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ABSTRACT: Poly(ethylene octene) (POE), maleic anhy-
dride grafted poly(ethylene octene) (mPOE), and a mixture
of POE and mPOE were added to poly(butylene terephtha-
late) (PBT) to prepare PBT/POE (20 wt % POE), PBT/
mPOE (20 wt % mPOE), and PBT/mPOE/POE (10 wt %
mPOE and 10 wt % POE) blends with an extruder. The
melting behavior of neat PBT and its blends nonisother-
mally crystallized from the melt was investigated with dif-
ferential scanning calorimetry (DSC). Subsequent DSC
scans exhibited two melting endotherms (T,; and T,).
T, was attributed to the melting of the crystals grown by
normal primary crystallization, and T, was due to the
melting of the more perfect crystals after reorganization
during the DSC heating scan. The better dispersed second

phases and higher cooling rate made the crystals that grew
in normal primary crystallization less perfect and relatively
prone to be organized during the DSC scan. The effects of
POE and mPOE on the nonisothermal crystallization pro-
cess were delineated by kinetic models. The dispersed
phase hindered the crystallization; however, the well-
dispersed phases of an even smaller size enhanced crystal-
lization because of the higher nucleation density. The
nucleation parameter, estimated from the modified Laurit-
zen-Hoffman equation, showed the same results. © 2007
Wiley Periodicals, Inc. ] Appl Polym Sci 107: 583-592, 2008
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INTRODUCTION

Poly(butylene terephthalate) (PBT) is an important
thermoplastic material for a large number of applica-
tions because of its good combination of properties,
such as rigidity and solvent resistance. Its low impact
strength can be overcome through blending with some
elastomers, such as poly(ethylene octene) (POE),'®
poly(acrylonitrile-co-butadiene-co-styrene),*” ethylene—
propylene—diene,® ethylene-propylene rubber,”'? and
poly(ethylene-co-glycidyl methacrylate).!* The tough-
ness and crystallization of PBT depend on the compati-
bility and interactions between components induced
by chemical reactions.
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DISCOVER SOMETHING GREAT

Controlling crystallization is of great importance
in polymer processing. Most of the properties of a
polymer are affected by the crystalline phase and
crystallization rate. The interface between two com-
ponents is an important factor in crystallization.

In previous research,'”> POE was blended with
PBT in an extruder, and the results revealed
improved compatibility between PBT and POE in
the presence of maleic anhydride grafted poly(ethyl-
ene octene) (mPOE). The size of the dispersed phase
decreased with an increasing concentration of mPOE
and followed the order of PBT/POE > PBT/mPOE/
POE > PBT/mPOE. This decrease in the particle size
may have been due to improved dispersibility attrib-
utable to the reaction of the anhydride groups in
mPOE and the OH in PBT at the interface. The addi-
tion of POE did not affect the melting behavior of
PBT for samples quenched in water after compound-
ing in the extruder. However, differential scanning
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calorimetry (DSC) scans of isothermally crystallized
neat PBT and PBT blends exhibited two melting
endotherms, which were due to melt recrystalliza-
tion during the DSC scans. The dispersed second
phase hindered the crystallization, but the well-dis-
persed phases of a smaller size enhanced the crystal-
lization because of the higher nucleation density.
The equilibrium melting temperature was estimated
with the nonlinear Hoffman-Weeks relation. The
ranking of the crystallizability of the blends was
PBT/mPOE > PBT > PBT/POE > PBT/mPOE/POE
on the basis of the same degree of undercooling
(AT,) calculated from their respective equilibrium
melting temperatures.

Previous research'? on the polymer crystallization
process has been limited to idealized conditions
such as isothermal crystallization with constant
external conditions; therefore, the theoretical analysis
is relatively simple, and problems concerning the
cooling rates and thermal gradients within speci-
mens can be avoided. Practically, however, crystalli-
zation in a continuously varying environment is of
great interest because industrial processes generally
proceed under nonisothermal conditions. In this
work, the melting behavior of PBT and PBT blends
after nonisothermal crystallization was studied with
DSC, and several nonisothermal crystallization mod-
els were also applied to describe the nonisothermal
crystallization process.

EXPERIMENTAL
Materials

Commercial-grade PBT was supplied by Chang
Chun Group (Taipei, Taiwan) under the trade name
PBT1100-211M with a melt flow index of 18-22 g/10
min (235°C X 2.16 kgf, ASTM D 1238). mPOE with a
melt flow index of 1.2 g/10 min (190°C X 2.16 kgf,
ASTM D 1238) under the trade name Fusabond MN-
493D was produced by DuPont (Wilmington, DE).
POE with a melt flow index of 0.5 g/10 min (190°C
X 216 kgf, ASTM D 1238) was also provided by
DuPont (Engage 8150). All materials were used as
received without purification.

Sample preparation

All materials were dried at 50°C in a vacuum oven
for 6 h before compounding. PBT and 20 wt % POE
or mPOE were compounded with a twin-screw
extruder (length/diameter = 32, diameter = 40 mm;
model CM-MTE 32, Continent Machinery Co.,
Tainan, Taiwan) at 280°C and 300 rpm to make
PBT/POE and PBT/mPOE polymer blends, respec-
tively. A mixture of 10 wt % POE and 10 wt %
mPOE was blended with PBT in an extruder to pre-
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pare PBT/mPOE/POE. The rod extrudate was
cooled in a water bath. For comparison, the neat
PBT was also passed through the extruder under the
same conditions.

Nonisothermal crystallization

The crystallization behaviors of the polymer blends
were investigated with a PerkinElmer DSC-1 differ-
ential scanning calorimeter (Waltham, MA). The
differential scanning calorimeter was calibrated with
indium with samples weights of 8-10 mg. All opera-
tions were carried out in a nitrogen atmosphere. Before
the data were gathered, the samples were heated to
260°C and held in the molten state for 5 min to elim-
inate the influence of the thermal history. The sample
melts were then subsequently cooled to 35°C at cool-
ing rate (®) values of 10, 20, 30, and 40°C/min.

RESULTS AND DISCUSSION

Melting behaviors following
nonisothermal crystallization

The crystallization rate has a significant effect on the
melting behavior. Figure 1 shows representative
DSC heating scans (for the sake of brevity) of PBT/
mPOE at a heating rate of 10°C/min after samples
were crystallized from 260°C to room temperature
with different values of ®. The determined values of
the melting enthalpy (AH,; and AH,n) related to
melting endotherms T,,; and T,y are also listed in
Table I. The DSC scans of all samples displayed two
endotherms (T,,; and T,y). The two melting endo-
therms may be attributed to the melting of crystals
with different morphologies'>'* or to the fact that
the crystals have a low degree of perfection and
these crystals can partially melt and recrystallize

=10 °C/min.

Ileat Flow, Endo.

®=20 °C/min.

=40 °C/min.

150 160 170 180 190 200 210 220 230 240 250 260

Temperature, °C

Figure 1 Melting behavior of PBT/mPOE nonisother-
mally crystallized from the melt with various values of ®.
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TABLE I
DSC Scan Data for PBT, PBT/POE, PBT/mPOE/POE, and
PBT/mPOE After Nonisothermal Crystallization

TmI TmH AHmI AHmII
¢ (*C/min)  (°C) (C)  (/8) (/g) AHu/AHun
PBT
10 216.4 2254 5.60 30.81 0.182
20 216.2 225.29 2.81 31.94 0.088
30 21540 225.17  1.98 35.56 0.056
40 21454 22510 1.54 36.53 0.042
PBT/POE
10 215.8 225.52 5.59 32.80 0.171
20 214.1 22479  2.66 32.50 0.082
30 213.1 22468 195 35.74 0.055
40 212.7 22447 118 36.63 0.032
PBT/mPOE/POE
10 214.4 2244 4.1 40.1 0.102
20 213.2 224.80 1.42 40.54 0.035
30 2121 22455  0.59 43.52 0.014
40 211.3 22457 0.52 45.53 0.011
PBT/mPOE
10 214.3 2244 24 414 0.058
20 212.3 224.8 0.77 40.57 0.019
30 211.2 224.6 0.29 43.58 0.007
40 211.1 2247 0.24 45.76 0.005

during DSC scans to 1yield more perfect crystals.'>"'®
2

In previous research, = wide-angle X-ray diffraction
of all samples exhibited similar patterns and sug-
gested that there were no additional phases resulting
in the two melting peaks. The two melting peaks
should be T,,;, which is associated with the fusion of
the crystals grown by normal primary crystallization,
and T,,n, which is the melting peak of the more per-
fect crystals after reorganization during the heating
process in DSC measurements.'” Both the shape and
position of T,; were influenced by the ® value of
crystallization for all four samples. Table I shows
that the position shifted to a lower temperature
range and the intensity of T,; decreased with
increasing ®. However, for T,y their positions
remained almost unchanged, and their intensity
decreased with an increase in ®. This indicated that
the lower ® was, the more perfect the crystals were
that were grown in normal primary crystallization.
When the samples were crystallized at higher ® val-
ues, the formed crystals were less perfect and there-
fore were relatively prone to be organized during
heating into a crystal population with higher ther-
modynamic stability. However, at lower ® values,
the preexisting crystals were much more perfect and
less susceptible to reorganization.'®

For a specific value of ®, both T, and the ratio of
AH,,;1 to AH,,;; decreased with increasing mPOE con-
tent in the blends. As previously studied,'* the sec-
ond phases were dispersed better with more mPOE.
It seems that the dispersed phases destroyed the
crystals that formed in normal primary crystalliza-
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tion and were more susceptible to reorganiza-
tion, 171920

Nonisothermal crystallization

Nonisothermal crystallization processes of PBT,
PBT/POE, PBT/mPOE/POE, and PBT/mPOE were
measured in a ® range of 10-40°C/min. A represen-
tative DSC curve of the PBT/mPOE blend is shown
in Figure 2. The onset temperature (T,) and peak
temperature (T,) of the crystallization exotherms are
presented in Table IL. In all samples, T, and T,
shifted to lower temperatures with increasing ®; the
shifting indicated that the lower ® was, the earlier
the crystallization started.

From DSC dynamic crystallization experiments,
the data for the crystallization exotherms as a function
of temperature were obtained. The relative crystallin-
ity as a function of temperature (X7) was calculated as

the ratio of the exothermic peak areas:*' >
T rdH,
X — Jr, [Fr]dT .
T = (T [dH 31 1)
7, [arldT

where T.. is the temperature at which crystallization
ends, T is an arbitrary temperature and dH, is the en-
thalpy of crystallization released during an infinitesi-
mal temperature interval (dT). A representative plot
presents Xr as a function of temperature for PBT/
mPOE in Figure 3. During the nonisothermal crystalli-
zation process, the time (t) and T exhibit the following
relationship:

T,—-T
D

t= @)

IIcaz Flow, Endo.

®=10 °C/min.
\/ s =20 °C/min.
———— ©=30"C/min.
— — @=40"C/min.

T T T T T T T T

150 160 170 180 190 200 210 220 230 240

Temperature, °C

Figure 2 DSC nonisothermal measurement curves for
PBT/mPOE.
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TABLE 11
Characteristic Data for the Nonisothermal Melt
Crystallization Exotherms for PBT, PBT/POE,
PBT/mPOE/POE, and PBT/mPOE
® (°C/min) 10 20 30 40
PBT T, (°C) 199.2 196.9 195.6 194.2
T, °C) 191.7 1877 1847 1824
ti)» (min) 0706 0461 0362 0295
PBT/POE T, (°C) 200.2 198.2  196.5 195.8
T, °Q) 194.4 189.3 186.6  183.9
t1 /> (min) 0.662 0.453 0.348 0.274
PBT/mPOE/POE T, (°C) 196.6 193.2 191.4 189.2
T, (°C) 188.3 1826 1784 1744
t1/2 (min) 0.871 0.557 0453 0.376
PBT/mPOE T, (°C) 197.9 193.5 192.7 189.8
T, (°C) 188.3 183.9 181.0 179.6
ti)» (min) 0757 0518 0391 0342

The abscissa of the temperature in Figure 3 could be
transformed into a timescale. The typical relative crys-
tallinity as a function of time (X;) is illustrated in Figure
4. At higher @ values, less time was available to com-
plete the crystallization.

The half-time (t;,2) of the nonisothermal crystalli-
zation was obtained with the following relationship:

tp =

T, — Tl/Z‘/(D 3)

where T,,, is the temperature at which X; is 50%.
Table II also shows t,,, for PBT, PBT/POE, PBT/
mPOE/POE, and PBT/mPOE. The inverse value of
t1/2 (i.e., 1/t1 o) signifies the bulk crystallization rate,
and a higher t;,, value (ie., a lower 1/t;,, value)
indicates slower crystallization. The t;,, value
decreased with increasing ®, and this indicated that
the polymer crystallized more quickly when ® was
increased. The results are discussed in more detail
later.

.
g
=
@
2
5]
£
=
[P
=~ O ®=10°C/min.
0.2 1 v ®=20°C/min.
O @®=30°C/min.
O d=40 °C/min.
0.0 T T
160 170

‘Temperature, °C

Figure 3 Experimental values of X; for PBT/mPOE at dif-
ferent values of ®.
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Figure 4 Experimental values of X; for PBT/mPOE at dif-
ferent values of ®.

Avrami model

Under the assumption that the crystallization tem-
perature is constant and the thermal lag between the
sample and the furnace is kept minimal, the Avrami

L 2427 : .
equation can be used to describe the primary
stage of nonisothermal crystallization. The Avrami
equation is expressed as follows:

X; =1 —exp[—(K,T)"] 4)

where ¢ is the crystallization time, K, is the Avrami
crystallization rate constant, and n, is the Avrami
exponent. X; can be calculated as the ratio of the
area of the exothermic peak at time t to the total
measured area of crystallization. The values of K,
and n, were determined through the fitting of the
experimental data of X; to eq. (4), and the results are
shown in Table IIL

In nonisothermal crystallization, K, and n, do not
have the same physical significance as they do in the
isothermal process because the temperature de-
creases constantly in a nonisothermal process. This
temperature changes may affect the rate of both
nucleus formation and spherulite growth. However,
eq. (4) remains a good fit to experimental data based
on the regression coefficient (R?), as can be seen in
Table III. n, for neat PBT varied from 3.76 to 3.96,
suggesting that the crystallization proceeded by ther-
mal nucleation and three-dimensional spherical
growth. The n, values of the three blends were in
the range of 3.65—4.35, which indicated that the addi-
tion of mPOE or POE apparently did not change the
crystallization mechanism of PBT. The n, values
were similar to those reported by Supaphol et al.*®
and Bai et al.,* who found n, values of 3.62-6.17
and 3.5-4.0, respectively, but higher than that
reported by Chisholm and Zimmer,® who found an
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TABLE III
Avrami Kinetic Parameters
Sample ® (°C/min)  n, K, K; R?
PBT 10 3.86 1.2998 1.0266 0.9994
20 3.96 1.8830 1.0321 0.9997
30 3.90 27018 1.0337 0.9992
40 3.76 39375 1.0349 0.9984
PBT/POE 10 4.03 1.3874 1.0333 0.9998
20 427 2.0146 1.0356 0.9996
30 4.02 29484 1.0367 0.9985
40 3.97 43772 1.0376 0.9987
PBT/mPOE/POE 10 3.44 1.0168 1.0016 0.9990
20 3.65 1.6039 1.0239 0.9993
30 390 2217 1.0269 0.9993
40 3.87 3.0298 1.0281 0.9992
PBT/mPOE 10 4.17 1.2151 1.0197 0.9998
20 435 1.6258 1.0245 0.9998
30 4.00 23199 1.0284 0.9993
40 4.02 3.1377 1.0290 0.9987

average 1, value of 2.48. The differences in the n,
values may be a reflection of memory effects associ-
ated with the processing of polymers® or different
molecular weights.>

To meet the requirements of the Avrami model,
Jeziorny® assumed constant or approximately con-
stant ® values and proposed the final form of the
parameter characterizing the kinetics of a nonisother-
mal crystallization process:

InK,
()

In K] = (5)

The values of K; are listed in Table III. K; increased
with increasing @ for all samples.

Ozawa model

Ozawa®™?* extended the isothermal Avrami theory

to the nonisothermal case by assuming that crystalli-
zation occurs at a constant value of ®, and he pro-
vided the following equation:

XTzl—eXp[—<§fo>} (6)

where K, and n, are the Ozawa crystallization rate
constant and Ozawa exponent, respectively. Figure 5
illustrates a typical plot of In[-In(1 — X;)] as a func-
tion of In ® for a fixed temperature. n, and K, could
be estimated from the slope and y intercept [(K, =
exp(y intercept/n,)]. The Ozawa kinetic parameters
as well as R” are listed in Table IV. n, ranged from
2.03 to 4.00 for neat PBT within 180-194°C, from 2.07
to 4.49 for PBT/POE within 182-194°C, from 1.82 to
5.66 for PBT/mPOE/POE within 174-190°C, and
from 3.14 to 4.72 for PBT/mPOE within 178-190°C.
n, decreased as the crystallization temperature de-

587

178 °C
180°C
182°C
184 °C

In(-In(1-X)))

186 °C

188 °C

190 °C
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In(®)

Figure 5 Ozawa analysis based on the nonisothermal
crystallization of PBT/mPOE.

creased, and this indicated that the nucleation mech-
anism was more instantaneous in time with decreas-
ing temperature during the crystallization pro-
cess.”®?® K, decreased with increasing temperature,

TABLE IV
Ozawa Kinetic Parameters
Temperature
Sample (°C) o K, R?
PBT 180 2.03  47.4499  0.9998
182 244 365444  0.9978
184 279 289326  0.9926
186 299 223331  0.9902
188 3.04 16.8417 0.9925
190 333 125103  0.9992
192 3.61 9.2633  0.9975
194 4.00 6.9500  0.9958
PBT/POE 182 2.07 44912 0.9982
184 2.61  34.0985 0.9974
186 3.02 26.6549  0.9933
188 333 20.8851 0.9776
190 3.40 15.2495 0.9841
192 4.04 11.3759 0.9940
194 4.49 8.6383 0.9971
PBT/mPOE/POE 174 1.82 429713  0.9898
176 2.02  33.1236  0.9901
178 255 259749  0.9968
180 291  19.0138  0.9585
182 332 15.6096  0.9589
184 3.83 13.1715 0.9714
186 448  11.3411  0.9792
188 4.60 9.3239  0.9945
190 5.66 7.9858  0.9829
PBT/mPOE 178 3.14  33.1980  0.9881
180 321 27.7045  0.9915
182 329 219157  0.9993
184 348 18.3276  0.9700
186 3.84 14.0123  0.9928
188 432  11.0415 0.9961
190 4.72 8.7073 0.9946

Journal of Applied Polymer Science DOI 10.1002/app
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and this suggested that PBT, PBT/POE, PBT/
mPOE/POE, and PBT/mPOE crystallized more
slowly with increasing temperature.

Liu model

Liu et al¥ combined the Avrami [eq- (4)] and

Ozawa [eq. (6)] models to deal with nonisothermal
crystallization behavior, and its form can be pre-
sented as follows:

K, 0 Mg
In® =1In [Ka”"} — n—olnt (7a)
K, ]
F(T) = [KZ} (7b)
Ny
a= . (7¢c)

where the kinetic parameter, F(T), refers to the value
of ® chosen at the unit crystallization time when the
measured system has a certain degree of crystallinity
and a is the ratio of n, to n, At a given degree of
crystallinity, plotting In ® versus In ¢ yielded a linear
relationship between In ® and In ¢, and the values of
F(t) and a (Table V) were obtained from the slopes
and intercepts of these lines, respectively. A repre-
sentative plot of PBT/mPOE is shown in Figure 6.
The value of a varied from 1.53 to 1.71 for neat PBT,
from 1.62 to 1.69 for PBT/POE, from 1.61 to 1.72 for
PBT/mPOE/POE, and from 1.72 to 1.78 for PBT/
mPOE. That the value of F(T) increased with an
increasing degree of crystallinity indicates that at the
unit crystallization time, a higher value of ® was
required to reach a higher degree of crystallinity.

Ziabicki analysis

Ziabicki®®** suggested that the kinetics of polymer
phase transformation could be described by a first-
order kinetic equation:

X,
- = K1 -Xi) 8)

where K, is a temperature-dependent crystallization
rate function. Ziabicki suggested a concept of kinetic
crystallinity:

TVVI
G= / K, dT )
T,

The kinetic crystallizability (G) characterizes the
degree of crystallinity obtained when the polymer is
cooled at the unit ® value from the melting tempera-

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE V
Values of F(T) and a for PBT, PBT/POE, and PBT/mPOE
Sample X F(T) a R?

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/POE 0.2 3.17 1.69 0.9894
0.3 4.02 1.65 0.9914

0.4 4.64 1.63 0.9928

0.5 5.06 1.62 0.9937

0.6 5.88 1.62 0.9893

0.7 6.42 1.63 0.9950

0.8 7.14 1.66 0.9954

PBT/mPOE/POE 0.2 4.90 1.72 0.9981
0.3 5.88 1.69 0.9973

0.4 6.87 1.68 0.9977

0.5 7.85 1.67 0.9979

0.6 8.93 1.65 0.9981

0.7 10.24 1.63 0.9982

0.8 11.98 1.61 0.9984

PBT/mPOE 0.2 3.81 1.76 0.9954
0.3 4.74 1.73 0.9965

0.4 5.52 1.72 0.9972

0.5 6.25 1.72 0.9977

0.6 6.97 1.72 0.9980

0.7 7.74 1.73 0.9983

0.8 8.47 1.78 0.9983

ture (T,,) to the glass-transition temperature (T,). Jez-
iorny®**! derived a simple equation to calculate G:

T 1/2 D
T
G= /T g K, dT = (ﬁ) Kosmax 5 (10)

where K, ma.x is the value of K, at the maximum
crystallization rate and D is the half-width of the
crystallization curve.

In nonisothermal crystallization, crystallization
rate function K; is replaced with a derivation func-
tion of the relative crystallinity, (dX/dT)e, that is
spggific for each value of ®. Equation (10) is replaced
by

T T \1/2 Do
Go= [ X dT = (175) @ AT)g
(1)

where (dX/dT)pmax is the maximum crystallization
rate and Dg is the half-width of the derivative rela-
tive crystallinity as a function of temperature. Gy is
the kinetic crystallizability at an arbitrary value of ®.
The values of Dy, (X/dT)pmax and G of all sam-
ples are listed in Table V. Because of the effect of @,
Go must be corrected properly as follows:
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In(®)

-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0
In(time)

Figure 6 Plots of In @ versus In f for different values of
X; for PBT/mPOE.

_Go

G, D

(12)

After the normalization of the effect of @, the values
of the kinetic crystallizability with the unit cooling
(G.) are shown in Table VI.

Comparison of the kinetic models

The prediction according to the Avrami model is
reconstructed in Figure 4. From the comparison of
the model prediction with experimental data and the
values of the R* parameter summarized in Tables III,
it is clear that the Avrami model provides a simple
method to describe a nonisothermal crystallization
process, although the physical meanings of its ki-
netic parameters (K, and n,) are not clear in noniso-
thermal crystallization because of a continuously
changing temperature. n, contains information on
nucleation and growth geometry. The interpretation
of the exponent is complicated by factors such as
volume changes due to changes in the temperature,
phase transformation, incomplete crystallization,
annealing, and different mechanisms involved dur-
ing the process.***

Ozawa used a quasi-isothermal method to account
for the effect of ® on dynamic crystallization by
modifying the Avrami equation. The Ozawa method
for the results of crystallization during continuous
cooling can be compared with those obtained by
means of the Avrami equation under isothermal con-
ditions. Similar to n,, n, depends on the nucleation
and growth mechanisms. However, the values of n,
are not constant for various temperatures, as shown
in Table IV. This may be due to the fact that the Xr
value chosen at a given temperature includes the
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values at the earliest stage and the values from the
end stage of crystallization due to the variation in ®.
The crystallization is nucleation-controlling in the
early stage of crystallization, and the crystallization
rate is lowered by spherulite impingement and sec-
ondary crystallization in the end stage of crystalliza-
tion. The Ozawa model does not seem suitable for
neat PBT and PBT blends.

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

The Ziabicki model provides the possibility of
determining crystallization rates over the whole tem-
perature range of the crystallization process and pro-
poses that the nonisothermal process can be viewed
as a sequence of isothermal steps.*” The practical
meaning of G, in the Ziabicki treatment is to charac-
terize the ability of a polymer to crystallize when it
is cooled from T,, to T, at a unit value of ®. A
higher G, value indicates that the polymer crystalli-
zes more readily.

All the kinetic parameters from these models [K],
Ko, F(T), and G.] predicted that the crystallization
rate would follow the order of PBT/POE > PBT >

TABLE VI
Characteristic Data for the Nonisothermal Melt
Crystallization Kinetics for PBT, PBT/POE, and
PBT/mPOE Based on Ziabicki’s Analysis

® (°C/min) 10 20 30 40
PBT
Do (°C) 453 5.59 6.13 6.66
(@X/dT) g max 2.00 3.13 423 5.06
Go 17.04 32.95 48.96 63.51
G. 1.70 1.65 1.63 1.59
Tonax (°C) 191.7 187.3 184.4 182.3
PBT/POE
Do (°C) 419 5.10 5.90 6.27
(@dX/dT) g max 2.22 348 441 5.46
Go 17.53 33.54 49.10 64.66
G. 1.75 1.68 1.64 1.62
Tona (°C) 1932 188.9 186.0 183.9
PBT/mPOE/POE
Do (°C) 5.60 7.08 8.06 9.17
(@dX/dT) g max 1.50 2.35 3.10 3.62
Go 15.88 31.42 47.10 62.64
G. 1.59 1.57 1.57 1.57
Tonax (°C) 188.1 182.2 177.9 174.5
PBT/mPOE
Do (°C) 458 5.71 6.91 7.73
(@X/dT) e max 1.85 2.9 3.72 443
Go 16.02 32.18 4848 64.56
G. 1.60 1.61 1.62 1.61
Tonax (°C) 189.1 183.8 180.2 177.1

Tmax is the maximum temperature.
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Figure 7 Undercooling to reach 50% relative crystallinity.

PBT/mPOE > PBT/mPOE/POE at a given value of
® during the nonisothermal crystallization. How-
ever, to compare the crystallization ability, the
undercooling should be taken into consideration
because the crystallization rate of a polymer depends
mainly on its undercooling,** and the samples have
different values of the equilibrium temperature
(T%)."* In a previous study,'” the T, values of these
four samples were estimated with the nonlinear
Hoffman-Weeks equation (i.e., T'NFHW), and the val-
ues were 259.0, 262.8, 288.5, and 239.5°C for PBT,
PBT/POE, PBT/mPOE/POE, and PBT/mPOE,
respectively. In this article, we try to use the under-
cooling needed to be imposed to reach 50% relative
crystallization (Xr = 0.5), that is, TOHW — T, 5, to
determine the crystallization ability. Figure 7 shows
the undercooling needed to be imposed to reach
50% relative crystallization at different values of ®.
The undercooling followed the order of PBT/mPOE
< PBT < PBT/POE < PBT/mPOE/POE, and it indi-
cated that the crystallization ability followed the
order of PBT/mPOE > PBT > PBT/POE > PBT/
mPOE/POE.

Nadkarni et al.** compared nonisothermal experi-
mental data in terms of AT, which is defined as the
temperature difference between the melting peak
temperature in the heating scan and the temperature
at the onset of crystallization in the cooling scan.
However, the undercooling should be calculated as
the difference between the equilibrium melting tem-
peratures, where available, and the onset crystalliza-
tion temperature.*> The variation of AT, with ® is
shown in Figure 8, and the data can be fitted to a
linear equation:

AT, =T° — T, = PO + AT’ (13)

where intercept AT? signifies the inherent crystalliz-
ability of the polymer, being the degree of supercool-
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ing required in the limit of zero ®, and slope P is a
process sensitivity factor. The values of AT? for PBT,
PBT/POE, PBT/mPOE/POE, and PBT/mPOE were
58.4, 61.4, 89.8, and 39.2°C, respectively, suggesting
that the crystallization ability followed the order of
PBT/mPOE > PBT > PBT/POE > PBT/mPOE/
POE. The order was similar to that obtained from
ToNLHW — T, ,,. The overall crystallization ability is
governed by nucleation and diffusion.** The maleic
anhydride groups of mPOE might associate through
some interactions such as hydrogen bonding to form
effective nuclei to enhance crystallization.** The dis-
persion phase would hinder the crystallization by
slowing down the diffusion of PBT chains (in PBT/
POE and PBT/mPOE/POE); however, the well-
dispersed phases of an even smaller size (in PBT/
mPOE) would produce more nuclei and induce a higher
nucleation density to enhance crystallization. Similar
phenomena have been reported in the literature.*

Lauritzen-Hoffman equation

Lim et al.* modified the Lauritzen-Hoffman equa-
tion to measure the spherulite growth rate as a func-
tion of temperature and ® in nonisothermal crystalli-
zation as follows:

u*
NG+ T o=y
K
=InG, — (T, — oD, g_ (T, — O0)f (14a)
2(T, — Dt) (14b)

f:Tg1+(To—c1>t)

where G is the growth rate and is approximated as
1/t (i.e., t = t1,2); G, is the pre-exponential factor;

100 - 89.8°C

80
61.4°C

& e
TS 0 W
i
& T ssacc
40 ~
\ e DBT
39.2°C o PBI/POE
v  PBT/mPOE/POE
20 4 A PBT/mPORE
0 10 20 30 40 50

Cooling Rate, °C/min.

Figure 8 Plot of AT, as a function of ®.
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U* is the diffusional activation energy for the trans-
port of crystallizable segments at the liquid-solid
interface; R is the gas constant; T.. = Tg — 30°C is
the hypothetical temperature below which viscous
flow ceases; T, is the glass-transition temperature
of PBT (—25°C);*® and K, is the nucleation parame-
ter, which can be related to the product of the lateral
and folding surface free energies. Figure 9 shows a
linear plot of eq. (9) for PBT, PBT/POE, and PBT/
mPOE with T, = TINFHW_ K, was obtained from the
slope of Figure 9, and the values were 2.81 X 10°,
4.02 x 10° 5.34 X 10° and 1.19 X 10° K* for PBT,
PBT/POE, PBT/mPOE/POE, and PBT/mPOE, res-
pectively. Comparing the corresponding values of K,
with those values obtained from isothermal crystalli-
zation in a previous study,'” we found that the val-
ues of K, showed the following trend: PBT/mPOE/
POE > PBT/POE > PBT > PBT/mPOE. The higher
values of Kg for the PBT/POE and PBT/mPOE/POE
blends than for neat PBT indicated that the presence
of dispersed POE reduced the mobility of polymer
chains during crystallization. The more dispersed POE
in the PBT/mPOE blend caused more heterogeneous
nucleation and a lower value of K.

CONCLUSIONS

The melting behavior of neat PBT, PBT/POE, PBT/
mPOE/POE, and PBT/mPOE nonisothermally crys-
tallized from the melt with various values of ® was
investigated with DSC. Subsequent DSC scans of
nonisothermally crystallized samples exhibited two
melting endotherms that were due to the melt-
recrystallization process. The lower temperature
(T1) was associated with the fusion of the crystals
grown by normal primary crystallization, and the
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higher one (T,;1) was the melting peak of the more
perfect crystals after reorganization during the DSC
heating process. The more dispersed second phases
(with a higher content of mPOE) and higher ® val-
ues made the crystals grown in normal primary
crystallization less perfect and relatively prone to be
organized during the DSC scan. The nonisothermal
crystallization process of PBT and its blends were
delineated by modified Avrami, Ozawa, Liu, Zia-
bicki, and Nadkarni models. The Avrami model pro-
vided the best method to describe the crystallization,
although the physical meanings of its kinetic param-
eters (K, and n,) are not clear. It is appropriate to
compare the crystallization ability with the Nadkarni
model, in which AT, was considered because the
crystallization rate of a polymer depends mainly on
its undercooling. The trend of the crystallization rate
in a lower undercooling range was as follows: PBT/
mPOE > PBT > PBT/POE > PBT/mPOE/POE.
However, the crystallization ability followed this
order: PBT/mPOE > PBT > PBT/POE > PBT/
mPOE/POE. The dispersion phase hindered the
crystallization; however, the well-dispersed phases
of an even smaller size (PBT/mPOE) enhanced crys-
tallization because of the higher nucleation density.
K,, estimated from the modified Lauritzen-Hoffman
equation, showed the same trend.
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