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Abstract

Various macrokinetic models, namely the Avrami, Ozawa, and Ziabicki models, were applied to describe the non-
isothermal melt crystallization process of poly(trimethylene terephthalate) (PTT), poly(butylene terephthalate) (PBT),
and their blends. Both the Avrami and the Ozawa models were found to describe the experimental data fairly well.
Among the blend compositions studied, Ziabicki's kinetic crystallizability parameter was found to decrease with increas-
ing PTT content. The effective energy barrier for non-isothermal crystallization process of these blends, analyzed based
on the differential iso-conversional method of Friedman, was found to be an increasing function of the relative degree
of melt conversion. Within the relative degree of melt conversion range of less than ca. 0.5, the effective energy barrier
was found to increase with increasing PTT content.

00 2003 Elsevier Ltd. All rights reserved.
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1. Introduction Polymer blending is a straightforward, versatile, and
relatively inexpensive method for creating a new poly-
A successful synthesis of poly(trimethylene meric material, which has desirable properties of all the
terephthalate) (PTT) was first reported in 1941 by Whin- constituent components, without the need to synthesize
field and Dicksor{1], but it was not commercially avail- a totally new material which has proven to be too
able then due to the high production cost of one of its expensive for certain applications. Due to the similarity
reactants, 1,3-propanediol. Thanks to a breakthrough in in the chemical structure of these three linear aromatic
the production of 1,3-propanediol at a much cheaper polyesters, studies related to blends of a given pair of
cost, PTT has been produced by Shell Chemicals underthese polymers should be of high interest. Studies on
the trade name Corteffa PTT has properties intermedi-  various aspects for blends of PET and PB¥5] and of
ate between those of poly(ethylene terephthalate) (PET) PET and PTT (or modified PTT[6—8] are available in
and poly(butylene terephthalate) (PBT), with an unusual the open literature, while those for blends of PTT and
combination of the outstanding properties of PET and PBT, to the best of our knowledge, have not yet been
processing characteristics of PBT. available.
Studies related to the kinetics of polymer crystalliz-
ation are of great importance in polymer processing, due

* Corresponding author. Tel+66-2218-4134; fax:+66- to the fact that the resulting physical properties are
2215-4459. strongly dependent on the morphology formed and the
E-mail address: pitt.s@chula.ac.th (P. Supaphol). extent of crystallization occurring during processing. It
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is therefore very important to understand the processing—
structure—property interrelationships of the studied
materials. To the best of our knowledge, studies related
to crystallization behavior for a given pair of the three
linear aromatic polyesters are very limited. Relevant
reports have been available for blends of PET and PBT
[3] and of PET and modified PTT [7,8].

In the present contribution, the non-isothermal crys-
tallization kinetics for blends of PTT and PBT, as com-
pared to those for the pure components (i.e., PTT and
PBT), was investigated using differential scanning calor-
imetry (DSC). The experimental data were analyzed
based on the Avrami, Ozawa, and Ziabicki macrokinetic
models. The effective energy barrier for the non-iso-
thermal crystallization process for these blends was esti-
mated based on the differential iso-conversiona method
of Friedman.

2. Theoretical background

The most common approach used to describe the over-
al isothermal crystalization kinetics is the Avrami
model [9-11], in which the relative crystallinity function
of time 6(t) can be expressed as

6(t) = 1—exp[—(K4)™| €[0,1], @

where K, and n, are the Avrami crystallization rate con-
stant and the Avrami exponent, respectively. Usually, the
Avrami rate constant K, is written in the form of the
composite Avrami rate constant k, (i.e. k, = KYJ). Since
the units of k, are a function of n,, use of K, should be
preferable. It should be noted that both K, and n, are
constants specific to a given crystalline morphology and
type of nucleation for a particular crystallization con-
dition [12] and that based on the original assumptions of
the theory, the value of the Avrami exponent n, should
be an integer ranging from 1 to 4.

In the study of non-isothermal crystallization using
DSC, the energy released during the crystallization pro-
cess appears to be a function of temperature rather than
time as in the case of isothermal crystallization. As a
result, the relative crystalinity as a function of tempera-
ture 6(T) can be formulated as

J ! (dH./dT)dT

TO
oM == 2
where T, and T represent the onset and an arbitrary tem-
perature, respectively, dH. is the enthalpy of crystalliz-
ation released during an infinitesimal temperature range
dT, and AH. is the overall enthalpy of crystallization for
a specific cooling condition.

To use Eq. (2) for the analysis of non-isothermal crys-

tallization data obtained by DSC, it must be assumed
that the sample experiences the same thermal history as
designated by the DSC furnace. This may be realized
only when the thermal lag between the sample and the
furnace is kept minimal. If this assumption is valid, the
relation between the crystallization time t and the sample
temperature T can be formulated as
_T,-T

o
where ¢ is the cooling rate. According to Eq. (3), the
horizontal temperature axis observed in a DSC thermo-
gram for the non-isothermal crystallization data can read-
ily be transformed into the time scale.

Based on the mathematical derivation of Evans [13],
Ozawa [14] extended the Avrami theory [9-11] to be
able to describe the non-isothermal crystallization data
without the need of x-scale transformation. Mathemat-
icdly, the relative crystallinity function of temperature
0(T) can be represented as a function of cooling rate as

t ©)

om = 1o~ 2 )< 0.1 @
where k, is the Ozawa crystallization rate function, and
n, is the Ozawa exponent. It should be noted that the
Ozawa kinetic parameters (i.e., k, and n,) holds similar
physica meanings to those of the Avrami ones.

Instead of describing the crystallization process with
complicated mathematical models, Ziabicki [15-17] pro-
posed that the kinetics of polymeric phase transformation
can be described by a first-order kinetic equation of
the form:

d
B0 _ w mi-eq, ®

where K,(T) is a temperature-dependent crystallization
rate function. In the case of non-isotherma crystalliz-
ation, both 6(t) and K,(T) functions vary and are depen-
dent on the cooling rate used.

For a given cooling condition, Ziabicki [15-17]
showed that the crystallization rate function K,(T) can
be described by a Gaussian function of the following
form:

(Tc_ Tmax) :| , (6)

KAT) = Kz,maxexp[—4ln2 D2

where T, IS the temperature at which the crystallization
rate is maximum, K, . isthe crystallization rate at T,
and D is the half-width of the crystallization rate-tem-
perature function. With use of the isokinetic approxi-
mation, integration of Eq. (6) over the whole crystalliz-
able range of temperatures (T, < T < Tp,), for a given
cooling condition, leads to an important characteristic
value describing the crystallization ability of a semi-
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crystalline polymer, namely, the kinetic crystallizability

7+

™
G, = J K,(T)dT~1.064K,, D @

Tg

In the case of non-isothermal crystallization studies
using DSC where cooling rate is a variable, Eq. (7) can
be applied when the crystallization rate function K,(T) is
replaced with a derivative function of the relative crystal-
linity function of temperature (d6/dT), specific for each
cooling rate studied (i.e., crystallization rate function at
different cooling rates). Therefore, Eq. (7) is replaced by

T
G,y = j (d6/dT),dT~1.064(d0/dT) s maDs, ©)

Ty

where (d0/dT)y mex and D, are the maximum crystalliz-
ation rate and the half-width of the derivative relative
crystellinity as a function of temperature (d6/dT),.
According to Eq. (5), G,, is the kinetic crystallizability
a an arbitrary cooling rate ¢. The kinetic crystallizability
a unit cooling rate G, can therefore be obtained by nor-
malizing G,, with ¢ (i.e, G, = G,,/¢). It should be
noted that this procedure was first realized by Jeziorny
[18].

While offering a simple way of evaluating correspond-
ing kinetic parameters specific to each model, the
Avrami, Ozawa, and Ziabicki analyses do not suggest a
means for evaluating the effective energy barrier for non-
isothermal crystallization process AE. In light of this,
various mathematical procedures [19-21] were proposed
for evaluating the AE value. The main objective of these
methods is to define a finite relationship between the
peak temperature T, obtained for a given condensed
phase reaction and the heating rate ¢ used. A major con-
cern for use of these procedures in obtaining the kinetic
information for non-isothermal crystallization process
which occurs on cooling has recently been raised [22],
since the original mathematic expression for these pro-
cedures does not permit substitution of negative heating
rates ¢ (i.e., cooling rates). However, this problem has
largely been wrongly avoided by dropping off the minus
sign in the negative heating rates [23].

For a process that occurs on cooling, such as non-
isothermal crystallization of polymer melts, reliable
values of the effective energy barrier can be obtained,
for example, by the differentia iso-conversional method
of Friedman [24] or by the integral iso-conversional
method of Vyazovkin [25,26]. In this work, the Friedman
method will be used, mainly due to the reliability and
simplicity of the method [22,26]. The Friedman equation
is expressed as

AEy

IN(B,(t)) = A ©

where ée(t) is the instantaneous crystallization rate as a

function of time at a given conversion 6, A isan arbitrary
pre-exponential parameter, and AE, is the effective
energy barrier of the process at a given conversion 6. By
plotting the instantaneous crystallization rate data meas-
ured from non-isothermal experiments conducted at vari-
ous cooling rates against the corresponding inversed
temperature for a given conversion 6, the effective
energy barrier for non-isothermal crystallization process
can be determined.

3. Experimental details
3.1. Materials

Poly(trimethylene terephthalate) (PTT) was supplied
in pellet form by Shell Chemicals (USA) (Corterra
CP509201). The weight- and number-average molecular
weights of this resin were determined to be ca. 78,100
and 34,700 Da, respectively.  Poly(butylene
terephthalate) (PBT) was supplied in pellet form by LG
Chem (Korea) (LUPOX GP-2000). The weight- and
number-average molecular weights of this resin were
determined to be ca. 71,500 and 36,300 Da, respectively.
Molecular weight characterization for these resins was
carried out by Dr. Hoe H. Chuah and his co-workers of
Shell Chemicals (USA) based on size-exclusion chroma-
tography (SEC).

3.2. Sample preparation

PTT and PBT resins were dried in a vacuum oven at
140 °C for 5 h and then were premixed in a dry mixer
to prepare PTT/PBT blends at three compositional w/w
ratios of 25/75, 50/50, and 75/25, respectively. For sim-
plicity, these blends are hereafter denoted as
25PTT/75PBT, 50PTT/50PBT, and 75PTT/25PBT,
respectively. The dry-mixed blends were melt-mixed in a
self-wiping, co-rotating twin-screw extruder (Collin, ZX-
25) using a die temperature of 280 °C and a screw speed
of 70 rpm, and then cut into pellet form by a pelletizer
(Planetrol, 075D2). Films of approximately 200 pm in
thickness for neat resins and their blends were prepared
by a compression press (Wabash, V50H). The set tem-
perature and the applied pressure were 260 °C and 15
ton-force, respectively. After 5 min holding time in the
press, the films were taken out and alowed to cool,
under the ambient condition, down to room temperature.

3.3. Differential scanning calorimetry measurements

A differential scanning calorimeter (DSC) (Perkin—
Elmer, DSC-7), equipped with an intracooling unit cap-
able of maintaining the chamber temperature at —10 +
0.5 °C, was used to record non-isothermal melt crys-
tallization exotherms and subsequent melting endo-
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therms for PTT, PBT, and their blends. Calibration for
the temperature scale was carried out using a pure
indium standard (T, = 156.6 °C and AH? = 285Jg™?)
on every other run to ensure accuracy and reliability of
the data obtained. To minimize thermal lag between the
polymer sample and the DSC furnace, each sample
holder was loaded with a disc-shape sample weighing
around 8.0 £ 0.5 mg which was cut from the as-prepared
films. It is assumed that thermal lags were the same for
both heating and cooling scans. To prevent extensive
thermal degradation, each sample was used only once
and al the runs were carried out under a nitrogen atmos-
phere.

The experiment started with heating each sample from
40 °C at a heating rate of 80 °C-min~? to a fixed melt-
annealing temperature T; of 280 °C for a melt-annealing
period t, of 5 min in order to ensure complete melting.
After this period, each sample was cooled at the desired
cooling rate ¢, ranging from 5 to 50 °C min~1, to 30 °C.
The non-isotherma melt crystallization exotherms were
recorded and analyzed according to the models afore-
mentioned.

4. Results and discussion
4.1. Non-isothermal melt crystallization behavior

The typica non-isothermal melt crystallization
exotherms for 50PTT/50PBT for indicated cooling rates
are shown, as examples, in Fig. 1. The single crystalliz-
ation exotherm observed for each cooling rate suggests
that both PTT and PBT crystallized simultaneously dur-
ing cooling. Similar behavior was also observed for
blends of other compositions studied. With increasing
cooling rate, the exothermic trace became wider and

—e— 5 °C/min
—0— 10°C/min
—&— 15°C/min
—o— 20°C/min
—A— 30°C/min
—A— 40°C/min
—o— 50°C/min

Normalized Heat Flow (Endo Up) (W/g)

120 130 140 150 160 170 180 190 200
Temperature (°C)
Fig. 1. Non-isothermal melt crystallization exotherms for

50PTT/50PBT blend for seven different cooling rates, ranging
from 5 to 50 °C min™™.

shifted towards lower temperatures. The observation is
general for both pure and blend samples studied. Table
1 summarizes characteristic data for non-isothermal melt
crystallization of all of the samples studied. For each
resin, the temperature at 1% relative crystallinity To o,
the temperature at the maximum crystallization rate (i.e.,
the peak temperature) T,, and the temperature at 99%
relative crystallinity T, oo Were all shifted towards lower
temperatures with increasing cooling rate. The values of
Toor and Toge Will be hereafter used to represent the
beginning and the ending of the crystallization process.
The fact that al of the Too, T, and Tpoe Values
decreased with increasing cooling rate implies that the
higher the cooling rate, the later the crystallization pro-
cess began and ended (based on the temperature
domain).

For a given cooling rate, al of the Ty, T,y and Toge
values for PBT were consistently higher and those for
PTT, suggesting that PBT was more readily crystallized
than PTT. The T, Tp and Toe vaues for
25PTT/75PBT blend were consistently lower than those
for pure PBT, but higher than those for pure PET, for
al of the cooling rates studied. For the 50PTT/50PBT
blend, the Ty, Tp, and T, g9 Values obtained for cooling
rates of 5 and 10 °C min~* were found to be lower than
those for pure PTT, while those obtained for higher coo-
ling rates were found to be higher than those for pure
PTT. For 75PTT/25PBT blend, the values obtained for
cooling rates of 5-30 °C min~* were found to be lower
than those for pure PTT, while those obtained for higher
cooling rates were found to be higher than those for pure
PTT. These results suggest that the presence of the less
crystallizable PTT molecules in the blends reduced the
crystallizability of the blends and that the mechanism for
non-isothermal melt crystallization depended very much
on the cooling rate used.

4.2. Non-isothermal melt crystallization kinetics

To further obtain relevant non-isothermal melt crys-
talization kinetic information, the experimental data
such as those shown in Fig. 1 need to be presented either
as the relative crystallinity function of temperature 6(T)
or of time 6(t), depending on the macrokinetic model
used. The conversion from the raw data into the 6(T)
function can be carried out using Eg. (2). Once the 6(T)
function is obtained, conversion into the 6(t) function
can be carried out by transforming the temperature scale
into the time scale using Eq. (3). Figs. 2 and 3 illustrate,
for example, the 6(T) and the 6(t) functions for the
50PTT/50PBT blend. These functions were converted
from the raw data shown in Fig. 1 using Egs. (2) and
(3), respectively.

An important parameter which can be taken from the
o(t) function is the half-time of crystalization t, s, which
is the time interval from the onset of the crystallization



Characteristic data of non-isothermal melt crystallization exotherms for PBT, PTT, and their blends

Table 1

PTT

50PTT/50PBT 75PTT/25PBT

25PTT/75PBT

PBT

¢ (°C min~?)

TO.99 (0 C)

Togo (°C) Too1 (°C) T, (°C)  Toge (°C) Too (°C) Ty (°C)  Toge (°C) Tom (°C) Ty, (°C)

Togs (°C) Tom (°C) T, (°C)

Toor (°C) T, (°C)

179.2
170.7
163.0
160.2
148.4
139.1

185.8
178.6
1735
170.3
163.9
158.5
153.2

192.7
188.2

164.6
184.2

178.2
175.3
172.0
168.9

164.4

186.8

184.7

171.2
166.7
159.6
155.5
146.3

179.7
176.1
173.7
170.9
166.4
161.2

187.0
185.8

184.5

181.6
180.6
1755
168.7

164.0

190.1
187.0
183.7

189.2 199.7
196.1

184.8

196.9
192.1

206.7

158.2
152.3
146.7
141.7

204.5

10
15
20
30
40

-

180.8
178.9
174.8
177.6
168.2

193.7
193.7
189.6
188.1
185.3

177.6
1729
169.1

164.3

187.2
186.9
181.4
176.5
174.0

201.8

181.6

182.9
179.0
174.8
172.7

180.9
176.9
173.2
169.0

198.6
196.6
193.6
191.5

177.6
173.9
169.7

132.3
128.2

161.2

143.4

155.9
147.4

130.4

157.3

142.5

158.2

159.1
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Fig. 2. Relative crystallinity functions of temperature for
50PTT/50PBT blend for seven different cooling rates, ranging
from 5 to 50 °C min~1.
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Fig. 3. Relative crystdlinity functions of time for

50PTT/50PBT blend for seven different cooling rates, ranging
from 5 to 50 °C min™.

to the time at 50% completion. According to Fig. 3, the
tos Value decreased with increasing cooling rate, indicat-
ing that this particular blend crystallized faster when the
cooling rate was increased. This observation is generally
true for all of the sample types studied. The inverse value
of tos (i.e., to2) signifies the bulk crystallization rate.
Table 2 summarizes the t;2 values for PTT, PBT, and
blend samples studied. Clearly, for a given sample type,
the to2 value was found to increase with increasing coo-
ling rate. Comparison of the t52 values for all of the
sample types suggests that the SOPTT/50PBT blend crys-
tallized the fastest, while PTT crystallized the slowest.
In order to quantitatively compare non-isothermal
crystallization rates obtained for different polymer sys-
tems, two approaches can be used: (1) the crystallization
rate coefficient (CRC) [27] and (2) the crystallization
rate parameter (CRP) [28]. The CRC can be determined
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Table 3
CRC and CRP values for PBT, PTT, and their blends

PBT 25PTT/75PBT 50PTT/S0PBT 75PTT/25PBT PTT
CRC (min~?) 1.96 217 2.08 214 142
CRP (K™ 0.043 0.032 0.048 0.042 0.026

ively, also suggesting that PBT was more crystallizable
than PTT. Based on the CRC values obtained, the crys-
tallization ability of al of the sample types studied fol-
lowed the order: 25PTT/75PBT > 75PTT/25PBT >
50PTT/50PBT > PBT > PTT, while, based on the CRP
values obtained, it was in the order: 50PTT/50PBT >
PBT=75PTT/25PBT > 25PTT/75PBT > PTT. Obvi-
ously, both CRC and CRP approaches were not decisive
in the ranking of the crystallization ability for PTT, PBT,
and their blends.

4.2.1. Avrami analysis

Data analysis based on the Avrami macrokinetic
model was carried out by directly fitting the experimental
0(t) data, such as those shown in Fig. 3, to Eq. (1), using
a non-linear multi-variable regression program. Only the
relative crystallinity data in the range of 10-80% were
used in the fitting. Table 2 summarizes values of the
Avrami kinetic parameters (i.e, n, and K,) as well as
the values of the correlation parameter r2 for all of the
samples studied.

The n, values for PTT and PBT were found to be in
the range of ca 3.2 to 4.1 and from ca. 3.6 to 6.2,
respectively. Wang et a. [24] reported the n, values for
a PTT resin having the number-average molecular
weight of ca. 23,000 Da in the range of ca. 3.3 to 4.0,
over the cooling rate range of 0.63 to 20 °C min 3,
which are in excellent agreement with our results. For
PTT/PBT blends, the n, values were found to range from
ca 4.2 to 5.8 for 25PTT/75PBT blend, from ca 3.4 to
4.5 for 50PTT/50PBT blend, and from ca. 2.7 to 4.1 for
75PTT/25PBT blend, with a tendency for the n, vaue
to decrease with increasing PTT content at a given coo-
ling rate.

Similar to the case of tg2, values of K, were found to
be strongly dependent on the cooling rate. For a given
sample type, K, was found to increase with increasing
cooling rate, suggesting that each polymer system crys-
tallized faster when the cooling rate was increased. Simi-
larity between the K, and t52 values is not surprising,
since these two bulk CRPs are related (i.e, K, =
(In2)X'nt5 1), Comparatively, PTT was found to crystallize
a hit faster than PBT when the cooling rates were lower
than ca. 30 °C:min~%, while it crystallized a bit slower
than PBT a the cooling rates greater than ca 30
°C-min~*. This is contradictory to the observation based
on the t2 values, in which PTT was found to crystallize

slower than PBT at any given cooling rate. The dight
discrepancy may be a result of the use of the relative
crystallinity data in the range of 10-80% for the fitting
and the selection of the baseline during the conversion
of the raw crystalization exotherm data into the relative
crystallinity function of temperature (or time). Based on
the K, values summarized in Table 2, PTT was the fast-
est to crystallize when the cooling rates were lower than
ca. 20 °C-min—%, while 50PTT/50PBT blend crystallized
the fastest for cooling rates greater than ca. 20 °C-min—2.

4.2.2. Ozawa analysis

The Ozawa kinetic parameters (i.e., k, and n,) can be
extracted by drawing a least-squared line to the double-
logarithmic plot of In[—In(1—6(T))] versus In(¢) for a
fixed temperature, where k, is taken as the anti-logarith-
mic value of the y-intercept and n, is ssimply the negative
value of the dope. Fig. 5 shows such a plot for
25PTT/75PBT blend, as examples, while values of the
Ozawa kinetic parameters (i.e, n, and k;) as well as
values of the r2 parameter for al of the samples studied
are summarized in Table 4.

The values of r? listed in Table 4 suggest that the
Ozawa model provided a satisfactory description to the
non-isothermal melt crystallization for these polymer
systems. In al cases, values of n, were found to range
from ca 0.3 to 4.5. More specificdly, n, ranged from
ca 1.9 to 2.7 for PBT within the temperature range of

In[-In(1-6(T))]

22 24 26 28 30 32 34 36 38 40 42

In(¢) (°C/min)

Fig.5. Typica Ozawa analysis based on the non-isothermal
crystallization data of 25PTT/75PBT blend.
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< o O O ® 180 to 198 °C and from ca. 2.7 to 4.5 for PTT within
NN ENENE ,8 {5 W the temperature range of 160 to 180 °C. In the blends,
¥ 2223222222 n, was found to range from ca 21 to 3.1 for
.| 25585885889 25PTT/75PBT blend within the temperature range of 172
O] x x x x x x x x x x to 190 °C, from ca. 1.5 to 4.4 for 50PTT/50PBT blend
< e 383N 8LILES within the temperature range of 160 to 176_ °(_3, and from
XE| ddNobwNdS 6o ca. 0.3 to 2.3 for 75PTT/25PBT blend within the tem-
LYITRIAIZNY perature range of 154 to 172 °C, respectively. In the case
I NS oS of PTT, the values of n, obtained here were greater than
- gﬁ Ot 0Ot ©DO those reported by Wang et al. [29], who found that n,
o 3 S § LY/ EEEN® valuesfor the PTT resin having the number-average mol-
OM©OAN oo 3O L0 L0 ecular weight of ca. 23,000 Da were in the range of 1.7
EEESILIR8SS to 3.1 within the temperature range of 160 to 192 °C. For
L Scoocoooodoo all of the sample types studied, k, was found to decrease
YT YT T YTy with increasing temperature (within the temperature
o | 233333333 range investigated), suggesting that these polymer sys-
OF | XXX e xxXXXx, tems crystallized slower when the temperature increased.
SE| 982833 YIB
— 2 E NN OO NG o o )
@ SgaRLguaneg 423 Zla}b|ck| S k|.net|c crystalllzgplhty.analyss .
Q&) aa2sdosguag ~ Analysis according to the modified first order Ziab-
Fl| o icki’s kinetic equation (i.e., Eq. (8)) can be carried out
E E o § § g § § § § § E S by d_ifferentiating the 6(T) function, such as those shown
e in Fig. 2, in order to obtain the derivative relative crystal-
P % % % % E % %@ E % linity as a function of temperature (d6/dT),. Once the
2 3 3332232323 (qeldT)¢ funcyon is obtamgd, various kinetic parameters
s . BLELEBYBY (i.e., the maximum crystallization rgte (d6/dT)ymex and
o o= % X X % % % x the half-width of the (d§/dT), function D,) can then be
§ Cec| 99099 adss obtained and, finally, the cooling rate-dependent kinetic
2 | €| domddidm o | crystallizability G,, can be calculated using Eq. (8).
S g QY HIRRO T Y Table 5 summarizes the values of T, (i.€., the tem-
% g I TN NGO | perature at the maximum crystallization rate as determ-
Ko} o i I
E e ined from the (d0/dT), functions), (d6/dT), ma, D, and
é & 50| 3YTEBRNEE | G, for all of samples studied. It should be noted that the
3 P08l N8 % 2 Ty max Values Iis.ted in Tablesanq T, (i.e., the tempera-
T . L538L358288 ture at the maximum qystalhzatmn rate as determmed
= L ISESRSRS NS RSRSESRSES] from the raw non-isothermal melt crystalization
8 4 od o o . 7 exotherms) listed in Table 1 are almost identical for al
= o | 2333 2 a of the samples studied. For a given sample type, the
B QT | xxxx x X T,max VAlue was found to decresse, while both (d9/
= SE| SeB88IHSSS dn and D, values were al found to increase, with
m — S ANNAGOB AT 00T ™ S g max . g
?6- g ORAND LB O increasing cooling rate.. Based on these vaIu@, the
SR e PRI IS VIR IR resulting G, value (not listed) was therefore an increas-
28 E a ing function of the cooling rate. By normalizing the
E io E @ ‘.:\" E ‘.:‘3| ‘°_.E| &%' § § § § § effect of the cooling rate from the resulting G,,, value,
= N O D © O DD~ o the value of the kinetic crystallizability at unit cooling
s :
-§ § § § g g % § § § § rate.GZ c;-\n therefore be dgtermmed and the reﬂJ[ts sum-
N 3 Soosdgdesasg marized in Table 5 confirmed that' the normal'|zed G,
g NE=E values for each sample type for different cooling rate
g Uf"\ X X X X X X X X X X Wergvery Compa'rable- . .
z < 3388833338 Since t.he physc.all meaning of. the G, parameter isto
£ XE| ddodad—doNGCWw characterize the ability of a semi-crystalline polymer to
g LAYYIINRLY crystallize when it is cooled from its equilibrium melting
g < NIRRT PN RN NN temperature to the glass transition temperature at unit
¥ ‘8 — g()\ O N < © 06 A ©w cooling rate, the higher the G, value, the more readily
3 5 2l 22| 8% §. Y383 §. ) the polymer crystallizes. Based on the average G, values
=z summarized in Table 5, the crystallization ability for all
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of the sample types studied followed the following

1872 211 x1022169 195 1839 348x1021295 192 1737 254x1021297 140 1722 283x 1021094 132 1735 223 x10°21966 186

RESH3 order: 25PTT/75PBT > PBT > 50PTT/50PBT~PTT
> 75PTT/25PBT.
589
° Ng ‘:\r' N 4.2.4. Effective energy barrier for non-isothermal melt
9999 crystallization process
X X X X Analysis based on the differential iso-conversional
868 method of Friedman [24] can be carried out by first dif-
e ) ferentiating the 6(t) function with respect to time to
23 § Nz obtain the instantaneous crystallization rate as a function
§888< of time 6(t). A plot according to Eq. (9) can then be
FYSQN performed for various values of relative melt conversion
S (i.e., relative crystallinity) using the data obtained from
Segy both 6(t) and 6(T) functions and the effective energy bar-
935 rier of the non-isothermal melt crystallization process for
S a given relative melt conversion 0 (i.e., AE) can finaly
SRSESRS be estimated from the slope of the plot (i.e., AE, = —
5 é E gg (slope)(R)).
™ < < 16 ° Fig. 6 illustrates plots of the effective activation
o<smm T energy AE as a function of the relative melt conversion
§; § § @ g for al of the sample types studied, while the observed
AE values are summarized in Table 6. For al of the
E § § ‘Eﬁ § sample types studied, AE was generally found to increase
with increasing relative melt conversion, suggesting that
,Sj % g 5‘; as the crystallization proceeded it was more difficult for
ToNs each polymer system to crystallize. As crystallization
“E==R= proceeds, diffusion of the crystallizing molecular seg-
X X X X ments from the equilibrium melt to the growth front will
SRERVE be retarded by the rejected molecular species. For 6's
RO ) lower than ca. 0.5, the AE values for all of the sample
239w types studied were in the following sequence: PBT <
S589 ?51 2 25PTT/75PBT < 50PTT/50PBT~75PTT/25PBT <
N8N R L PTT. For 0’s greater than ca. 0.5 but lower than ca. 0.9,
R R R R they were in the order: PBT < 50PTT/50PBT <
BINS 25PTT/75PBT < 75PTT/25PBT < PTT. For O's
0 Q9o greater than ca. 0.9, they were in the following order:
NN PBT < 50PTT/S50PBT < PTT=25PTT/75PBT <
2888
X X X X
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Fig. 6. Plots of the effective energy barrier for non-isothermal
BRSH melt crystallization of PTT, PBT, and their blends as a function

of the relative degree of melt conversion.
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Table 6

Effective energy barrier describing the non-isotherma melt crysalization process for PBT, PTT, and their blends based on Friedman method

Sample Effective energy barrier AE (kJ mol~%)

6=01 6=03 6 =05 60=07 60=09
PBT —1819 —147.7 —126.6 —-1210 —104.9
25PTT/75PBT —175.2 —1321 —106.2 —829 —49.1
S50PTT/S0PBT —1488 1117 —1005 —-975 —959
75PTT/25PBT —1434 —1157 —9%.4 —74.0 —37.7
PTT —82.6 —64.0 —529 —46.0 —525

75PTT/25PBT. It should be noted that the lower the AE
value, the higher the crystallization ability of the polymer
system of interest becomes.

5. Conclusions

The non-isothermal melt crystallization exotherms for
PTT, PBT, and their blends showed that the temperature
a 1% relative crystalinity, the temperature at the
maximum crystallization rate, and the temperature at
99% relative crystallinity were all shifted towards lower
temperatures with increasing cooling rate. The half-time
of crystallization was found to decrease with increasing
cooling rate, suggesting that these polymer systems spent
shorter time intervals to crystallize when the cooling rate
increased. Both the Avrami and Ozawa macrokinetic
models provided a satisfactory description of the experi-
mental data.

Based on the values of the reciprocal half-time of crys-
tallization, 50PTT/50PBT blend was found to crystallize
the fastest, while PTT crystallized the slowest. Based on
the CRC approach, the crystallization ability for PTT,
PBT, and their blends was in the following order:
25PTT/75PBT > 75PTT/25PBT > 50PTT/50PBT >
PBT > PTT, while, based on the CRP approach, it was
in the order: 50PTT/50PBT > PBT=75PTT/25PBT
> 25PTT/75PBT > PTT. The crystallization ability for
all of the sample types studied as suggested by the Ziab-
icki's kinetic crystalizability was in the following
sequence: 25PTT/75PBT > PBT > 50PTT/50PBT~=
PTT > 75PTT/25PBT, while, based on the effective
energy barrier for non-isothermal melt crystalization
process at ‘low’ values of relative melt conversion (i.e.,
ca. <0.5), it was in the order: PBT > 25PTT/75PBT
> 50PTT/50PBT~=75PTT/25PBT > PTT.
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