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ABSTRACT: Poly(butylene terephthalate) (PBT) was
blended with different content (1, 3, and 6 wt %) of nano-
scale fully vulcanized acrylic rubber (FVAR) powders in a
twin extruder to prepare PBT/FVAR composites (PBT/
FVAR1, PBT/FVAR3, and PBT/FVAR6).The influence of
different content (1, 3, and 6 wt %) of nanoscale FVAR
powder on the nonisothermal crystallization behavior of
PBT was investigated by using differential scanning calo-
rimeter. The nonisothermal crystallization data were ana-
lyzed using Avrami, Ozawa, and Liu-Mo methods. The va-
lidity of kinetic models on the nonisothermal crystallization
process of PBT and PBT/FVAR blends was discussed. All
kinetic parameters showed that the ‘‘crystallization rate’’
followed the order: PBT > PBT/FVAR1 > PBT/FVAR3 >
PBT/FVAR6 at a given cooling rate during experimental

crystallization. However, when undercooling was taken into
consideration, crystallization ability followed the order: PBT
> PBT/FVAR6 > PBT/FVAR3 > PBT/FVAR1. A modified
the Lauritzen–Hoffman equation was used to derive nuclea-
tion parameter (Kg) derived from nonisothermal crystalliza-
tion. The results revealed that FVAR particles hindered the
crystallization; however higher content of FVAR powders
acted as heterogeneous nuclei in the nucleation stage to
facilitated the crystallization of PBT. The dependence of the
effective activation energy on conversion was evaluated on
the basis of Friedman equation. � 2007 Wiley Periodicals, Inc.
J Appl Polym Sci 106: 2031–2040, 2007
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INTRODUCTION

Poly(butylene terephthalate), PBT, is a semicrystal-
line thermoplastic polymer with good combination
of properties, such as rigidity, solvent resistance,
and rates of crystallization that allow short cycle
time in injection molding.1 But low impact strength
has restricted their applications. Many tougheners
have been added to PBT to enhance its impact prop-
erty such as poly(ethylene octene),2 poly(acryloni-
trile-co-butadiene-co-styrene),3–6 ethylene–propylene–
diene,7 ethylene–propylene rubber8,9 and poly(ethyl-
ene-co-glycidyl methacrylate).10

A new kind of highly cross-linked nanoparticle
rubbers, ultra-fine full-vulcanized rubber powders
with particle size between 30 and 2000 nm has been
applied in toughening the polymers.11,12 When the
particle size is below 100 nm, the ultra-fine full-vul-
canized rubber powders can be also recognized as
elastomeric nanoparticle. According to the toughen-
ing theory,13 the brittle–tough transition occurs at a

very low rubber volume fraction if the particle size
of rubber is small enough.

In our previous work,14 nanoscale fully vulcanized
acrylic rubber (FVAR) particles were compounded in
PBT and showed good dispersion from SEM micro-
graphs. Those FVAR particles affect the isothermal
crystallization, which was also simulated by kinetic
models. The FVAR could be blended with thermo-
plastic polymers by standard plastic compounding
machinery and applied in many fields.11,12 The FVAR
can greatly improve toughness of many poly-
mers,11,12,14 and at the same time it can keep the stiff-
ness and/or heat resistance of plastics not only from
lowering but also increasing substantially.11 Research
on polymer crystallization is limited to idealized con-
ditions such as isothermal crystallization with con-
stant external conditions; therefore, the theoretical
analysis is relatively easy. Practically, however, the
crystallization in a continuously varying environment
is of great interest because industrial processes, such
as injection molding of connectors, generally proceed
under nonisothermal conditions.

In this article, nonisothermal crystallization of PBT
and PBT/FVAR blends were studied by DSC and sev-
eral nonisothermal crystallization models were used to
describe the crystallization process. In addition, the
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undercooling, nucleation parameters and activation
energies of crystallization were also discussed.

EXPERIMENTAL

Materials

Commercial grade PBT was supplied by ChangChun
Group (trade name: 2000-201D, Taipei, Taiwan))
with a melt flow index (MFI) of 18–22 g/10 min.
(2358C 3 2.16 kgf, ASTM D 1238). FVAR powder
(trade name: VP-301) with particle size of 50–100 nm
was offered by Beijing Research Institute of Chemi-
cal Industry, SINOPEC, China. All materials were
used as received without purification.

Sample preparation

All materials were dried at 373 K in a vacuum oven for
6 h before compounding. PBT was compounded with
FVAR powder in a twin-screw extruder (Continent

Figure 1 DSC nonisothermal measurement curves for PBT and PBT/FVAR blends. (a) PBT, (b) PBT/FVAR1, (c) PBT/
FVAR3, (d) PBT/FVAR6.

TABLE I
Characteristic Data of Nonisothermal Melt

Crystallization Exotherms for PBT
and PBT/FVAR Blends

Sample

Cooling
Rate

(K/min)
To

(K)
Tp

(K)
T1/2

(K)
t1/2
(min)

PBT 10 472.2 464.7 465.2 0.706
20 469.9 460.7 460.7 0.461
30 468.6 457.7 457.7 0.362
40 467.2 455.4 455.4 0.295

PBT/FVAR1 10 474.7 465.8 466.1 0.866
20 472.5 461.6 461.7 0.541
30 470.5 459.2 458.8 0.391
40 469.2 456.7 456.6 0.317

PBT/FVAR3 10 474.9 465.6 465.9 0.896
20 472.8 461.6 461.7 0.559
30 472.0 459.1 458.8 0.440
40 470.5 457.3 456.7 0.346

PBT/FVAR6 10 475.1 464.5 465.3 0.976
20 472.9 460.1 460.7 0.559
30 472.0 457.7 457.7 0.478
40 471.2 455.4 455.3 0.396

2032 HUANG

Journal of Applied Polymer Science DOI 10.1002/app



Machinery Company, Model CM-MTE, L/D532, D 5
40 mm) at 623 K and 100 rpm to prepare PBT/FVAR
blends. FVAR contents were 1 wt % (PBT/FVAR1), 3
wt % (PBT/FVAR3), and 6 wt % (PBT/FVAR6). Neat
PBT also went through similar thermal history.

Characterizations

The nonisothermal crystallization behaviors of poly-
mer blends were investigated with a differential
scanning calorimeter, Perkin–Elmer DSC-1. The dif-
ferential scanning calorimeter was calibrated using
indium with samples weights of 8–10 mg. All opera-
tions were carried out in a nitrogen atmosphere.
Before the data gathering, the samples were heated
to 583 K and held in the molten state for 5 min to
eliminate the influence of thermal history. The sam-
ple melts were then subsequently cooled to 308 K at
a cooling rate of 10, 20, 30, and 40 K/min.

RESULTS AND DISCUSSION

In previous study,14 FVAR particles were dispersed
well and hardly distinguishable from the PBT matrix

in PBT/FVAR blends under scanning electron micro-
scope (SEM) observation. The addition of FVAR par-
ticles affects the isothermal crystallization of PBT.

Figure 1 shows representative DSC scans of PBT
and FVAR-filled PP blends on cooling from 583 K at
various cooling rates. The cooling rate dependence of
the onset (To) and peak (Tp) of the crystallization exo-
therms were shown in Table I. It was observed that
both To and Tp decreased with increasing cooling rate.
Crystallization started at higher temperatures when
cooling rate was lower, because there was more time
to overcome the nucleation energy barriers; while at
higher cooling rate the nuclei become active at lower
temperature.15 The presence of FVAR in PBT led to an
increase in To at a given cooling rate because FVAR
acted as a nucleating agent and therefore PBT in PBT/
FVAR blends started to crystallize earlier.

The relative crystallinity as a function of tempera-
ture, XT, was calculated as the ratio of the exother-
mic peak areas.16,17

XT ¼
R T
To

dHc

dT

� �
dTR T1

To

dHc

dT

� �
dT

(1)

Figure 2 Experimental relative crystallinity as a function of temperature at different cooling rate. (a) PBT, (b) PBT/
FVAR1, (c) PBT/FVAR3, (d) PBT/FVAR6.
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where T is an arbitrary temperature, dHc is the en-
thalpy of crystallization released during an infinitesi-
mal temperature interval dT; Figure 2(a–d) present
the relative crystallinity (XT) as a function of temper-
ature for PBT and PBT/FVAR blends. The tempera-
ture abscissa in Figure 2 could be transformed into a
time scale, as shown in Figure 3, based on the fol-
lowing equation:

t ¼
�����
To � T

F

����� (2)

where F is cooling rate. The relative crystallinity (Xt)
of PBT and PBT/FVAR blends as a function of time
were illustrated in Figure 3(a–d). It can be seen
clearly from Figure 3 that the higher the cooling rate,
the shorter the time for completing the crystallization.

Table I also shows the half-time of crystallization
(t1/2), defined as the time from the onset of crystalli-
zation to the time at which Xt is 50%. The inverse
value of t1/2 (i.e., 1/t1/2) signifies the bulk crystalli-
zation rate and a lower 1/t1/2 value indicates slower
crystallization. The t1/2 value decreased with increas-

ing cooling rate indicating the polymer crystallized
faster when the cooling rate was increased. At a
given cooling rate, the t1/2 for PBT and PBT/FVAR
blends followed the order: PBT/FVAR6 > PBT/
FVAR3 > PBT/FVAR1 > PBT implying that the

Figure 4 Plots of reciprocal half-time of crystallization as
a function of cooling rate for PBT and PBT/FVAR blends.

Figure 3 Experimental relative crystallinity as a function of time at different cooling rate and Avrami analysis. (a) PBT,
(b) PBT/FVAR1, (c) PBT/FVAR3, (d) PBT/FVAR6.
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crystallization rate followed the order: PBT > PBT/
FVAR1 > PBT/FVAR3 > PBT/FVAR6. The overall
crystallization rate is governed by nucleation and
diffusion.18 Nanoscale FVAR particles have shown
to act as nucleating agent to increase the nucleation

rate; however, the FVAR also hinders the crystalliza-
tion under nonisothermal conditions by slowing
down the diffusion of PBT chains.19–22

The slope of 1/t1/2 versus the cooling rate is
defined as crystallization rate parameter (CRP) and a
higher slope indicates faster crystallization rate.23,24

Figure 4 shows plots of 1/t1/2 as a function of cool-
ing rate. The CRP values for neat PBT, PBT/FVAR1,
PBT/FVAR3, and PBT/FVAR6 were respectively
0.071, 0.067, 0.058, and 0.50 K21.

Avrami model

Avrami equation25–35 can be used to describe the pri-
mary stage of nonisothermal crystallization. The
Avrami equation is expressed as:

Xt ¼ 1� exp
�
� ðKatÞna

�
(3)

where Xt is the relative crystallinity, t is crystalliza-
tion time, Ka is the Avrami crystallization rate con-
stant and na is the Avrami exponent. Xt can be calcu-
lated as the ratio between the area of the exothermic

TABLE II
Avrami Kinetics Parameters

Sample
Cooling

rate (K/min) na Ka KJ R2

PBT 10 3.86 1.2998 1.0266 0.9994
20 3.96 1.8830 1.0321 0.9997
30 3.90 2.7018 1.0337 0.9992
40 3.76 3.9375 1.0349 0.9984

PBT/FVAR1 10 4.92 1.0757 1.0073 0.9998
20 4.73 1.6003 1.0238 0.9995
30 4.43 2.3220 1.0285 0.9984
40 4.11 3.2339 1.0298 0.9983

PBT/FVAR3 10 4.97 1.0407 1.0040 0.9998
20 4.88 1.4500 1.0188 0.9996
30 4.80 2.0756 1.0246 0.9988
40 4.38 2.9056 1.0270 0.9959

PBT/FVAR6 10 5.32 0.9545 0.9954 0.9993
20 4.91 1.3470 1.0150 0.9990
30 5.16 1.9156 1.0219 0.9973
40 4.94 2.4921 1.0231 0.9959

Figure 5 Ozawa analysis based on the nonisothermal crystallization of PBT and PBT/FVAR blends. (a) PBT, (b) PBT/
FVAR1, (c) PBT/FVAR3, (d) PBT/FVAR6.
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peak at time t and the total measured area of crystal-
lization. Values of Ka and na were found by fitting
experimental data of Xt to eq. (3) and the results
were shown in Table II.

In nonisothermal crystallization, because tempera-
ture changes constantly, Ka and na do not have the
same physical significance as in the isothermal crys-
tallization. This temperature changes affect the rate
of both nuclei formation and spherulite growth.
However, eq. (3) provided a good fit to experimental
data based on regression coefficient (R2).

Jeziorny36 assumed constant or approximately con-
stant cooling rate and proposed the final form of the
parameter characterizing the kinetics of nonisother-
mal crystallization:

lnKJ ¼ lnKa

F
(4)

The values of KJ were listed in Table II. KJ increased
with increasing cooling rate for all samples.

Ozawa model

Considering the effect of cooling rate on the noniso-
thermal crystallization, Ozawa modified the Avrami

model from isothermal crystallization to the noniso-
thermal crystallization by assuming that crystalliza-
tion occurs at a constant cooling rate and the model
as following37:

XT ¼ 1� exp � Ko

F

8>: 9>;no
� �

(5a)

lnf� ln½1� XT�g ¼ lnKo � no lnF (5b)

where Ko and no are Ozawa crystallization rate con-
stant and Ozawa exponent, respectively. Figure 5
illustrates the plots of ln [2ln (1 2 XT)] as a function
of ln F for a fixed temperature. The Ko and no could
be estimated from the y-intercept [(Ko 5exp (y 2
intercept/no)] and slope. The Ozawa kinetic parame-
ters as well as regression coefficient (R2) were listed
in Table III. Figure 5 and regression coefficient (R2)
listed in Table III showed that Ozawa model pro-
vided a satisfactory fit to the experimental data of
both samples studied. Ozawa exponent no was found
to range from 2.79 to 5.37 for neat PBT within 457–
469 K, from 2.49 to 3.92 for PBT/FVAR1 within 457–
467 K, from 1.78 to 3.91 for PBT/FVAR3 within 455–
469 K, and from 1.32 to 7.21 for PBT/FVAR6 within
453–471 K. no increased with increasing crystalliza-
tion temperature indicating the change of nucleation
during the crystallization process.38,39

Liu model

Liu et al.40 combined Avrami and Ozwa models to
deal with the nonisothermal crystallization behavior
and its form is given as follow:

lnF ¼ ln
Kno
o

Kna
a

� �1=n0
� na

no
ln t (6a)

FðTÞ ¼ Kno
o

Kna
a

� �1=no
(6b)

a ¼ na
no

(6c)

where the kinetic parameter, F(T), refers to the value
of the cooling rate chosen at the unit crystallization
time when the measured system amounts to a cer-
tain degree of crystallinity; a is the ratio of Avrami
exponent (na) to the Ozawa exponent (no). At a given
degree of crystallinity, plotting ln F versus ln t (Fig.
6) yielded a linear relationship between ln F and ln
t and the values of F(T) and a (Table IV) could be
obtained from the slopes and intercepts of these
lines, respectively. The value of a varied from 1.53 to
1.71 for neat PBT, 1.45 to 1.55 for PBT/FVAR1, 1.48

TABLE III
Ozawa Kinetic Parameters

Sample
Temperature

(K) no Ko R2

PBT 457 2.79 28.9326 0.9926
459 2.99 22.3331 0.9902
461 3.04 16.8417 0.9925
463 3.33 12.5103 0.9992
465 3.61 9.2633 0.9975
467 4.00 6.9500 0.9958
469 5.37 5.8057 1.0000

PBT/FVAR1 457 2.49 33.0556 0.9799
459 2.57 25.0071 0.9777
461 2.91 19.7361 0.9572
463 3.30 14.2301 0.9953
465 3.66 10.7195 0.9992
467 3.92 7.8932 0.9955

PBT/FVAR3 455 1.78 43.6017 0.9967
457 2.21 33.2354 0.9786
459 2.448 24.8898 0.9695
461 2.80 19.5418 0.9623
463 3.18 14.0255 0.9720
465 3.51 10.5727 0.9998
467 3.63 7.5720 0.9986
469 3.91 5.5433 0.9972

PBT/FVAR6 453 1.32 50.2770 0.9539
455 1.78 35.5072 0.9280
457 1.912 28.203 0.9100
459 2.45 22.1843 0.9230
461 2.83 16.2552 0.9649
463 3.61 12.3470 0.9982
465 4.02 9.5486 0.9996
467 4.36 7.2167 0.9984
469 5.31 5.8966 0.9911
471 7.21 1.1833 0.9999
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to 1.55 for PBT/FVAR3 and 1.49 to 1.55 for PBT/
FVAR6. The value of F(T) increased with increasing
degree of crystallinity indicating that at unit crystal-
lization time, a higher cooling rate was required to
reach a higher degree of crystallinity. At the same
relative degree of crystallinity, the value of F(T) for
PBT was lower than those for PBT/FVAR blends;
that is, to reach the same relative degree of crystal-
linity, PBT required lower cooling rate, which indi-
cated that neat PBT crystallized faster than PBT/
FVAR blends.

Comparison of kinetic models

These three models (Avrami, Ozawa, and Liu) pro-
vided simulated fit to experimental data. Avrami
model has provided a simple method to ‘‘describe’’
a nonisothermal crystallization process although the
physical meanings of its kinetic parameters (Ka and
na) are not yet clear.25–27 Figure 4 show the predicted
curves based on the Avrami model (shown as solid
lines), versus the experimental, it indicates that
Avrami model provides good fitting below Xt 5 0.8.

It is difficult, however, for Ozawa and Liu models to
reconstruct the nonisothermal crystallization process
with those kinetic parameters (e.g. Fig. 3). To be able
to simulate a nonisothermal process is of great inter-
est because industrial operations involve mostly non-
isothermal crystallization.

Ozawa has extended the Avrami theory to a noni-
sothermal case by assuming a constant cooling rate
when the sample is cooled from the molten state.
Similar to the Avrami exponent, the Ozawa expo-
nent depends on the nucleation and growth mecha-
nisms. Ozawa treatment is essentially quasi-isother-
mal in nature. The Xt chosen at a given temperature
include the values on the earliest stage as well as the
values from the end stage of crystallization due to
variation in the cooling rates. When the cooling rates
vary in a wide range, the selected Xt values may
have included secondary crystallization. Further-
more, nonisothermal crystallization is a dynamic
process in which the crystallization rate is no longer
constant but a function of time and cooling rate.
Also, nucleation may be more complicated than that
of isothermal crystallization. These factors have

Figure 6 Plots of ln F versus ln t for different relative degree of crystallinity for PBT and PBT/FVAR blends. (a) PBT, (b)
PBT/FVAR1, (c) PBT/FVAR3, (d) PBT/FVAR6.
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made the quasi-isothermal nature of Ozawa treat-
ment somewhat questionable.

Liu model combines Avrami and Ozawa models,
where the physical meaning of the rate parameter
F(T) refers to the necessary value of cooling rate to
reach a defined degree of crystallinity at unit crystal-
lization time. The good linearity of the plots (ln R
against ln t) verifies the advantage of the combined
approach applied.

All kinetic parameters from these models [KJ, Ko,
and F(T)] predicted that the ‘‘crystallization rate’’
followed the order : PBT > PBT/FVAR1 > PBT/
FVAR3 > PBT/FVAR6 at a given cooling rate during
experimental crystallization. However, to compare
the crystallization ability, undercooling should be
taken into consideration when samples with differ-
ent equilibrium temperatures (To

m), since the crystal-
lization rate of a polymer depends mainly on its
undercooling.41 In previous study, the equilibrium

temperatures of these four samples were estimated
by nonlinear Hoffman–Weeks equation (Tm

oNLHW)
and listed in Table V. Figure 7 shows the undercool-
ing needed to be imposed to reach 50% relative crys-
tallization (Xt 5 0.5), that is Tm

oNLHW 2 T1/2. The
undercooling followed the order: PBT/FVAR1 >
PBT/FVAR3 > PBT/FVAR6 > PBT, and it indicated
that the crystallization ability followed the order:
PBT > PBT/FVAR6 > PBT/FVAR3 > PBT/FVAR1.
The results suggested that the addition of FVAR will
hinder crystallization; however, more content of
FVAR induces more heterogeneous nuclei and
increased the crystallization ability. The results from
nonisothermal crystallization were similar to those
from isothermal crystallization in previous study.

Lauritzen–Hoffman equation

Lim42 modified the Lauritzen–Hoffman equation to
measure the spherulite growth rate as a function of
temperature and cooling rate in nonisothermal crys-
tallization as following equation:

ln Gþ U�

RðTo � Ft� T1Þ
¼ lnGo �

Kg

ðTo � FtÞ½To
m � ðTo � FtÞ�f ð7aÞ

f ¼ 2ðTo � FtÞ
To
m þ ðTo � FtÞ (7b)

G is the growth rate and is approximated as 1/t1/2
(i.e., t 5 t1/2)

43; Go is the pre-exponential factor;
U*is the diffusional activation energy for the trans-
port of crystallizable segments at the liquid–solid
interface; R is the gas constant; T1 5 Tg 2 30 K is
the hypothetical temperature below which viscous
flow ceases and Tg is glass transition temperature of
PBT and Tg 5 248 K44,45; Kg is the nucleation param-
eter, which can be related to the product of lateral
and folding surface free energy. Figure 8 shows the
linear plot of eq. (7) for PBT, PBT/FVAR1, PBT/
FVAR3, and PBT/FVAR6 by using To

m 5 Tm
oNLHW.

The Kg could be obtained from the slope of Figure 8
and the results are listed in Table V. The higher
value of Kg in PBT/FVAR blends than neat PBT
indicated the addition of FVAR reduces the mobility
of polymer chains during crystallization although

TABLE IV
Value of F(T) and a for PBT and PBT/FVAR Blends

Sample Xt F(T) a R2

PBT 0.2 3.27 1.71 0.9939
0.3 4.24 1.65 0.9993
0.4 5.03 1.62 0.9994
0.5 5.73 1.61 0.9994
0.6 6.86 1.53 0.9995
0.7 7.42 1.56 0.9996
0.8 7.90 1.64 0.9997

PBT/FVAR1 0.2 3.85 1.55 0.9695
0.3 4.75 1.52 0.9611
0.4 5.55 1.51 0.9713
0.5 6.22 1.50 0.9709
0.6 7.27 1.45 0.9799
0.7 7.45 1.52 0.9768
0.8 8.31 1.55 0.9793

PBT/FVAR3 0.2 5.98 1.53 0.9980
0.3 7.00 1.50 0.9977
0.4 7.80 1.49 0.9981
0.5 8.50 1.48 0.9983
0.6 9.18 1.48 0.9985
0.7 9.90 1.50 0.9987
0.8 10.78 1.55 0.9988

PBT/FVAR6 0.2 6.93 1.52 0.9770
0.3 7.92 1.50 0.9808
0.4 8.71 1.49 0.9828
0.5 9.44 1.49 0.9839
0.6 10.15 1.50 0.9846
0.7 10.94 1.51 0.9849
0.8 11.95 1.55 0.9842

TABLE V
Lauritzen–Hoffman Analyses for Nonisothermal Crystallization

of PBT and PBT/FVAR Blends

PBT PBT/FVAR1 PBT/FVAR3 PBT/FVAR6

To
m (K) Tm

oNLHW 32 Tm
oNLHW 77 Tm

oNLHW 558 Tm
oNLHW534

Kg (10
25, K2) 2.8 10.4 6.8 3.1

R2 0.9701 0.9999 0.9995 0.9647
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FVAR increases the nucleation rate. The addition of
more FVAR (PBT/FVAR3 and PBT/FVAR6) into the
PBT matrix caused more heterogeneous nucleation
and to obtain a lower Kg. The value of Kg in PBT/
FVAR3 and PBT/FVAR6 was lower than that of
PBT/FVAR1, which implies that the presence of
more content of FVAR induces more heterogeneous
nuclei and facilitate the crystallization*. Comparing
the corresponding values for Kg from isothermal
crystallization in previous study and nonisothermal
crystallization, the values of Kg show similar trend:
PBT/FVAR1 > PBT/FVAR3 > PBT/FVAR6 > PBT.

Effective energy barrier

Some methods have been suggested to estimate the
effective energy barrier in nonisothermal crystalliza-
tion.46–48 However, to drop the negative sign in cool-
ing process may result in errors.49 The Friedman
equation50 is applied to nonisothermal crystallization
for estimating the dependence of the effective activa-
tion energy on conversion and temperature. The
Friedman equation can be expressed as follows:

ln
dXt

dt

8>: 9>;
Xt

¼ constant� DEXt

RTXt

(8)

where dXt/dt is the instantaneous crystallization rate
as a function of time for a given value of the relative
crystallinity (Xt), R is the universal gas constant, and
DEXt

is the effective energy barrier of the process for
a given value of Xt. At various cooling rates, the val-
ues of dXt/dt at a specific Xt are correlated to the cor-
responding crystallization temperature at this Xt,
that is, TXt

, a straight line can be obtained by plot-
ting dXt/dt versus 1/TXt

and the slope is 2DEXt
/R.

The dependence of the effective activation energy
on conversion, which is based on Friedman equa-
tion, was shown in Figure 9. The activation energy

increased with the increase in the relative crystallin-
ity in all samples. At lower Xt, the PBT/FVAR
blends showed lower activation energy than neat
PBT; however, at higher Xt, PBT/FVAR blends
showed higher activation energy. It may be ascribed
to that FVAR particles acted as nucleating agents to
facilitate the crystallization, however, hindered the
crystallization at higher Xt.

CONCLUSIONS

DSC isothermal results reveal that introducing FVAR
particles into the PBT causes a change of the crystal
growth process. The nonisothermal crystallization
behavior of neat PBT and PBT/FVAR blends was
studied by DSC and by kinetic models. All kinetic
parameters [KJ, Ko, and F(T)] showed that the ‘‘crys-
tallization rate’’ followed the order: PBT > PBT/
FVAR1 > PBT/FVAR3 > PBT/FVAR6 at a given
cooling rate during experimental crystallization.

Figure 9 Dependence of the effective energy barrier on
the extent of relative crystallinity.

Figure 8 Modified Lauritzen–Hoffman type plots con-
structed from nonisothermal crystallization rate data.

Figure 7 Undercooling to reach 50% relative crystallinity
for PBT and PBT/FVAR blends at various cooling rate.
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However, when undercooling was taken into consid-
eration, crystallization ability followed the order:
PBT > PBT/FVAR6 > PBT/FVAR3 > PBT/FVAR1.
The results suggest that the addition of FVAR will
hinder crystallization; however, more content of
FVAR induces more heterogeneous nuclei and
increases the crystallization ability. Nucleation pa-
rameter (Kg) derived from a modified the Lauritzen–
Hoffman equation also showed the same trend. Acti-
vation energy obtained from Friedman equation
showed that the PBT/FVAR blends had lower acti-
vation energy than neat PBT at lower Xt because
FVAR particles acted as nucleating agents to facili-
tate the crystallization; however, PBT/FVAR blends
had higher activation energy at higher Xt because
FVAR particles hindered the crystallization.
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