crystalliza-

tion of PBT.

Table I. Fitting Ranges of log[2ln(1 2 Xt)] and Its Slope (n) from Figure 5

U (�C/min) log[�ln(1 � Xt)] n log[�ln(1 � Xt)] nI log[�ln(1 � Xt)] nII

2.5 �4.6–0.3 2.6 �4.6–�1.2 2.2 �1.2–0.3 3.0

5 �4.2–0.3 2.6 �4.2–�1.2 2.2 �1.2–0.3 3.0

10 �3.8–0.3 2.6 �3.8–�1.1 2.2 �1.1–0.3 3.0

20 �3.4–0.3 2.6 �3.4–�1.1 2.2 �1.1–0.3 3.0

40 �3.1–0.3 2.6 �3.1–�1.0 2.2 �1.0–0.3 3.0

80 �3.0–0.3 2.6 �3.0–�0.9 2.2 �0.9–0.3 3.0
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The detailed fitting quality parameters (r2’s) of the whole linear

fit could not be calculated because of the distribution of the ki-

netic data points in Figure 5. Table I describes the fitting ranges

of log[�ln(1 � Xt)] of the two segments and the transition

points of each two courses. It can be seen clearly that in the

specific fitting ranges based on the Avrami equation analysis

model, the primary crystallization data showed two straight

lines. The transition between courses I and II might have been a

gradual change because of the continuous crystallization pro-

cess. However, on the basis of the linearity of the two segments

also, there were not too many intermediate points in the transi-

tion region between two lines, as shown in Figure 5; the pri-

mary crystallization process could be divided mainly into two

courses.

With the same Avrami equation, the slope of the fitted line for

course I at different U’s gave an Avrami exponent (nI) of 2.2

and the Avrami exponent of course II (nII) was 3.0. The arith-

metic average value of nI and nII was 2.6, which agreed well

with a rough Avrami equation treatment by one linear process.

The nI and nII values were quite close to the integers 2 and 3,

respectively. Therefore, the two n values of the primary crystalli-

zation process had clear physical meanings. That is, as course I

was the initial stage of crystal growth, nI, which was close to the

integer 2, showed the initial stage of crystal growth and was the

result of, first, the formation of nucleation and, then, two-

dimensional crystal growth. After a period of crystal growth,

course II took place and indicated a mechanism of heterogene-

ous nucleation with three-dimensional crystal growth. Finally,

the formation of spherulites was obtained, which was clearly

observed as reported. The two-dimensional growth could be

more or less explained as the formation and growth of the

lamellae. Compared with our results, the value of n ¼ 2.6,

through a rough handling by one linear process, suggested an

ambiguous physical meaning, approximately interpreted to

mean that the crystal growth was carried out between two and

three dimensions.

Nonisothermal Crystallization Kinetic Analysis by the

Liu–Mo Equation

The Liu–Mo equation is a method adopted to give a satisfactory

analysis of the nonisothermal crystallization kinetics for semi-

crystalline polymers.15,16 The good linearity of the plots for the

entire process verified the advantage of the equation. According

to the relationship of t and T expressed in eq. (1), for the same

crystallization system, at t (or T), by the combination of the

Avrami equation [eq. (2)] and the Ozawa equation, the Liu–Mo

equation should be as follows:

log½� lnð1� Xt Þ� ¼ log½KðTÞ� �m logU (3)

So, the right side of the equation is equal, and eq. (3) becomes

log k þ n log t ¼ log½KðTÞ� �m logU (4)

that can be further rewritten as

logU ¼ log FðTÞ � a log t (5)

where F(T) ¼ [K(T)/k]1/m and a ¼ n/m. At a given Xt, the plot

of log U versus log t gives one straight line with F(T) as the

intercept and a as the slope, if available. Here K(T) is the cool-

ing function, and m is the kinetic constant related to the nucle-

ation and crystal growth dimension mechanism of the noniso-

thermal crystallization, which is similar to n. K(T) is a

parameter related to the U’s, and it is used to describe the noni-

sothermal crystallization kinetics, which have to be chosen at a

unit crystallization time when the measured system amounts to

a certain degree of crystallinity:

Xt ¼ XcðTÞ
XcðT1Þ ¼

Z T

T0

dHcðTÞ
dT

dT=

Z T1

T0

dHcðTÞ
dT

dT (6)

where Xc(T) and Xc(T1) are the crystallinities at T and at

complete crystallization, respectively, T1 represents the end

temperature of crystallization, and dHc(T)/dT is the heat flow

rate at T.

Generally, from eq. (5), log U � log t should be a linear rela-

tionship. The plot of log U versus log t for the nonisothermal

crystallization of PBT, obtained from Figures 2 and 3, is shown

in Figure 6. Roughly speaking, the plot of log U versus log t at

all degrees of relative crystallinity inferred a cursory linear rela-

tionship, and the resulting average slope was a ¼ 1.8.

In fact, as shown in Figure 6, the plot of log U versus log t was

not a straight line. The resulting data plots for each Xt after

careful observation indicated that there were also two processes

similar to those shown in Figure 5. Because U, T, and t have a

one-to-one relationship, the physical meaning of two turning

points in the process should be very clear. The region described

by beeline 1, which was in a shorter timescale, represented the

beginning of the period for the nonisothermal crystallization

process, and the region described by beeline 2 inferred the noni-

sothermal crystallization process, which was relatively long. Cor-

responding to each of the two beelines at the same Xt, there was

a point of intersection, that is, a turning point, and all of the

turning points linked together formed a turning region. From

Figure 6, according to the transition region, U suggested a value

of 30�C/min.

Figure 6. log / versus log t for the nonisothermal crystallization of PBT.
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By analyzing the time corresponding to the transition region in

Figure 6, we found the range of the transition time from course

I to course II to be the same as in Figure 5, approximately in

the range of 8–40 s. For nonisothermal crystallization processes

under different U’s, it was in this time range that the growth of

two-dimensional lamellae changed to the three-dimensional for-

mation of spherulites. According to the fitting ranges of each

course shown in Figure 5, we found that in course I, Xt was

about 1–15% and that in course II, Xt was about 15–90%.

From the results obtained so far, it seemed that for each differ-

ent U’s, Xt was about 1–15% for the growth of lamellae,

whereas Xt increased over 15% represented the three-dimen-

sional growth of spherulites. The transition region correspond-

ing to the Xt range in Figures 5 was consistent with Figure 6, as

both methods had significant overlaps in the range of crystalli-

zation transition time (t), which was 8–40 s in all six cooling

experiments.

From the previous discussion, we reached the conclusion that

not only could the Avrami equation and Liu–Mo equation be

used to describe the nonisothermal crystallization process of

PBT at the same time but also both of the equations could

reflect the internal connections of the two courses in the pri-

mary crystallization of the nonisothermal crystallization of PBT.

The difference between using the Liu–Mo method to analyze

courses I and II in the nonisothermal primary crystallization of

PBT was the changes in a and F(T) of each beeline; this indi-

cated a two-stage process. The slope of beeline 1 was larger

than that of beeline 2; this suggested that there was a change-

over in the primary crystallization process from course I to

course II. As Figure 6 shows, the value of a was larger than 1;

this indicated that n was always larger than m and suggested

that significant secondary crystallization growth accompanied

primary crystallization during the nonisothermal crystallization

of PBT. A larger F(T) suggested a faster U to achieve a certain

Xt at a certain t. What is more, spherulite impingement also

had an effect on the value of a in the nonisothermal

crystallization.

Ea of the Nonisothermal Crystallization

With Tp, which is the peak temperature of the exotherm, into

account, the changes with U, of the nonisothermal crystalliza-

tion Ea were estimated with the Kissinger equation, which can

be written as follows:27

d lnðU=T 2
p Þ=dð1=TpÞ ¼ �Ea=R (7)

where R is the universal gas constant. From Tp, as shown in Fig-

ure 1, and the corresponding U, a typical plot of ln(U/T2
p) ver-

sus 1/Tp is presented in Figure 7. The average Ea obtained for

PBT was �215 kJ/mol, as obtained from the slope of the line.

As in the practical nonisothermal crystallization process of poly-

mers, Ea generally changed with Xt. The Kissinger equation

given for Ea calculation does not take into account this factor,

and the Kissinger Ea thus obtained could only be an average of

the entire process. In view of the intrinsic links among Ea, U,
the crystallization temperature, and Xt, the FWO equation was

also applied to obtain Ea by the kinetic parameters. This equa-

tion is often used to calculate different Ea’s at every different Xt.

The FWO equation is of the form28

logU ¼ log½AEa=RGðXt Þ� � 2:315� 0:4567ðEa=RTÞ (8)

where A is the pre-exponential factor. G(Xt) is the integral

equation for nonisothermal crystallization kinetics, and its

expression is

GðXt Þ ¼
Z Xt

0

dXt=f ðXt Þ ¼ ðA=UÞ
Z T

T0

exp½�Ea=ðRTÞ�dT (9)

G(Xt) is a constant value at different U’s, f(Xt) is a function of

Xt. For the same Xt, log U � 1/T has a linear approximation, so

for each Xt value, Ea can be calculated according to eq. (8) by

the slope of the fitting of linear log U � 1/T.

The plot of log U versus 1/T for the nonisothermal crystalliza-

tion process of PBT is presented in Figure 8. Figure 8 shows the

value of Xt from 1 to 95%, which basically covers the primary

crystallization and the secondary crystallization of the entire

nonisothermal crystallization process. The nonlinearity in the

Figure 7. Kissinger plots for estimating the energy of the nonisothermal

crystallization of PBT.

Figure 8. log / versus 1/T for the nonisothermal crystallization of PBT.
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high-crystallinity area probably referred to this secondary crys-

tallization. Figure 8 shows the schematic diagram of log U ver-

sus 1/T. Each Ea could be calculated from a given Xt. The slope

of each linear relationship between log U and 1/T at a given Xt

decreased with increasing Xt.

According to the FWO equation, the relationship between Ea
and Xt of PBT during the nonisothermal crystallization is

shown in Figure 9. The figure indicates that in the entire noni-

sothermal crystallization process, when Xt increased, Ea
decreased. Ea of the initial stage of crystallization was about 350

kJ/mol; this was higher than the following processes, whereas Ea
of the late stage of crystallization decreased significantly and

was eventually only 100 kJ/mol.

Figure 9 shows that Ea declined with increasing Xt, but on

closer inspection, the declining rate was different. The curve of

Ea � Xt in Figure 9 could be divided into three intervals. In

each interval, Ea and Xt are in an approximately linear relation-

ship. The slope of straight line indicates varying rate of Ea with

changing the relative crystallinity.

Figure 9 shows that the two intersection points of the three

lines gave Xt value of about 15 and 90%. The first two intervals

(1–15%) and (15–90%) were consistent with the two courses in

the primary crystallization, as shown in Figure 6. Moreover, the

Xt range (>90%) could be seen as secondary crystallization.

Therefore, this result may then serve as a guideline for different

Ea values at different courses in the nonisothermal crystalliza-

tion of PBT. That is, as calculated in Figure 9, the FWO Ea’s for

course I, course II, and secondary crystallization were �320,

�210, and �100 kJ/mol, respectively. The average of those three

Ea values, �210 kJ/mol, was approximately equal to �215 kJ/

mol, the Ea obtained by the Kissinger equation.

From the previous discussion, the conclusion could be reached

that courses I and II indicated the lamellae and spherulites

growth processes, respectively. Accordingly to the relationship

Ea � Xt, as shown in Figure 9, the experimental results show

that the crystal growth of lamellae in the initial stage of noniso-

thermal crystallization required a higher Ea. When entering the

stage of the growth of spherulites, the Ea required was less than

that for the growth of lamellae. At the final stage of the growth

of spherulites, Ea was even lower. Ea at secondary crystallization

declined gradually, along with the spherulite impingement; this

was primarily because of the formation of thinner, infilling

lamellae.

However, nucleation could have played a role in crystal growth,

and the rate of nucleus formation depends not only on the

interfacial area but also on the temperature. We are continuing

to do more in-depth research and to look for more new proofs.

CONCLUSIONS

The nonisothermal crystallization behavior of PBT at six differ-

ent U’s was investigated by DSC. The crystallization rate

increased with increasing U. The data were analyzed with the

Avrami and Liu–Mo equations. The nonisothermal crystalliza-

tion kinetic parameters obtained demonstrated a heterogeneous

nucleation mechanism, and the primary crystallization of the

nonisothermal crystallization of PBT was composed of two

courses: course I for the two-dimensional process of the forma-

tion of lamellae, with a corresponding Xt of less than 15% and

course II for the three-dimensional spherulite growth process,

with a corresponding Xt from 15 to 90%. When Xt was greater

than 90%, secondary crystallization began. In the Liu–Mo equa-

tion, the two beelines suggested that there was a changeover in

the primary crystallization process from course I to course II,

indicating a two-stage process.

The average Ea obtained with the Kissinger equation for the

nonisothermal crystallization process of PBT was found to be

�215 kJ/mol. According to the FWO equation, the Ea values for

course I, course II, and secondary crystallization were calculated

as �320, �210, and �100 kJ/mol, respectively.
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