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bstract

The morphology, melting behavior, and non-isothermal crystallization of poly(butylene terephthalate) (PBT) and poly(ethylene-co-methacrylic
cid) (PEMA) blends were studied with scanning electron microscopy, X-ray diffraction and differential scanning calorimetry (DSC). PEMA forms
mmiscible, yet compatible, blends with PBT. Subsequent DSC scans on melt-crystallized samples exhibited two melting endotherms (TmI and

mII). The presence of PEMA would facilitate the recrystallization during heating scan and retard PBT molecular chains to form a perfect crystal in
ooling crystallization. The dispersion phases of molten PEMA acts as nucleating agents to enhance the crystallization rate of PBT. The solidified
BT could act as nucleating agents to enhance the crystallization of PEMA, but also retard the molecular mobility to reduce crystallization rate.
he U* and Kg of Hoffman–Lauritzen theory were also determined by Vyazovkin’s methods to support the interpretation.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Poly(butylene terephthalate) (PBT) is an importance ther-
oplastic material for a large number of applications because

f its good combination of properties, such as rigidity and sol-
ent resistance. Polymer blending provides an easy approach
o improve the properties of polymers rather than design and
ynthesize new polymers. Some polymers were blended in PBT
o attain the desired properties, such as poly(ethylene octene)
PEO) [1–3], poly(acrylonitrile-co-butadiene-co-styrene)(ABS)
4–7], functionalized ethylene-propylene random copolymer
8,9], and poly (ethylene-co- glycidyl methacrylate) [10].
The physical properties of polymer blends strongly depend
n their crystallization behavior and morphology. In a two-
omponent polymer blend, if the crystallization temperature of

∗ Corresponding author. Fax: +886 6 2433812.
E-mail address: jw.huang@msa.hinet.net (J.-W. Huang).
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Non-isothermal crystallization

ne component is higher than that of the other component, then
he former crystallizes in the presence of the molten state of the
ther component whereas the second component crystallizes in
he presence of the solidified phase of the first component [11].
he presence of a second component either in the molten or solid
tate affects both the nucleation and crystal growth of the crys-
allizing polymer. Therefore, studying the morphology and crys-
allization of both components is desirable. Many articles have
oted the effects of a second component on the crystallization of
BT in PBT blends [1–10]. However, the knowledge related to

he effects on crystallization of a minor component is still scarce.
esearch on isothermal crystallization is limited to idealized
onditions such as constant temperature; therefore, the theoret-
cal analysis is relatively easy. Non-isothermal crystallization is
more complex process since temperature is not constant.
Semicrystalline poly(ethylene-co-methacrylic acid) copoly-
er (PEMA) is an ethylene and methacrylic acid copolymer

esin. Due to the presence of the co-monomers, PEMA provides
xcellent adhesion to variety of both polar and non-polar sub-
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trates [12]. In this article, PBT and PEMA were compounded
n a twin-screw extruder. The crystalline structure and mor-
hology were characterized by WAXS and scanning electron
icroscopy (SEM). The melting behaviors and non-isothermal

rystallization of these specimens were measured by differential
canning calorimetry (DSC). The non-isothermal crystalliza-
ion processes of PBT and PEMA in blends were delineated
y modified Avrami, Ozawa, and Liu models. The activation
nergy and parameters of Hoffman–Lauritzen theory under a
on-isothermal condition were also estimated by Vyazovkin’s
ethods.

. Experimental

.1. Materials

Commercial grade poly(butylene terephthalate) (PBT) was
upplied by Sam Yang Co., Ltd. (Seoul, Korea) under trade name
ribit® PBT-1500 with a melt flow index (MFI) of 215 g/10 min
250 ◦C × 5 kgf, ASTM D1238). Poly (ethylene-co- methacrylic
cid) copolymer (PEMA) containing 12% methacrylic acid with
melt flow index (MFI) of 13.5 g/10 min (190 ◦C × 2.16 kgf,
STM D1238), trade name: Nucrel® 1207, was produced by
u Pont (USA). All materials were used as received without
urification.

.2. Sample preparation

All materials were dried at 323 K in a vacuum oven for 6 h
efore compounding. PBT and 10, 30, and 50 wt.% PEMA were
ompounded with a twin-screw extruder (L/D = 32, D = 40 mm,
ontinent Machinery Company, Tainan, Taiwan; Model CM-
TE 32) at 553 K and 300 rpm to make polymer blends

f PBT9/PEMA1, PBT7/PEMA3, and PBT5/PEMA5 blends,
espectively. The rod extrudate was cooled in a water bath. As a
ase of comparison, the neat PBT and PEMA were also passed
hrough the extruder at the same conditions.

.3. Morphology

In order to characterize the morphology of the blends, the
amples were fractured in liquid nitrogen and examined with
canning electron microscope (HITACHI, S-3500).

.4. Wide-angle X-ray diffraction

Wide-angle X-ray diffraction (WAXD) were carried out using
Philips XRG-3000 generator with Ni filtered Cu K� radiation

λ = 1.54 Å) which operated at an applied voltage of 30 kV and
current of 30 mA. The patterns were recorded at a scanning

ate of 1◦/min. over an angular range 10◦–40◦. The samples
rystallized from the molten state (533 K) to room temperature
t a cooling rate of 10 K/min.
.5. Thermal measurements

The melting and crystallization behaviors of polymer blends
ere investigated with a differential scanning calorimetry,

3
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erkin–Elmer Pyris-1 DSC calibrated using indium with sam-
les weights of 8–10 mg. All operations were carried out in a
itrogen atmosphere. The samples were heated to 533 K and
eld in the molten state for 5 min to eliminate the influence of
hermal history.

. Results and discussion

.1. Morphology

Morphology of a blend depends on whether the minor com-
onent has a lower or higher viscosity when the components
ave different melt viscosities. If the minor component has a
ower viscosity than the major one, the minor component will be
nely dispersed [13,14]. The cryogenically fractured surfaces of
lends of PBT with PEMA are shown in Fig. 1a–c, in which, the
ize of the dispersed phase clearly increased when the content of
EMA increased from 10 to 50 wt.%. The particle size was rather
niform in PBT9/PEMA1 and PBT7/PEMA3; however, in the
BT5/PEMA5, size variation clearly increased. The sizes of dis-
ersed phase of PBT9/PEMA1 and PBT7/PEMA3 were ca. 0.7
nd 1 �m, respectively, and were not change significantly with
he content of PEMA. The small and homogeneous dispersed
hases are due to the interaction between hydroxyl groups of
BT and acid groups of PEMA, which induce partial miscibility.
hen the PEMA content increased to 50 wt.% (PBT5/PEMA5)

s shown in Fig. 1c, the mean size of dispersed phase increased
o ca. 5–7 �m as is usual in rubber-toughened blends [15,16],
nd exhibits a very sharp interface between PEMA domains and
BT matrix. PEMA domains have a spherical shape and there
re numbers of voids from which the dispersed PEMA were
ulled out. The result indicates that the interfacial interaction
etween PBT and PEMA is poorer at higher content of PEMA.

.2. WAXD

The X-ray diffraction patterns of melt-crystallized samples
re shown in Fig. 2 for PBT, PBT9/PEMA1, PBT7/PEMA3,
BT5/PEMA5, and PEMA. The characteristic X-ray peaks for
ure PBT were observed at the scattering angles 2θ of ca. 16.0◦,
7.2◦, 20.6◦, 23.3◦, 25.2◦, 29.3◦ and 31.1◦, which correspond to
he reflections from the (01̄1), (010), (1̄11), (100), (11̄1), (101),
nd (1̄1̄1) planes, respectively [17,18], as listed in Table 1. The
EMA shows a strong diffraction peak at 2θ = 21.5◦. It could
e observed (Fig. 2 and Table 1) that characteristic peaks of the
lends were similar to those of pure PBT and no new charac-
eristic peaks appear in X-ray patterns of the blends. The results
uggest that the PBT and PEMA components in the blends crys-
allized independently, and there is no co-crystallization of both
omponents. The dependency of crystallization can be clearly
bserved in the 50%/50% blend (PBT5/PEMA5), where a broad
eak appeared in 20.6◦–21.5◦.

.3. Melting behaviors
.3.1. First scan
Fig. 3 shows the results of the first DSC scan of PBT/PEMA

lends quenched in water after compounding in an extruder.
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(α = 10 K/min.) is similar to that of first scan; however, the peak
of T PBT

m spilt into two endothermic peaks (T PBT
mI and T PBT

mII ).
The two melting endotherms may be attributed to the melting
of crystals with different structures [19,20] or that crystals have

Table 1
Peak positions (as equivalent Bragg spacings d) for PBT, PBT9/PEMA1,
PBT7/PEMA3 and PBT5/PEMA5

Sample Angle (2θ) d-spacing (Å) hkl

PBT 16.0 5.53 (01̄1)
17.2 5.15 (010)
20.6 4.31 (1̄11)
23.3 3.81 (100)
25.2 3.53 (11̄1)
29.3 3.04 (101)
31.1 2.87 (1̄1̄1)

PBT9/PEMA1 16.3 5.43 (01̄1)
17.6 5.03 (010)
20.9 4.25 (1̄11)
23.6 3.77 (100)
25.5 3.49 (11̄1)
29.4 3.03 (101)
31.6 2.83 (1̄1̄1)

PBT7/PEMA3 16.7 5.30 (01̄1)
17.8 4.98 (010)
21.2 4.19 (1̄11)
23.9 3.72 (100)
25.7 3.46 (11̄1)
29.7 3.00 (101)
31.8 2.81 (1̄1̄1)

PBT5/PEMA5 16.7 5.30 (01̄1)
17.9 4.95 (010)
21.4 4.15 (1̄11)
ig. 1. SEM micrograph of PBT/PEMA blends. (a) PBT9/ PEMA1, (b)
BT7/PEMA3, (c) PBT5/PEMA5.

wo melting temperature of PBT (T PBT
m ) and PEMA (T PEMA

m )
re clearly observed, which implies they are immiscible. The
PBT
m of all blends are 498.5, 498.5, 498.4, and 498.4 K
or PBT, PBT9/PEMA1, PBT7/PEMA3, and PBT5/PEMA5,
espectively. T PBT

m does not change significantly with the addi-
ion of PEMA. The T PEMA

m of neat PEMA is at 367.8 K,
ut that of PEMA in the PBT5/PEMA5, PBT7/PEMA3, and

BT9/PEMA1 appeared at 367.3, 366.8, and 365.8 K, respec-

ively. T PEMA
m decreases with the increasing content of PBT

uggesting that the solidified PBT would retard the crystalliza-
ion of PEMA [15].
Fig. 2. WAXD patterns of PBT, PBT/PEMA blends, and PEMA.

.3.2. Influence of heating rate
Fig. 4 shows the subsequent melting endotherms carried out at

ifferent heating rates (α) when samples were cooled at a cooling
ate (Φ) of 10 K/min. from the molten state. The peak of T PEMA

m

23.9 3.72 (100)
25.8 3.45 (11̄1)
29.7 3.00 (101)
31.9 2.80 (1̄1̄1)
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primary crystallization with a slower cooling rate. When the
samples were crystallized at higher cooling rate, crystals with
ig. 3. First DSC heating scan of PBT, PBT/PEMA blends, and PEMA which
ere quenched in water after blending in an extruder. (Heating rate 10 K/min.)

low degree of perfection, and that these crystals can partially
elt and recrystallize during DSC scans to yield more perfect

rystals [21,22]. The wide angle X-ray diffraction (Fig. 2) of all
amples exhibit similar patterns and suggests that there are no
dditional phases associated with the two melting peaks. T PBT

mI
hould be the peak associated with the fusion of the crystals
rown by normal primary crystallization and T PBT is the melting
mII
eak of the more perfect crystals after reorganization during the
eating process in DSC measurement.

ig. 4. Subsequent melting curves of PBT, PBT/PEMA at different heating rates
fter crystallization from the molten state at a cooling rate of 10 K/min.
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It could be seen in Fig. 4, the peak intensity ratio of
PBT
mI /T PBT

mII increased with the heating rate. During a melt-
ng and recrystallization process, if the less perfect crystallites
asses through the recrystallization region rapidly, there is no
ufficient time for the molten materials to reorganize into new
rystals [23,24]. The higher the heating rate used, the shorter
ime being available for the diffusion of the molecular segments
nto the growing crystallites [25]. The ratio of imperfect to per-
ect crystallites would increase at a higher heating rate. For a
articular α, the peak intensity ratio of T PBT

mI /T PBT
mII decreases

ith the increasing content of PEMA, it indicates that the dis-
ersed phases of PEMA facilitate the recrystallization during
eating scan.

.3.3. Influence of cooling rate
Fig. 5 shows the DSC heating scans of neat PBT and

BT/PEMA blends at a heating rate of 10 K/min. after sam-
les crystallized from molten state to room temperature with
ifferent cooling rate (Φ). The peaks of T PEMA

m of PEMA in
eat PEMA or PBT/PEMA blends do not change significantly
hen samples crystallized non-isothermally at different cooling

ate. However, when the cooling rate decreases, T PBT
mI moves

o a higher temperature and the ratio of T PBT
mI /T PBT

mII increase.
t indicates that crystals with higher perfection grow in normal
ower perfection formed and therefore are relatively prone to be
rganized during heating to a crystal population with a higher

ig. 5. Subsequent melting curves of PBT, PBT/PEMA blends, and PEMA at
heating rates of 10 K/min. after been non-isothermally crystallized from the
olten state at various cooling rate (Φ).
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hermodynamic stability. However, at slower cooling rate, the
re-existing crystals are much more perfect and less susceptible
o reorganization [26].

At a specific cooling rate, the peak intensity ratio of
PBT
mI /T PBT

mII decreases as content of PEMA increases; it indi-
ates the PEMA retards PBT molecular chains to form a perfect
rystals in primary crystallization and more imperfect crystals
re susceptible to reorganization. The dispersed phases of PEMA
ct as nucleating agents to cause a large number of crystals to
row in a limited space. Therefore, the large number of nuclei
auses more crystalline defects and more imperfect crystals were
ormed at a higher concentration of PEMA [27].

.4. Non-isothermal crystallization

Fig. 6a–d shows DSC cooling traces at different cooling rate,
nd the values of DSC results are given in Table 2. All the
SC traces of the blends show two crystallization peaks, which

ndicate that these blends have two crystallizable components.

BT has a higher crystallization temperature than PEMA. The
nset temperature of crystallization (To) and peak crystallization
emperature (Tp) of PBT (T PBT

o and T PBT
p ) shift to a higher tem-

erature. The shifting indicates the immiscible dispersed phase

X

w
o

Fig. 6. DSC non-isothermal measurement curves for (a) PBT, (b
ica Acta 465 (2007) 48–58

f PEMA acts as heterogeneous nuclei and PBT starts to crystal-
ize at a higher temperature. Similar behavior is observed in To
f PEMA (T PEMA

o ), and PEMA starts to crystallize at a higher
emperature as the content of PBT increases. The peak crystal-
ization temperature of PEMA (T PEMA

p ) increases in the presence
f 50 and 70 wt.% PBT (PBT5/PEMA5 and PBT7/PEMA3),
hen drops as additional PBT is added (PBT9/PEMA1). The
olidified PBT acts as heterogeneous nuclei to enhance the crys-
allization of PEMA and therefore a higher T PEMA

o is observed;
ut at the same time it also retards the crystallization at a
igher content of PBT and a lower T PEMA

p is observed in PBT9/
EMA1.

From DSC dynamic crystallization experiments, the data for
he crystallization extherms as a function of temperature were
btained. Relative crystallinity (XT) as a function of tempera-
ure was calculated as the ratio of the exothermic peak areas
28–30]:

∫ T

To
[dHc/dT ] dT
T = ∫ Te
To

[dHc/dT ] dT
(1)

here T is an arbitrary temperature, To is the onset temperature
f crystallization, Te is the temperature of crystallization com-

) PBT9/PEMA1, (c) PBT7/PEMA3, (d) PBT5/ PEMA5.
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Table 2
Characteristic data of non-isothermal melt crystallization exotherms for PBT and PBT/PEMA Blends

Sample Φ (K/min) To (K) Tp (K) 1/t1/2 (min−1)

T PBT
o T PEMA

o T PBT
p T PEMA

p PBT PEMA

PBT 4 478.2 – 472.6 – 0.707 –
6 477.1 – 470.3 – 0.862 –
8 475.8 – 468.5 – 1.058 –

10 474.9 – 467.3 – 1.216 –
PBT9/PEMA1 4 479.1 350.1 473.7 339.3 0.711 0.389

6 477.4 349.3 471.3 339.2 0.948 0.570
8 476.2 347.9 469.7 338.9 1.139 0.842

10 475.8 347.2 468.2 337.0 1.223 0.927
PBT7/PEMA3 4 480.0 348.3 474.3 341.5 0.738 0.520

6 477.8 347.7 471.9 339.8 1.004 0.726
8 477.2 347.6 470.1 338.2 1.188 0.847

10 476.3 345.3 468.6 338.3 1.342 1.049
PBT5/PEMA5 4 480.3 348.1 475.0 341.2 0.779 0.573

6 478.8 347.6 472.6 340.2 1.106 0.772
8 477.8 347.1 470.7 339.6 1.226 1.023

10 477.1 345.0 468.9 338.6 1.487 1.437
PEMA 4 – 347.9 – 340.9 – 0.567

6 – 347.4 – 339.6 – 0.746

p
i
c
f

t

w
t
c
t
t

F
t
m

o

t

w
c
b
c

8 – 347.0
10 – 345.9

leted, dHc is the enthalpy of crystallization released during an
nfinitesimal temperature interval dT. During the non-isothermal
rystallization process, the time (t) and temperature exhibit the
ollowing relationship:

=
∣∣∣∣To − T

Φ

∣∣∣∣ (2)

here Φ is cooling rate. The temperature in Eq. (1) could be
ransformed into a timescale, Xt. Fig. 7 shows a typical relative

rystallinity of PBT (XPBT

t ) in PBT5/EMA5 as a function of
ime. At higher cooling rate, less time is available to complete
he crystallization.

ig. 7. Relative crystallinity, XPBT
t , of PBT5/PEMA5 as a function of crys-

allization time at different cooling rate from experimental data and Avrami
odel.
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n
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X

w
i
e

– 339.1 – 0.972
– 337.8 – 1.165

Half-time (t1/2) of the non-isothermal crystallization can be
btained with the following relationship:

1/2 =
∣∣To − T1/2

∣∣
Φ

(3)

here T1/2 is the temperature at which XT = 50% and Φ is the
ooling rate. The inverse value of t1/2 (i.e., 1/t1/2) signifies the
ulk crystallization rate and a lower 1/t1/2 value indicates slower
rystallization. Table 2 also shows the 1/t1/2 for PBT and PEMA
n blends. The 1/t1/2 value increases with increasing cooling
ate indicating the polymer crystallized faster when the cool-
ng rate was increased. For a particular Φ, the value of 1/t1/2
f PBT increases with the increasing content of PEMA. The
mmiscible dispersed phase of molten PEMA acts as nucle-
ting agents to enhance the crystallization of PBT. The value
f 1/t1/2 of PEMA also increases with the content of PBT, but
rops at higher content (PBT9/PEMA1). It is due to the solidified
BT could act as nucleating agents to enhance the crystalliza-

ion of PEMA, and retard the molecular mobility to reduce
rystallization.

.5. Avrami model

Many kinetic models have been proposed to study the
on-isothermal crystallization of polymers. The most common
pproach is Avrami model [31–33] although there are some
imitations [23]. The Avrami equation is expressed as:

na

t = 1 − exp(−(Kat) ) (4)

here Xt is the relative crystallinity, t is crystallization time, Ka
s the Avrami crystallization rate constant and na is the Avrami
xponent. Xt can be calculated as the ratio between the area of
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Table 3a
Avrami kinetics parameters of PBT and PBT in PBT/PEMA blends

Sample Cooling rate
(K/min)

nPBT
a KPBT

a
(min−1)

KPBT
J R2

PBT 4 3.98 0.641 0.895 0.9998
6 4.17 0.781 0.960 0.9995
8 3.95 0.949 0.998 0.9986

10 3.81 1.081 1.008 0.9986
PBT9/PEMA1 4 4.25 0.645 0.896 0.9995

6 3.90 0.851 0.973 0.9991
8 3.83 1.021 1.003 0.9986

10 3.93 1.091 1.009 0.9983
PBT7/PEMA3 4 4.25 0.647 0.897 0.9998

6 3.92 0.974 0.996 0.9988
8 3.97 1.051 1.006 0.9996

10 4.02 1.117 1.011 0.9989
PBT5/PEMA5 4 3.57 0.706 0.917 0.9999

6 3.99 0.993 0.999 0.9999

t
c
a
m
s
a
d
T
d
t
r
t
T
a
I
a
s
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c
m
a
a

X

l

8 3.83 1.136 1.016 0.9998
10 3.89 1.237 1.021 0.9996

he exothermic peak at time t and the total measured area of
rystallization. Values of Ka and na of PBT (KPBT

a and nPBT
a )

nd PEMA (KPEMA
a and nPEMA

a ) were found by fitting experi-
ental data of XPBT

t and XPEMA
t to Eq. (4) and the results were

hown in Tables 3a and 3b. Avrami exponent (na) represents
parameter revealing the nucleation mechanism and growth

imension. The nPBT
a values for neat PBT and PBT blends in

able 3a are 3.57–4.25, which indicates the addition of PEMA
o not change the crystallization mechanism of PBT and means
he crystallization mechanism is spherulite growth from spo-
adic (homogeneous) nucleation. The nPBT

a value is similar to
hat reported by Wu [11], who found the nPBT

a values 3.58–4.10.
he nPEMA

a values are 3.51–3.90 for neat PBT, PBT5/PEMA5,
nd PBT7/PEMA3, and reduced to 2.5–2.67 for PBT9/PEMA1.

t implies that the crystallization changes from thermal nucle-
tion and three-dimensional spherical growth to truncated
pheres resulting from instantaneous nucleation with diffusion
ontrol.

able 3b
vrami kinetics parameters of PEMA and PEMA in PBT/PEMA blends

ample Cooling rate
(K/min)

nPEMA
a KPEMA

a
(min−1)

KPEMA
J R2

EMA 4 3.90 0.5135 0.8465 0.9989
6 3.79 0.6690 0.9352 0.9982
8 3.66 0.8672 0.9823 0.9986

10 3.54 1.034 1.0033 0.9985
BT5/PEMA5 4 3.83 0.5455 0.8594 0.9977

6 3.60 0.6823 0.9383 0.9988
8 3.71 0.9081 0.9880 0..9980

10 3.67 1.234 1.0212 0.9978
BT7/PEMA3 4 3.68 0.4432 0.8159 0.9987

6 3.57 0.6366 0.9275 0.9995
8 3.68 0.7548 0.9654 0.9993

10 3.51 1.152 1.0143 0.9973
BT9/PEMA1 4 2.67 0.3478 0.7679 0.9995

6 2.62 0.4887 0.8875 0.9995
8 2.50 0.7223 0.9602 0.9998

10 2.66 0.831 0.9817 0.9997

W
O
o
T

F
P

ica Acta 465 (2007) 48–58

In non-isothermal crystallization Ka and na do not have the
ame physical significance as in the isothermal process because
emperature deceased constantly in a non-isothermal process.
his temperature changes may affect the rate of both nuclei for-
ation and spherulite growth. However, Eq. (4) remains a good
t to experimental data based on regression coefficient (R2) as
an be seen in Tables 3a and 3b. The prediction according to
he Avrami model is reconstructed in Fig. 7. From the compari-
on of the model prediction with experimental data, the Avrami
odel provides a good simulation below Xt = 0.85 for all sam-

les, but exhibit an obvious deviation at higher Xt. It may be due
o the neglect of secondary crystallization at higher Xt in Avrami

odel.
To meet the requirements of Avrami model, Jeziorny [34]

ssumed constant or approximately constant cooling rate and
roposed the final form of the parameter characterizing the
inetics of a non-isothermal crystallization process:

n KJ = ln Ka

Φ
(5)

The values of KJ of PBT (KPBT
J ) and PEMA (KPEMA

J ) are
isted in Tables 3a and 3b, and exhibit a similar trend as 1/t1/2.

.6. Ozawa model

Considering the effect of cooling rate on the non-isothermal
rystallization, Ozawa modified the Avrami model from isother-
al crystallization to the non-isothermal crystallization by

ssuming that crystallization occurs at a constant cooling rate
nd the model as following [35]:

T = 1 − exp

[
−

(
Ko

Φ

)no
]

(6a)

n{− ln[1 − XT ]} = ln Ko − no ln Φ (6b)
here Ko and no are Ozawa crystallization rate constant and
zawa exponent, respectively. Fig. 8 illustrates a typical plot
f ln[−ln(1 − XT)] as a function of ln Φ for a fixed temperature.
he Ko and no of PBT (KPBT

o and nPBT
o ) and PEMA (KPEMA

o and

ig. 8. Ozawa analysis based on the non-isothermal crystallization of PBT in
BT5/PEMA5.
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Table 4a
Ozawa kinetic parameters of PBT and PBT in PBT/PEMA blends

Sample Temperature (K) nPBT
a KPBT

o R2

PBT 473 5.91 3.63 0.9948
470 4.03 4.96 0.9875
467 2.43 8.57 0.9804
464 1.97 13.92 0.9971

PBT9/PEMA1 473 6.04 4.12 0.9890
470 3.63 6.10 0.9836
467 2.58 9.76 0.9956
464 1.77 16.22 0.9992

PBT7/PEMA3 476 7.77 3.24 0.9860
473 5.63 4.36 0.9822
470 3.49 6.85 0.9857
467 2.46 10.99 0.9922
464 1.99 16.96 0.9927

PBT5/PEMA5 476 6.54 3.56 0.9922
473 4.63 5.07 0.9843

n

i
a
O
n
f
w
d
i
n
v
a
i
(
i

T
O

S

P

P

P

P

o
i
i
f
c
s
T
a

3

w
g

l

F

a

W
c
m
a
(
l
a
P
s

470 3.68 7.76 0.9926
467 2.40 12.20 0.9896

PEMA
o ) could be estimated from the y-intercept ((Ko = exp(y-

ntercept/no)) and slope. The Ozawa kinetic parameters as well
s regression coefficient (R2) were listed in Tables 4a and 4b.
zawa exponents were found to range from 1.77 to 7.77 for
eat PBT and PBT in blends (nPBT

o ) within 464–476 K, and
rom 0.60 to 3.32 for PEMA and PEMA in blends (nPEMA

o )
ithin 332–344 K. The Ozawa exponent (no) is dependent on the
imension of crystal growth. Both nPBT

o and nPEMA
o increase with

ncreasing crystallization temperature indicating the change of
ucleation during the crystallization process [36]. But the no
alues listed in Tables 4a and 4b seem not reasonable, such
s nPBT = 7.77 and nPEMA0.60 in PBT7/PEMA3. The scatter-
o o
ng experimental data in Fig. 8, and the regression coefficient
R2) listed in Tables 4a and 4b also show the Ozawa method
s not suitable for describing the non-isothermal crystallization

able 4b
zawa kinetic parameters of PEMA and PEMA in PBT/PEMA blends

ample Temperature (K) nPEMA
o KPEMA

o R2

EMA 344 3.32 1.79 0.9226
341 2.30 3.37 0.9509
338 1.59 7.04 0.9638
335 0.95 17.37 0.9509
332 0.77 41.40 0.8954

BT5/PEMA5 344 2.89 1.57 0.8499
341 1.75 3.32 0.9642
338 1.19 8.15 0.9620
335 0.98 22.43 0.9407
332 0.94 30.71 0.9121

BT7/PEMA3 344 2.65 1.78 0.9588
341 1.56 2.90 0.9837
338 0.88 6.15 0.9507
335 0.66 21.42 0.9095
332 0.60 51.59 0.8118

BT9/PEMA1 344 2.45 1.73 0.5846
341 2.13 1.94 0.8144
338 1.53 5.16 0.9260
335 0.65 11.02 0.9206
332 0.63 21.38 0.8544

a
t
a
i
a
t
c

F
P

ca Acta 465 (2007) 48–58 55

f PBT/PEMA blend. Ozawa treatment is essentially quasi-
sothermal in nature. The XT chosen at a given temperature
ncludes the values on the earliest stage as well as the values
rom the end stage of crystallization due to variation in the
ooling rates. When the cooling rates vary in a wide range, the
elected XT values may have included secondary crystallization.
he similar observations were also reported by Papageorgiou et
l. [37].

.7. Liu model

Liu et al. [38] combined Avrami and Ozawa models to deal
ith the non-isothermal crystallization behavior and its form is
iven as follow:

n Φ = ln

[
Kno

o

Kna
a

]1/no

− na

no
ln t (7a)

(T ) =
[
Kno

o

Kna
a

]1/no

(7b)

= na

no
(7c)

here the kinetic parameter, F(T), refers to the value of the
ooling rate chosen at the unit crystallization time when the
easured system amounts to a certain degree of crystallinity;
is the ratio of Avrami exponent (na) to the Ozawa exponent

no). At a given degree of crystallinity, plotting ln Φ versus
n t (Fig. 9) yielded a linear relationship between ln � and ln t
nd the values of F(T) and a of PBT(aPBT and F(T)PBT) and
EMA (aPEMA and F(T)PEMA) could be obtained from the
lopes and intercepts of these lines, respectively. The value of
(in Table 5) varied from 1.53 to 2.12 for PBT in blends, 0.80

o 1.32 for PEMA in blends. The value of a for each sample
lmost keep constant. The value of F(T)PBT and F(T)PEMA

ncreases with increasing degree of crystallinity indicating that
t unit crystallization time, a higher cooling rate is required
o reach a higher degree of crystallinity. At the same relative
rystallinity, the order of F(T)PBT and F(T)PEMA are, respec-

ig. 9. Plots of ln Φ verus ln t for different relative degree of crystallinity for
BT in PBT5/ PEMA5.
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Table 5
Value of F(T) and a for PBT, PEMA and PBT/PEMA Blends

Sample XPBT
t F(T)PBT aPBT XPEMA

t F(T)PEMA aPEMA

PBT 0.2 4.60 1.67 – – –
0.4 6.48 1.65 – – –
0.6 8.25 1.67 – – –
0.8 10.88 1.74 – – –

PBT9/PEMA1 0.2 4.31 1.53 0.2 6.78 0.80
0.4 5.71 1.54 0.4 8.67 0.84
0.6 7.16 1.57 0.6 10.56 0.86
0.8 9.31 1.63 0.8 12.97 0.87

PBT7/PEMA3 0.2 3.85 1.99 0.2 5.79 1.21
0.4 5.62 2.01 0.4 8.00 1.24
0.6 7.44 2.04 0.6 9.99 1.20
0.8 10.34 2.12 0.8 13.50 1.28

PBT5/PEMA5 0.2 3.65 1.62 0.2 5.45 0.88
0.4 5.35 1.60 0.4 6.88 0.87
0.6 6.90 1.60 0.6 8.11 0.88
0.8 9.12 1.67 0.8 9.68 0.88

PEMA – – – 0.2 5.96 1.22
– – – 0.4 7.57 1.24

t
a
T
i
/
P
S

3

t
H
r
t
t
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d
t
f

l

w
f
(
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t
T

1

(
o

F
c

b

Δ

i
p

p
t
t
i
d

e
o
e

Δ

∗ T (Tm) − T − TmT
– – – 0.6 9.18 1.27
– – – 0.8 11.54 1.32

ively, PBT > PBT9/PEMA1 > PBT7/PEMA3 > PBT5/PEMA5
nd PBT9/PEMA1 > PEMA> PBT5/PEMA5 > PBT7/ PEMA3.
he results further indicate that the crystallization of PBT

n blends is ranked: PBT5/PEMA5 > PBT7/PEMA3 > PBT9
PEMA1 > PBT, and PEMA in blends is ranked: PBT7/
EMA3 > PBT5/PEMA5 > PEMA > PBT > PBT9/PEMA1.
imilar rankings were obtained based on 1/t1/2 and KJ.

.8. Effective activation energy

Several methods have been suggested to estimate the effec-
ive activation energy in non-isothermal crystallization [39–41].
owever, to drop the negative sign in cooling process may

esult in errors [42]. The correct values can be determined by
he differential isoconversional method of Friedman [43] and
he advanced integral isoconversional method of Vyazovkin
44,45]. The Friedman equation [43] is applied to estimate the
ependence of the effective activation energy on conversion in
his study, and the Friedman equation could be expressed as
ollows:

n

(
dXt

dt

)
Xt

= constant − ΔEXt

RTXt

(8)

here (dXt/dt)Xt
is the instantaneous crystallization rate as a

unction of time for a given value of the relative crystallinity
Xt), R is the universal gas constant, and ΔEXt is the effective
ctivation energy of the process for a given value of Xt. At various
ooling rates, the values of dXt/dt at a specific Xt are correlated to
he corresponding crystallization temperature at this Xt, that is,
Xt and a straight line can be obtained by plotting dXt/dt versus

/TXt with the slope −ΔEXt/R.

The dependence of the effective activation energy of PBT
ΔEPBT

Xt
) and PEMA (ΔEPEMA

Xt
) in blends on conversion based

n Friedman equation are shown in Fig. 10a and b. ΔEPBT
Xt

(or
K
u

ig. 10. Dependence of the effective energy barrier on the extent of relative
rystallinity. (a) PBT and PBT in blends, ΔEPBT

Xt
; (b) PEMA and PEMA in

lends, ΔEPEMA
Xt

.

EPEMA
Xt

) value for each resin is found to increase with increas-
ng XPBT

t (or XPEMA
t ) suggesting that, as the crystallization

rogressed, it is more difficult for the polymer to crystallize.
The dependence of the effective activation energy on tem-

erature can be evaluated by replacing Xt with an average
emperature, according to Vyazovkin’s method [44,45], and
he results are shown in Fig. 11a and b. The activation energy
s negative, which indicates the crystallization increases with
ecreasing temperature.

Vyazovkin [44,45] used the results of the effective activation
nergy on temperature to estimate the parameters (Kg and U*)
f the Lauritzen–Hoffman theory [46] and derived the following
quation:

EXt = −R
(ln G)

d(1/T )

2 o 2 2 o
= U
(T − T∞)2 + KgR

(T o
m − T )2T

(9)

g is the nucleation parameter, which can be related to the prod-
ct of lateral (σ) and folding surface free energy (σe); U* is
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Table 6
Crystallization parameters of PBT

KPBT
g × 105 (K2) U*PBT (J/mole) R2 KPBT

g × 105 (K2) U*PEMA (J/mole) R2

PBT 2.49 11364 0.9855 – – –
PBT9/PEMA1 2.39 11156 0.9903 5.09 11769 0.9965
PBT7/PEMA3 1.98 8774 0.9826 3.88 5762 0.9958
P 0.98
P –

t
a
T
c
t
a
v
r
p

(
r

F
a

P

[
z
t

t
i
e
P

BT5/PEMA5 1.85 8313
EMA – –

he diffusional activation energy for the transport of crystalliz-
ble segments at the liquid-solid interface; R is the gas constant;
∞ = Tg−30 K is the hypothetical temperature below which vis-
ous flow ceases and Tg is glass transition temperature; T o

m is
he equilibrium melting temperature. Tg and T o

m are 248 K [47]
nd 509 K [48] for PBT, 153 and 388 K [49] for PEMA. The
alues Kg and U* can be estimated by fitting Eq. (9) with the
esults of dependence of the effective activation energy on tem-

erature, and the results are shown in Table 6. The KPBT

g value

2.49 × 105) of neat PBT estimated by Eq. (9) is similar to those
eported by Di Lorenzo (2.72 × 105) [47] and Chen (2.02 × 105)

ig. 11. Dependence of the effective activation energy on average temperature
nd fitted by Vyazovkin equation. (a) PBT and PBT in blends, ΔEPBT

Xt
; (b)

EMA and PEMA in blends, ΔEPEMA
Xt

.

P
t
m
P
o
t
[
1
r

4

e
P
h
T
P
P
t
S
e
T
c
o
g
t
r
m
T
c
T
P
O
d
c
t
t
n

15 4.47 8307 0.9968
4.73 9852 0.9825

26], which were estimated from isothermal crystallization. Vya-
ovkin’s equation seems to provide a good method to estimate
he Kg value under non-isothermal crystallization.

Both ΔEPBT
Xt

and KPBT
g values decrease with increasing con-

ent of PEMA, and it indicates the addition of more PEMA
nto the PBT matrix causes more heterogeneous nucleation to
nhance crystallization. The values of ΔEPEMA

Xt
and KPEMA

g in
BT5/PEMA5 and PBT7/PEMA3 is lower than those of neat
EMA. However, both values in PBT9/PEMA1 are higher than

hose of neat PEMA. It seems that the solidified PBT confines the
olecular mobility of PEMA to reduce the crystallization rate in
BT9/PEMA1. The higher U*PEMA of PBT9/PEMA1 than those
f other blends also confirms the results. High U* value suggests
hat the diffusion is more difficult in PBT9/PEMA1. Hoffman
46] has estimated the range of U* to vary between 4200 and
6700 J/mol. The values of U* in Table 6 are consistent with the
ange and seem reasonable.

. Conclusion

The PBT and PEMA were compounded in a twin-screw
xtruder. PEMA forms immiscible, yet compatible, blends with
BT through interaction between carbonyl acid groups and
ydroxyl groups of PBT at lower content of PEMA (<30 wt.%).
he immiscible PEMA was dispersed homogeneously in
BT9/PEMA1 and PBT7/PEMA3, but heterogeneously in
BT5/PEMA5. The blending of PEMA to PBT does not affect

he melting process of the PBT quenched from molten state.
ubsequent DSC scans of non-isothermally crystallized samples
xhibit two melting endotherms due to melt-recrystallization.
he lower temperature (TmI) is associated with the fusion of the
rystals grown by normal primary crystallization and the higher
ne (TmII) is the melting peak of the more perfect crystals reor-
anized during the DSC heating scan. At higher heating rate,
he less perfect crystallites passes through the recrystallization
egion rapidly that there is no sufficient time for the molten
aterials to reorganize into new crystals, and the intensity of

mII decreases. At lower cooling rate, the existing more perfect
rystals are less susceptible to reorganization and the intensity of
mII decreases. The non-isothermal crystallization processes of
BT and PEMA in blends were delineated by modified Avrami,
zawa, and Liu models. Ozawa model seems not suitable to
escribe the crystallization process of PBT and PEMA. All the

rystallization kinetics parameters (1/t1/2, KJ, and F(t)) indicate
he crystallization rate of PBT increases with increasing con-
ent of PEMA. The dispersion phases of molten PEMA acts as
ucleating agents to enhance the crystallization rate of PBT. The
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rystallization rate of PEMA increases with increasing content
f PBT up to 30 wt.%, and then decreases at higher content of
BT. The solidified PBT acted as nucleating agents to enhance

he crystallization of PEMA, but also retarded the molecular
obility to reduce crystallization at higher PBT content. Such

nterpretation was supported by the effective activation energy
ΔEXt ) and the nucleation parameter (Kg) calculated by Vya-
ovkin’s method.
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