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ABSTRACT

Isothermal crystallization and subsequent melting behavior of three different
types of linear aromatic polyester, namely poly(ethylene terephthalate) (PET), poly
(trimethylene terephthalate) (PTT), and poly(buthylene terephthalate) (PBT), were
investigated (with an emphasis on PTT in comparison with PET and PBT). These
polyesters were different in the number of methylene groups (i., 2, 3, and 4 for
PET, PTT, and PBT, respectively). Isothermal crystallization studies were carried
out in a differential scanning calorimeter (DSC) over the crystallization temperature
range of 182 to 208°c. Wide-angle X-ray diffraction (WAXD) technique was used
to obtain information about crystal modification and apparent degree of crystallinity.
The kinetics of the crystallization process was assessed by a direct fitting of the
experimental data to the Avrami, Tobin, Malkin and Urbanovici-Segal macrokinetic
models. It was found that the crystallization rates of these polyesters were in the
following orcer; PBT > PTT > PET, and the melting of these polyesters exhibited a
multiple-melting phenomenon. Lastly, the equilibrium melting temperature of these
polyesters was estimated based on the linear and non-linear Hofffnan-Weeks
extrapolative methods.

(Key-words: PET; PTT; PBT; crystallization kinetics; melting behavior)

*To whom correspondence should be addressed: Fax: +66-2215-4459; E-mail
address: pitt.s@chula.ac.th


mailto:pitt.s@chula.ac.th

16

1. INTRODUCTION

In 1941, a new type of linear aromatic polyester, poly(trimethylene
terephthalate) (PTT), was successfully synthesized by Whinfield and Dickson [1],
but it was not commercially available then because of the expensiveness of 13-
propanediol, one of the raw materials used to produce PTT. With a breakthrough in
the synthesis of 1,3-propanediol at a much lower price, PTT is now commercially
available and has been produced by Shell Chemicals under the tradename Corterra,
joining the rank of other linear aromatic polyesters, poly(ethylene terephthalate)
(PET) and poly(buthylene terephthalate) (PBT). PTT has properties in between
those of PET and PBT, with an unusual combination of the outstanding properties of
PET and processing characteristics of PBT. These make PTT highly suitable for
uses in fiber, film and engineering thermoplastic applications.

PTT has three methylene units in its chemical structure, rendering PTT
chains to be more flexible, hence greater crystallization rate, than those of PET. The
glass transition and the apparent melting temperatures of PTT were reported by
Huang and Chang [2] to be ca. 44 and 228°c, respectively. Like PET and PBT, PTT
crystallizes into triclinic crystal structure, with the periodicity along the c-axis
containing two repeating units and the methylene groups being arranged in a highly
contracted gauche-gauche conformation [3].

Recently, Chuah [4] studied the overall crystallization kinetics of PTT based
on the Avrami proposition. He found that, at a given degree of undercooling, the
crystallization rate of PTT lies between those of PET and PBT. He reported that
PBT has the highest crystallization rates with the Avrami rate constant (ka) being in
the order of 102to 10'1min™, which is approximately an order of magnitude greater
than PTT at 10'3to 10'2 min‘n, which, in turn, is about an order of magnitude faster
than PET at 1C4 to 102 min"n. Similar results were also reported by Huang and
Chang [2],

The multiple melting phenomenon upon subsequent melting of isothermally
crystallized PTT samples in a differential scanning calorimeter (DSC) was recently
reported by Chung et al. [5]. They contributed the phenomenon to the dual
populations of lamellar stacks formed during primary crystallization and
recrystallization during subsequent heating process. They also reported, based on
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wide-angle X-ray diffraction (WAXD) results, that the crystal modification of PTT
does not change with crystallization temperature, at least within the temperature
range studied [5].

In this manuscript, we report the overall isothermal crystallization and
subsequent melting behavior of PTT in critical comparison with those of PET and
PBT, based mainly on results obtained from DSC and WAXD techniques. The
isothermal crystallization data are analyzed and described based on various
mathematical models, namely the Avrami, Tobin, Malkin and Urbanovici-Segal
macrokinetic models. The equilibrium melting temperatures of PTT, PET and PBT
are also evaluated based on both linear and non-linear Hoffrnan-Weeks
extrapolations.

2. Theoretical Background

Isothermal hulk crystallization kinetics of semicrystalline polymers in a
DSC is usually studied by following the crystallization exotherms [6-7], based on the
assumption that the evolution of crystallinity is linearly proportional to the evolution
of heat released during the course of crystallization. Based on this notion, the
relative crystallinity as a function of time 6(t) can be obtained according to the

following equation:
J: (dd/-;?)dt
iy [0,1]
[ [ = ]dt
where t and co are the elapsed time during the course of crystallization and at the end
of crystallization process, respectively, and dHc is the enthalpy of crystallization
released during and infinitesimal time interval dt
In order to quantitatively describe the macroscopic evolution of crystallinity
during primarily crystallization under quiescent isothermal conditions, a number of
macrokinetic models have been proposed over the past sixty years. They are, for

examples, the so-called ‘Avrami’ [8-13], the Tobin [14-16], the Malkin [17], and the
Urbanovici-Segal [18] models. In Avrami model [8-13], the relative crystallinity as

o(t) =
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a function of time () is related to the crystallization time t according to the
equation;
e(f)=1-exp[-(/f,f)"-] e[0,l] (2)

where Ka and «a are the Avrami crystallization rate constant and the Avrami
exponent, respectively. Usually, the Avrami rate constant K zis written in the form of
the composite Avrami rate constant ka (i.e. ka = Kz). It was shown that & (the
dimension of which is given in (time)'n) is not only a function of temperature, but
also a function of the Avrami exponent «a [19]. Asa result, use of K ashould he more
preferable than use of kadue partly to the facts that it is independent of the Avrami
exponent «a and its dimension is given in (time)'L It should be noted that both Ka
and «@are constants specific to a given crystalline morphology and type of nucléation
for a particular crystallization condition [20] and that based on the original
assumptions of the theory, the value of the Avrami exponent «a should be an integer
ranging from 1to 4,

Aiming at improving the Avrami equation in describing the experimental
data at the later stages of crystallization, Tobin [10-12] proposed a different
expression to describe the kinetics of phase transformation by taking into account the
growth impingement. The original theory was written in the form of a nonlinear
Volterra integral equation, of which the zeroth order solution is given by:

K.t}
o(¢)= IE‘(KL—) e [0] (3)

where Kt is the Tobin rate constant, and « the Tobin exponent. Based on this
proposition, the Tobin exponent needs not be integral [14-16], and it is mainly
governed by different types of nucléation and growth mechanisms. It should be
noted that, according to the original applications [14-16], the Tobin rate constant i
written in the form of the composite Tobin rate constant k{(i.e. ki = K ), which is not
only a function of time, but also a function of the Tobin exponent «t (similar to the
case of ka mentioned previously) [19]. As a result, use of Kt should be more
preferable than use of k{due partly to the facts that it is independent of the Tobin
exponent tand its dimension is given in (time)'L
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Derived based on a postulation that the overall crystallization rate equals the
summation of the rate at which the degree of crystallinity varies with the emergence
of primary nuclei and the rate of variation in the degree of crystallinity varies with
crystal growth rate, Malkin et al. [17] arrived at a totally different kinetic equation:

+

()L gy eniciy ¢ D1 4
where Co is the Malkin exponent which relates directly to the ratio of the crystal
growth rate G to the primary nucléation rate / (i.e. Coa G/1), and Cl is the Malkin
crystallization rate constant which relates directly to overall crystallization (i.e. Cl =
aG+bl, where a and b are some specific constants). It should be noted that the
dimension of the Malkin rate constant is given in (time)"L

Recently, Urbanovici and Segal [18] proposed a new macrokinetic equation,
which is essentially a generalization of the Avrami model. In this proposition, the
relation between the relative crystallinity as a function of time $(t) and the
crystallization time t is written as:

a gty = -[H(r-1) (fre* ) /(M € [0]] (5)
where K and «b are the Urbanovici-Segal crystallization rate constant and the
Urbanovici-Segal exponent, respectively, r is the parameter satisfying the condition
r> 0. At the condition where r—»1, the Urbanovici-Segal model becomes identical
to the Avrami model [18]. This simply means that parameter r merely the factor
determining the degree of deviation of the Urbanovici-Segal model from the Avrami
model. It is worth noting that hoth Xus and d5have similar physical meanings to the
Avrami Kinetic parameters (i.e. Kaand «a), and the dimension of x  is also given in
(time)'L

3. EXPERIMENTAL DETAIL
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 Daltons,
respectively. Poly(ethylene terephthalate) (PET) was supplied in pellet form by Indo
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PET (Thailand) (N1). The weight- and number-average molecular weights of this
resin were determined to be ca. 84,500 and 41,200 Daltons, respectively. Finally,
poly(buthylene 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 Daltons, respectively. It
should be noted that molecular weight characterization of these resins was carried
out by Dr. Hoe H. Chuah and his co-workers of Shell Chemicals (USA) based on
size-exclusion chromatography (SEC) technique.

3.2. Sample Preparation

PET, PTT and PBT resins were dried in a vacuum oven at 140°c for 5 hours
prior to further use. Films of approximately 200 pm in thickness was melted-pressed
at 280°c for PET and 260°c for PTT and PBT in a Wabash V50H compression
molding machine under an applied pressure of 4.62x102 MN-m?2. After 5 min
holding time, the films were taken out and allowed to cool, under the ambient
condition, down to room temperature between the two metal platens. This treatment
assumes that previous thermo-mechanical history was essentially erased, and
provided a standard crystalline memory condition for the as-prepared film,

3.3. Differential Scanning Calorimetry Measurements

A DSC (DSC-7, Perkin-Elmer) was used to record isothermal crystallization
exotherms and subsequent melting endotherms of these polyester resins. Calibration
for the temperature scale was carried out using a pure indium standard (Tnr= 156.6°
¢ and A/ff° =28.5 J-g') on every other run to ensure accuracy and reliability of the
data obtained. To minimize thermal lag between polymer sample and 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 worth noting that each sample
was used only once and all the runs were carried out under nitrogen atmosphere to
prevent extensive thermal degradation.

The experiment started with heating each sample from 40°c at a heating rate
0f80°c min'1to a desired fusion temperature 7f(i.e., at 280°c for PET and 260°c for
PTT and PBT respectively). To ensure complete melting, the sample was kept at the
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respective 7f for a holding period of 5 min. After this period, each sample was
rapidly cooled (i.e., ca 200°c min') from 7fto a desired crystallization temperature,
where it was held to the completion of the crystallization process (achievable when
no significant change in the heat flow as a function of time was further observed).
Both the isothermal crystallization exotherms and subsequent melting endotherms
were recorded for further analysis. The heating rate used to record all of the
subsequent melting endotherms was 10°Cmin'l The kinetics of the isothermal
crystallization process was carried out by directly fitting the experimental data to the
aforementioned macrokinetic models.

34. Crystal Structure and Crystallinity Measurements

Wide-angle X-ray diffraction (WAXD) technique was employed to determine
crystal modification and apparent degree of crystallinity of PTT samples prepared in
the same conditions set forth for samples prepared for the DSC measurements (viz.
after the samples were completely crystallized at a desired crystallization temperature,
they were immediately quenched, without subsequent heating, to 30°C). Each sample
was then taken out of the DSC sample holder and was pasted onto a glass X-ray
sample holder, using vasaling as adhesive. The WAXD intensity pattern of each
sample was then collected on a Rigaku Rint 2000 diffractometer, equipped with a
computerized data collection and analytical tools. The X-ray source (CuKor radiation,
X = 1.54 A) was generated with an applied voltage of 40 kv and a filament current of
30 mA.

4. RESULTS AND DISCUSSION
4.1, Isothermal Crystallization of Polyesters from the Melt

Figure 1 illustrates the time-dependent relative crystallinity function 6(t)
(after subtraction of the induction period to) of PTT samples crystallized at two
different temperatures (i.e., 184 and 194°c, respectively). It should be noted that the
raw data are shown in Figure 1 as different geometrical points. Evidently, within the
temperature range studied, the time to reach the ultimate crystallinity (i.e., complete
crystallization) increased with increasing crystallization temperature Tc. An
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important bulk or overall crystallization kinetic parameter which can be determined
directly from the 6{t) data is the half-time of crystallization t0s, defined as the
elapsed time from the onset of crystallization to the point where the crystallization is
half-completed. Table 1 summarizes the values of crystallization half-time tos taken
from all of the experimental data obtained.

According to Table 1, it is apparent that, for each polymer, the half-time of
crystallization s increased exponentially with increasing crystallization temperature
Tc, at least within the range of crystallization temperatures studied. Comparison of
crystallization kinetics among these polyesters, which have different practical
crystallization windows over the absolute temperature scale (i.e., Tg< Tc< Tnr), can
be carried out by plotting the kinetic parameters versus degree of undercooling AT,
defined as the difference between the equilibrium melting temperature Tne and the
crystallization temperature Tc(i.e., AT= Tnf - Tc). It should be noted that the degree
of undercooling designates the driving force for crystallization. In this manuscript,
the value of the equilibrium melting temperature rnf for PET, PTT, and PBT were
determined by the linear Hofffnan-Weeks extrapolation to he 270.1, 2436, and
235.4°c, respectively (for detailed discussion on the determination of the equilibrium
melting temperature, please refer to the appropriate section later in this manuscript).

Figures 2 and 3 show, respectively, the half-times of crystallization tos and
its inversed values (i.e., the reciprocal half-times of crystallization t0s*) versus
degree of undercooling for all three polyesters studied. It should be noted that such a
plot of the reciprocal half-time of crystallization versus degree of undercooling is
regarded as the most fundamental representation of the bulk crystallization rate of a
semi-crystalline polymer. Considering Figure 2, it is evident that all of the polymers
studied exhibited decreased crystallization half-time with increasing degree of
undercooling (or with decreasing crystallization temperature). In general, for a given
degree of undercooling, PBT exhibited the lowest tos 1value, followed by that of
PTT and PET, respectively. The results clearly suggested that crystallization
proceeded at a much faster rate with increasing degree of undercooling (or with
decreasing crystallization temperature) and that PBT crystallized the fastest,
followed PTT and PET, respectively.
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The above conclusion can be drawn much easier if one considers Figure 3.
it is evident that all of the polymers studied exhibited increased reciprocal half-time
with increasing degree of undercooling (or with decreasing crystallization
temperature). For examples, at A.T= 50 K, the reciprocal half-times of crystallization
for PBT, PTT, and PET were 2.63, 0.743, and 0.0978 min'L respectively. This
clearly confirmed that PBT exhibited the highest crystallization rate, followed
respectively by PTT and PET. For a qualitative comment on the data obtained, it
should be noted that, in the case where tos data can be measured accurately over the
whole temperature range in which polymers can crystallize (i.e., Tg< Tc < Tnr), the
plot of the reciprocal half-time of crystallization versus either crystallization
temperature or degree of undercooling is expected to exhibit the typical bell-shaped
curve, which is characterized by the nucleation-controlled character at “high”
crystallization temperatures or low degrees of undercooling and the diffusion-
controlled one at “low” crystallization temperatures or high degrees of undercooling.
According to this notion, the results shown in Figure 3 suggested that all of the
polymers crystallized within the nucleation-controlled region.

4.2. 1sothermal Crystallization Kinetics based on the Avrami Analysis

The analysis based on the Avrami model can be done by fitting the 6{t)
function obtained for each crystallization temperature to Equation (1). The Avrami
exponent «a and the Avrami rate constant Ka provided by the program, are
summarized in Tablel The exponent « for primary crystallization process was
found to range from 1.64 to 2.05 for PET, 1.75 to 2.39 for PTT, and 1.63 to 2.24 for
PBT, respectively. This may correspond to a two dimensional growth with a
combination of thermal and athermal nucléation (as a result of the fractional «a
values observed) [20], Intuitively, the temperature dependence of the exponent «a,
within the nucleation-controlled region, should be such that «a decreases with
decreasing crystallization temperature. This may be explained based on the fact that
the number of athermal nuclei increased tremendously as the temperature decreased
[21]. In other words, as the crystallization temperature decreases, the number of
athermal nuclei that become stable at that temperature also increased, resulting in the
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nucléation mechanism becoming more instantaneous in time and causing the Avrami
exponent «a to decrease.

According to Table 1, the crystallization rate constant K a exhibited strong
sensitivity to changes in the crystallization temperature, in that it increased with
decreasing crystallization temperature (or with increasing degree of undercooling).
This observation only holds true when the temperature is in the range in which
nucléation is the rate determining factor.  For the reciprocal half-times of
crystallization to/1as a function of degree of undercooling of these polyesters, they
also increased with decreasing crystallization temperature (or with increasing degree
of undercooling). Indeed, the Avrami rate constant Ka can be calculated directly
from the reciprocal half-time value (i.e., /fa*=(In2) 1e(%s 1), in which the calculated
rate constant values K a* are also listed for comparison in Table 1. Obviously, there
is good agreement hetween the rate constant obtained from the fitting Ka and that
obtained from the calculation K a*, with the calculated value being ca. 0.73% less
than the experimental values on average for PTT.

Verification of the applicability and reliability of the fitting procedure used
to describe the isothermal crystallization data of these polyesters can be performed
by comparison of the Avrami kinetic parameters provided by the program to the ones
obtained hased on the traditional method (i.e., plot of In[-In(l-8(/))] versus In/; where

a=Slope and In/:ais the intercept on the y-axis: these values are listed in Table |.as

a*and Ka * respectively). It should be noted that the experimental data 6{t) used to
fit the linear least square line were in the range of 0.1 to 0.8. Apparently, extremely
good agreement of the kinetic parameters obtained from the two different methods is
realized. This suggests that the fitting method can be used to analyze the isothermal
crystallization data of these polyesters with a high level of confidence.

4.3. Isothermal Crystallization Kinetics based on the Tobin Analysis

The analysis based on the Tobin model can be performed by fitting the 6{t)
function obtained for each crystallization temperature to Equation (3). Table 2
summarizes the Tobin kinetic parameters tand Kt, as well as the r2 parameter. The
Tobin exponent «t for primary crystallization was found to range from 2.55 to 3.47
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for PET, 3.06 to 3.78 for PTT, and 2.46 to 3.85 for PBT. By comparison, it is
apparent that, at an arbitrary crystallization temperature, the Avrami exponent ais
consistently lower in value than the Tohin exponent 1 By taking the average value
of the difference between the two values, we are able to conclude, based on our
experimental observation, that t % «a +1.3, which is in general accordance with
observations by other researchers [22,23].

According to Table 2, the Tobin rate constant Kt clearly exhibited a similar
trend to that of the Avrami rate constant A in that it is greater in its value at low
crystallization temperatures than that at high temperatures. According to Equation 3,
the Tobin rate constant can also be calculated from the reciprocal half-time value tos
1(ie, Kx = tos"). The calculated values K[* are also listed in Table 2. The
discrepancy between the average value of rate constant obtained from the fitting K {
and that obtained from the calculation k\* of 1.89% for PTT was found, as opposed
to around 0.73% difference in Kd and Ka* values for PTT. PET and PBT also
showed similar trends. This suggests that the experimental data of these polyesters
can be fitted to the Avrami model better than to the Tobin one. This can also be
confirmed based on the fact that the r2values listed in Table 1are much greater than
those listed in Table 2, indicating the much better fitting performance of the Avrami
model.

44, 1sothermal Crystallization Kinetics Based on the Malkin Analysis

The analysis based on the Malkin model can be carried out by fitting the 6{t)
function obtained for each crystallization temperature to Equation (4). The kinetic
parameters specific to the Malkin model Coand Cl, as well as r2parameter, are listed
in Table 3. The Co parameter was found to range from 4.55 to 25.74 for PET, 7.01 to
28,01 for PTT and 4.56 to 17.39 for PBT.

Unlike the Avrami and the Tobin models, there is no direct analytical
procedure for the determination of the Malkin kinetic parameters.  Since,
fundamentally, the Malkin exponent Co is related directly to the Avrami exponent «@
according to the following expression [17]:

c0=4"- 4 )
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It should exhibit a similar temperature dependence to that of Avrami exponent H
According to Table 3, the Malkin rate constant Cl also exhibited a temperature
dependence in a similar fashion as the crystallization rate constants characteristic of
both the Avrami and Tobin models. This is not surprising since the Malkin rate
constant Cl relates to the Avrami Kinetic parameters (i.e., Ha and ka) according to the
following expression [17]:
¢ _In(4f-2)A:
1= ()" )

The estimated Malkin kinetic parameters are also listed in Table 4, in
which they are denoted co+ and c1+, respectively. Evidently, the estimated rate
constant ¢ i+ was found to be in good agreement with that obtained from the direct
fitting method c1. Like the other two rate constants, the Malkin rate constant c1 can
also be calculated directly from the reciprocal half-time %.s1(i.e., c1 = In(4"a-2)(to.s~
). Although not listed in Table 3, the cr values calculated from ros 1 values are
found to be almost identical to the estimated Malkin crystallization rate values c 1+,

45, Isothermal Crystallization Kinetics based on the Urbanovici-Segal Analysis

Analogous to the previous three cases, data analysis based on the
Urbanovici-Segal kinetic equation is carried out by directly fitting the experimental 0
it) data obtained for each crystallization temperature to Equation (5). Table 4
summarizes the Urbanovici-Segal kinetic parameters (i.e., Hus, Kws and r) along with
the r2 parameter obtained with the best fit. Accordingly to Table 4, the Urbanovici-
Segal exponent Hws was found to range from 1.59 to 2.87 for PET, 1.78 to 2.43 for
PTT, and 15 to 2.21 for PBT. The Urbanovici-Segal rate constant Ku apparently
exhibited a similar trend to that suggested by the other crystallization rate parameters
in that it decreased with increasing crystallization temperature (or with decreasing
degree of undercooling). Like the Avrami rate constant Ka, the Urbanovici-Segal
rate constant K can be calculated directly from the reciprocal half-time of
crystallization tosr' according to the following equation:

0.54-0 _1)"™
Kus:[ it tos (8)
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The calculated values of the Urbanovici-Segal rate constant (i.e., denoted
Kus*) are also summarized in Table 4 for comparison. Evidently, extremely good
agreement is observed hetween the experimental rate constant K ws and the calculated
rate constant Kus* for PTT, with the calculated values being ca. 0.21% less than the
experimental value on average.

Comparison between the kinetic parameters obtained from the Avrami and
Urbanovici-Segal models (see Tables 1 and 4, respectively) indicates that the extent
of discrepancy between the Urbanovici-Segal and Avrami kinetic parameters
depended significantly on the value of the parameter r obtained. It was stated
elsewhere in this manuscript that the Urbanovici-Segal model becomes identical to
Avrami model when r approaches 1 [18]. According to Tables 1and 4, whenr > 1,
the values of the Urbanovici-Segal kinetic parameters are systematically greater than
those of Avrami ones, and the greater the value of r is from 1 the larger the
discrepancy between the values of Urbanovici-Segal and Avrami kinetic parameters
become. It is apparent according to Tables 1and 4 that, when r - 101 (cf. PTT at Tc
= 208°C), the difference between «Band «a was only 0.4% and that between Kus and
Ka was only 0.9%; whereas, when r = 1.10 (cf. PTT at Tc= 198°C), the qualitative
difference between «band «awas as much as 5% and that between K ws and K awas as
much as 2.58%. On the contrary, when r < 1, the values of the Urbanovici-Segal
kinetic parameters were systematically less than those of the Avrami ones.

4.6. Qualitative Comparison among the Four Macrokinetic Models

The quality of each macrokinetic equation in describing the experimental
data 0(t) is quantitatively represented by the r2 parameter obtained along with the
best fit, in which the greater the value, the better the quality of the fit. Comparison
of the values of the r2parameter summarized in Tables 1, 2, 3 and 4 indicates that the
Avrami, Malkin and Urbanovici-Segal models gave very good description to the
experimental data, while the Tobin model was not satisfactory in describing the
experimental data. Graphically, deviation of the fits according to the Malkin and
Tobin models (shown in Figure 1 as dashed and dash-dot lines, respectively) from
the experimental data (shown in Figure Las different geometrical points) is obvious,
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while that according to the Avrami and Urbanovici-Segal models (shown in Figure 1
as solid and dotted lines) from the experimental data is much less pronounced.

4.7, Further Discussion on the Temperature-Dependence of the Kinetic Paramters
Figure 4 illustrates the variation of all of the kinetic exponents of time (i.e.,

«@ t Coand ) along with the parameter r as a function of crystallization
temperature (only shown for PTT). Apparently, the values of «a, «, , and r
changed a little with, while Co was a bit more sensitive to, changes in the
crystallization temperature. The kinetic exponents of time for PET and PBT also
exhibited similar temperature dependency. Figure 5 exhibits the variation of all of
the bulk crystallization rate parameters (i, tos Ka, Kt, Cl, and K w) as a function of
crystallization temperature (only shown for PTT). It is apparent from Figure 5 that
all of the bulk crystallization rate parameters exhibited a similar temperature-
dependence. This similarity is understandable when one considers the fact that the
units of these rate parameters were identical (i.e, min') and that all of the
crystallization rate parameters relate, in one way or another, to the reciprocal half-
time of crystallization tos '

It is well accepted [19,23] that the bulk crystallization rate parameters (e.g.,
10.5'1, Ka, Ki, Cl, and Kus) relate, in one way or another, to the primary nucléation rate
[and/or the subsequent crystal growth rate G [24,25]: the temperature-dependence of
the bulk rate parameters can accordingly be quantified and described. Even though
the temperature-dependence of the parameters / and G are known to have a different
temperature-dependence [24,25], the bulk crystallization rate parameters have often
been taken to have a similar temperature dependence to that of the subsequent crystal
growth rate G (written in the context of the original Lauritzen-Hofffnan secondary
nucléation theory (LH theory) [20,24]), which can be expressed as

f A R
rc) =yioexp 7 - - TATH )

where yATc) and ylo are the respective crystallization rate parameters (i.e. tos K* Ku
Cl, and Ku) and the respective pre-exponential parameters (i.e. (tos ')o™a.o, Kfi, Ci0,
and K (i), respectively. A is a parameter relating to the activation energy which
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characterizes molecular diffusion across the interfacial boundary between melt and
crystals, while B is a parameter relating to the activation energy for the formation of
the secondary nuclei. Tgis the respective glass transition temperature (i.e., Tg« 78.0,
44,0 and 34.7°c for PET, PTT, and PBT, respectively), Tg - ¢ is the temperature
where the cessation of long range molecular motion is expected and is often taken to
be either ca. 30 or 50 K below the glass transition temperature, R is the universal gas
constant, AT is the degree of undercooling (i.e., AT = Tni -Tc; where Tmt 2701,
243.6, and 235.4°c for PET, PTT, and PBT, respectively), and finallyf is the factor
used to correct for the temperature dependence of the heat of fusion (i.e.5= 2rc/ (e
+ 1),

Via the use of Equation (9), the temperature-dependent crystallization rate
function 1ATc) can be determined by fitting each respective crystallization rate
parameter (i.e., to54 Ka Ku ci, and ~ ) collected at various crystallization
temperatures to Equation (9). In order to obtain the hest possible fits for the rate
parameters with Equation (9), the value of the parameter ¢ was chosen to be either
30 or 50 K, while those of Tg and Tnr were fixed as previously noted. In so doing,
the only unknown parameters which are provided by the program along with the best
fits are yQ A and B. Plots of the crystallization rate parameter of interest (i.e., to /1,
Ka Kt cl, and ~ ) and its corresponding best fit are illustrated in Figure 5., while
the values of the fitting parameters are summarized in Table 5. It should be noted
that all of the data used to fit to Equation (9) were in regime Il (according to the
context of the Lauritzen-Hoffman secondary nucléation theory [24,25]) for each
polyester. The complication that arises from change in regimes can be ignored as
long as the temperature range of interest is lower than the respective transition
temperature from regime [l to Il (i.e., 7ni >n* 194°c [2] for PTT and 210°c for PBT
[26], respectively). Examination of the values of the r2 parameter listed in Table 5
suggests to us that the goodness of the fits of these parameters according to Equation
(9) was very satisfactory. Specifically, it can be concluded that the quality of the fits,
when using ¢ = 30 K, was, in general, better than those, when using ¢ = 50 K for
PET and PTT. On the other hand, use of ¢ = 50 K was the better in the case of PBT.
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48. Crystal Modification and Crystallinity of PTT
In order to observe the crystal structure and the resulting apparent degree of
crystallinity of PTT samples crystallized at different isothermal temperatures,
AXD technique was used. Figure 6 shows WAXD patterns of PTT samples
crystallized at isothermal temperatures ranging from 182 to 206°c (each sample was
prepared in DSC cell by quenching to 30°c, without subsequent melting, after
complete crystallization at each respective temperature). Obviously, each samples
exhibited seven characteristics peaks at the scattering angles 26 of ca. 15.3, 16.8,
194, 21.8, 23.6, 24.6, and 27.3°, corresponding to the reflection planes of

(010), (01 2), (012), 10 2), (102), (113), (104), respectively [27], It is also apparent from
Figure 6 that crystallization of PTT at different temperatures (at least within the
range studied) did not affect the positions of these characteristic peaks, indicating
that the crystal modification of PTT did not change with varying Tc. Deshorough et
al. [28] determined the crystal unit cell of PTT based on their WAXD results to be
triclinic with axes a = 4.64 A, b —6.27 A and ¢ = 18.64 A, and angles a = 98°, 3=
90°, and y= 112°, with an antichiral packing of molecules only along the c-axis. The
space group proposed for this crystal modification wasP i [28].

Apart from the information regarding the crystal modification, the sharpness
and broadness of the characteristic peaks shown in Figure 6 also suggested, within
the Tc range studied, that the apparent degree of crystallinity was an increase function
with the crystallization temperature.  Quantitatively, the apparent degree of
crystallinity zcwaxp can be calculated from the relative ratio of the integrated
intensities under the crystalline peaks Ac to the integrated total intensities At,
according to the following equation:

WD=A =—A —¢[0,] (10)

c 4 4 +4
where A3 is the integrated intensities of the amorphous halo. Figure 7 shows plot of
the apparent degree of crystallinity of PTT samples isothermallv crystallized at
different temperatures (viz. the results were calculated from the raw WAXD patterns
shown in Figure 6). According to Figure 7, the apparent degree of crystallinity of
PTT was found to be ca. 18.1% when it was crystallized at 182°c, and it was found
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to be ca. 28.4% at 206°C, which is agreeable with Chuah [3] who reported that the
apparent degree of crystallinity of melt-crystallized PTT samples was in the range of
15 to 30%. As a result, it is qualitatively obvious that the WAXD degree of
crystallinity of PTT increased with increasing crystallization temperature (at least
within the Tcrange  died).

4.9. Melting Behavior of PTT

Figure 8 shows subsequent DSC melting endotherms (loom in'l) for PTT
samples recorded after complete crystallization from the melt state at various
crystallization temperatures ranging from 182 to 208°c. It is apparent that either
double or triple melting endotherms were observed. At temperatures below ca. 194°c,
triple melting endotherms were evident: the peaks were labeled as I, 11, and Il for low-
,middle-, and high-temperature melting endotherm, respectively. According to Figure
8, it is apparent that the positions of both peaks | and Il steadily increased with
increasing crystallization temperatoe. However, the position of peak Il was much less
dependent on the crystallization temperature than that of peak 1. With regards to peak
[11, evidence shown in Figure 8 clearly suggested that peak Il disappeared altogether
when the crystallization temperature was greater than ca. 194°c. Chung et al. [5] also
reported the triple-melting phenomenon similar to what has been found in this work.
They, however, attributed the occurrence of peak | to the recrystallization during the
re-heating process and peaks Il and Il to the melting of the primary crystallites of two
populations of the lamellar stacks [5],

In syndiotactic polypropylene (s-PP), triple melting endotherms were also
observed in samples crystallized at “low” temperatures 191. In s-pp, the three peaks
were denoted the minor, the low-, and the high-temperature melting endotherms. The
minor endotherm, located closed to the corresponding crystallization temperature, was
postulated to be the melting of the secondary crystallites formed at Tc. The low-
temperature melting endotherm was found to be the melting of the primary crystallites
formed, and the high-temperature melting one was a result of the melting of the
crystallites recrystallized during a heating scan. The triple-melting behavior observed
in the subsequent melting of s-pp was, therefore, described as contributions from
melting of the secondary crystallites and their recrystallization, partial melting of the
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less stable fraction of the primary crystallites and their recrystallization, melting of the
primary crystallites, and remelting of the recrystallized crystallites formed during the
heating scan.

Based on the knowledge received on S-PP, we would like to postulate the
origin for the triple melting endotherms for PTT, based on our observation. In the case
of PTT, the occurrence of the minor endotherm, characterizing the melting of
secondary crystallites, was not so apparent, even though trace amount of such a peak
was observed in the heating scan for samples crystallized at “low” temperatures (i.e., <
190°C). The occurrence of peak | was quite obvious, due to the fact that it became
more pronounced and shifted towards a higher temperature with increasing
crystallization temperature, suggesting that peak | was a result of the melting of the
primary crystallites. On the contrary, peak Il became less pronounced and its position
was not shifted so much with increasing crystallization temperature, suggesting that
peak Il might be only a result of the melting of recrystallized crystallites during the
heating scan. The occurrence of peak Il was much less obvious, but it is logical at
this point to postulate that peak Il was a result of the melting of the recrystallized
crystallites of different thicknesses which might become prevalent at low
crystallization temperatures (i.e., < 194°C). Detailed investigation on the multiple
melting phenomenon in PTT is currently underway.

4.10. Determination of the Equilibrium Melting Temperatures

According to a theory derived by Hoffman and Weeks [24] (also known as
the linear Hoffman-Weeks extrapolation, LHW), the equilibrium melting temperature
Tm’, that is the melting temperature of infinitely thick crystallites, can be estimated by
linear extrapolation of the apparent melting temperature Tmversus the crystallization
temperature Tc data to the line Tm= Tc. Mathematically, they arrived at the following
equation:

T =+ 1 — (11)

. ot ip. - .
where (3 s the “thickening ratio.” In other words, 3 indicates the ratio of the

thickness of the mature crystallites Lc to that of the initial ones Z<*, therefore, (3=
LJLC is supposed to always be greater than or equal to L It should be noted that the
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factor 2 in Equation (11) suggests that the thickness of the crystallites undergoing
melting is approximately doubled that of the initial critical thickness [33].

Figure 9 shows a plot of the observed Tmversus Tcfor PTT samples  died.
It is evident that the observed Tm data displayed a linear relationship with Tc, at least
within the temperature range of interest. The intersection of a least square line, fit to
the data set for each sample, with the line Tm = Tc provides the values of Tm’. The
slope of the least square line, which equals 1/2/?, can also be used to calculate the p
parameter (i.e., p = 0.5 x slope'l). These values, along with the r2 parameter, for
each best fit are reported in Table 6. According to the LHW procedure, the Tm
values for PET, PTT, and PBT were evaluated to be ca. 270.1, 243.6 and 235.4°c,
respectively. Many researchers reported the rm* values for PET to be ca.280 [29]
and 285°C [30], for PTT to be ca. 237 [31], 244 [32], 245 [33], and 248°C [2], and
for PBT to be ca. 235 [30], 244 [26] and 245°C [31], respectively.

Although the non-linearity in the observed Tm-Tc data over a wide range of
the temperature was explained to some extent by Alamo et al. [34], it is the recent
contribution by Marand et al. [35] that offers a new extrapolative procedure to
determine the Tm value of a semi-crystalline polymer based on the observed Tm-Tc
data in which the observed Tmdata were taken from samples crystallized at different
temperatures but with the same a priori lamellar thickening coefficient. Derived
based on the Gibbs-Thomson equation [24,36] and on the proposition of Lauritzen
and Passaglia [37] on stem length fluctuation during chain folding, Marand et al. [35]
proposed a new mathematical derivation which states a relationship between the
observed melting temperature and the corresponding crystallization temperature.
This equation is hereafter called the non-linear Hoffmann-Weeks extrapolation
(NLHW), and is given in the form:

7 i : ; D,AH?
+

g
- m e m 12
Lo=1 H o | T2 =T, 2o, 12)
orin asimpler form:
m Je
M:p ‘GT(X+3) (13)
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where (P is the thickening coefficient, ceGT is the basal interfacial free energy
associated with nuclei of critical size including the extra lateral surface energy due to
fold protrusion and the mixing entropy associated with stems of different lengths (creGT
is the basal interfacial free energy as appeared in the Gibbs-Thomson equation
[24,367), (Telis the interfacial energy associated with the formation of the basal plane
of the initial crystals which can be estimated from the slope of a plot of the lamellar
thickness versus the inversed degree of undercooling (i.e., /c* versus ATX), £2 is a
constant, and all other parameters are the same as previously defined. It is worth
nothing that, for most cases, it is safe to assume that (Je « oeGT [35],

In order to apply Equation (13) to analyze the observed Tm-Tc data in real
polymer systems, it is required that the observed Tm data be collected from samples
crystallized at different temperatures but having the same lamellar thickening
coefficient pp for each set of the observed Tm-Tc data, corresponding values of M and
X in Equation (13) can be calculated for a given choice of Tm value. In the case where
Cle = creGT, the “actual” equilibrium melting temperature Tm’ is taken as the seed Tm’
value which results in the plot of M versus X being a straight line with slope of unity
(ie. p = 1) and the intercept of a (i.e., @ = D2AH®/2(Te). Figure 10 shows the
evolution of the M versus X plots for different choices of seed Tm value for PTT,
According to the NLHW procedure, the Tm® values for PET, PTT, and PBT were
evaluated to be ca. 323.9, 277.6 and 262.3°C, respectively. and Woo [33] reported
the Tm value for PTT based on the NLHW procedure to be ca. 273°c, which is in
excellent agreement with our result. The marked difference in the Tm values obtained
by the LHW and the NLHW procedure should be noted.

5. CONCLUSIONS

In this manuscript, DSC was used to investigate the overall kinetics of melt-
crystallization of three different linear aromatic polyesters, namely PET, PTT, and
PBT, under isothermal quiescent conditions and subsequent melting behavior. A
non-linear multi-variable regression program was used to fit the experimental data
obtained for each polymer at different crystallization temperatures to four different
macrokinetic models, namely the Avrami, Tobin, Malkin, and Urbanovici-Segal
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models. The crystallization kinetic parameters specific to each model were obtained
along with the best fits, provided by the program. It is was found that the quality of
each model, judged by comparing the values of the r2 parameter, in describing the
isothermal crystallization data of these polyesters was in the following order: the
Urbanovici-Segal, Avrami, Malkin, and Tobin models.

All of the crystallization rate parameters (i.e., /0s'], Kz, Kx, Cj and Al were
found to be very sensitive to changes in the crystallization temperature. Within the
crystallization temperature range studied (i.e., 182 < Tc <208 °C), the values of the
rate parameters for these polyesters were all found to increase with decreasing
temperature (or with increasing degree of undercooling), suggesting that these
polyesters crystallized faster at low temperatures than that at high temperatures. It
was also shown that all of the bulk crystallization rate parameters (i.e., to .S Ka, Kx,
C\ and Ku) have a finite, definable relationship with the crystallization temperature
Tc (or, to be exact, the degree of undercooling AT), in which they can be described
based on an equation similar to that proposed by Hoffman et al. [24,25] for the
temperature-dependence characteristic of the linear crystal growth rate of semi-
crystalline polymers.

W AXD patterns obtained for PTT samples crystallized in the temperature
range of 182 to 206°c showed seven characteristic peaks at the scattering angles 20
of ca. 15.3, 16.8, 19.4, 21.8, 23.6, 24.6, and 27.3°, corresponding to the reflection

planes of (010),(012),(012), (10 2),(102), (113), (10 4), respectively. Changes in the
crystallization temperature did not affect the diffraction pattern, suggesting that the
crystal modification did not change with changes in the crystallization temperature
(at least within the temperature range studied). The apparent degree of crystallinity X
ONAXD of these samples was also calculated and was found to be an increasing
function with increasing crystallization temperature (i.e., from ca. 18.1% at Tc =
182°c to 28.4% at Tc=206°C).

The subsequent melting endotherms for PTT samples isothermally
crystallized at temperatures ranging from 182 to 208°C exhibited either triple (at
temperatures lower than ca. 194°C) or double (at temperatures greater than ca.
194°C) melting phenomenon. These peaks were denoted peaks I, 1I, and II1 for low-,
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middle-, and high-temperature melting endotherm, respectively. For triple melting
phenomenon, it was postulated that the occurrence of peak | was a result of the
melting of the primary crystallites, peak Il was a result of the melting of
recrystallized crystallites, and peak Il was a result of the melting of the
recrystallized crystallites of different stabilities.

Lastly, analysis of the melting temperature of the primary crystallites
according to the linear and non-linear Hoffman-W eeks extrapolative methods to obtain
the equilibrium melting temperatures Tm® of these polyesters was conducted.
According to the linear Hoffman-Weeks extrapolation, the Tm® values for PET, PTT,
and PBT were found to be ca. 270.1, 243.6 and 235.4°c, respectively. According to
the non-linear Hoffman-W eeks extrapolation, a much higher values of ca. 323.9, 277.6
and 262.3°c were instead obtained.
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Table 1 Overall crystallization kinetic data for PET, PTT, and PBT based on the Avrami model
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Table 2 Overall crystallization kinetic data for PET, PTT, and PBT based on the Tobin model
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Table 3 Overall crystallization kinetic data for PET, PTT, and PBT based on the Malkin model

PET PTT PBT

rc s Q C, P Cot c* 105 @ C P Cr c 105 G C, P Cr c
°c min min'l min'l min min'l min'l  min min'l min'l
184 1.13 5.95 182 0.9997 6.27 1.88 058 133 472 0.99%4 127 4.69 0297 133 9.25 09998 146 9.56
186 139 107 184 09997 120 191 0.64 701 341 0.9997 7.30 350 0381 145 742 09998 157 7.62
188 145 649 147 09995  7.00 153 072 120 363 09995 116 3.62 0399 1739 748 09998 183 7.60
190 145 175 205 09994 16.3 2.70 090 174 328 09994 149 3.16 0528 1222 506 09998 132 521
192 1.49 511 137 0.9990 6.13 142 105 115 246 0.9997 111 2.46 0525 6.82 418 0.9997 8.13 4.45
194 1.56 7.20 141 0.9993 7.16 143 135 137 204 09997 12.7 2.02 0779 1093 331 09997 122 344
196 1.72 9.02 141 0.9992 9.36 144 157 238 207 0.9995 199 1.99 0879 486 2.20 09997 585 2.37
198 1.98 7.10 112 0.9989 7.16 113 216 117 12 0.9995 120 123 127 456 1.50 0.9997 558 161
200 226 455 0870  0.9993 5.06 0.872 297 280 1.15 0.9998 23.9 111 153  9.67 1.62 09997 109 1.69
202 257 135 107 09997 131 1.07 369 163 0780 0.9989 149 0.766  2.66 71.28 0846 09997 847 0.896
204 284 140 0960 09973 864 0873 495 222 0644 09996 193 0620 365 593 0558 09971 558 0556
205 297 825 0780 09994 847  0.793 593 277 0575 09986 235 0554 - - - - - -

2060 298 961 0832 09975 918 0829 661 194 0463 09994 183 0458 476 557 0425 09986 599 0440
207 329 89 0721 09995 882 0725 - - - - - - - - - - - -

208 399 113 0643 09977 101 0.634 760 265 0444 09991 235 0432 746 870 0321 09980 9.00 0331
215 471 116 0539 09981 113 0.541 - - - - - - - - - - - -

220 102 135 0266 09910 131 0.265



Table 4 Overall crystallization kinetic data for PET, PTT, and PBT based on the Urbanovici-Segal model

PET PTT PBT
o Ks Kig r 2 05 Kl K T D b Kb
C mn min'l min'l mn min'l min'l mn min'l
B 131 199 064 0636 103 09999 058 206 141 14 093  09%% 0297 212 281
B 139 203 064 0.602 103 09987 0.64 18 129 128 104 09989 081 213 219
8 145 16/ 053 0540 089 09998 0.2 188 112 12 092 09999 039 2212 21
10 145 217 03 0580 0% 099% 09 208 0931 0926 097 09999 058 206 160
19 149 16/ 050 05% 089 09992 105 19 0783 0732 0% 0999 055 1% 159
9 1% 174 0506 0510 093 099% K5 189 0602 0599 088 0999 09 202 109
% 172 18 040 0472 093 0991 157 216 0527 0528 08/ 0999 089 168 091
18 1% 1n 039 0401 089 09992 216 210 0397  03% 110 09999 120 166 0659
00 220 160 0346 047 093 09993 29/ 233 0293 026 0% 0991 15 1% 0539
22 250 183 (O3l 0310 08 09999 369 19 024 026 080 09998 200 18 0316
04 284 18 0297 0281 089 09983 4% 235 0177 01 109 099% 300 110 025
05 297 186 081 0280 107 09998 593 217 0139 0138 08L 0999/ - - -
0 298 168 053 025 072 099% 661 221 0130 019 103 0998 47 159  0.1c4
00 329 180 04 0245 0% 0999 - - - - - - - - -
208 39 1% 0203 0204 092 0996 760 240 0115 0113 100 0999 4 150 009
2105 411 17 0162 0166 080 09993 - - - -
20 102 18 0076 0077 079  09%97

1 PO RO 0O0O
O (a] O OO

o O
AR S

4/\



Table s Fitting parameters for the best possible fits of the respective rate parameters of PET, PTT, and PBT according to Equation (9)

n
)
i)
)
Kt(3n(1)'n'])
5
Comin')
J
s
ustmin
X

S|

1.29X108
1.23X108

6.33X107
1.48X105

909107
8.96X107

1.52X106
6.5/X108

6.08X107
1.75X105

PET
t{cal mol')

2687
3215

259)
1866
2640
314

164/
20609

26
1%6

S

325105
307X105

319105
2.28X105

318X105
30LX105

2.72X105
2.80X105

3.16X105
2.21X105

fov(mn'])
i
mn’

Ka(sdnl)
5l

Kt(min'd

ear%(i)n‘])
k)

o)
Kzmin')
kY
X

1.11X107
5.75X107
2.37X106
2.80X104
1.22X105
5.7oX104
150X105
1.09X104

1.38X107
5.30X104

PTT
Jied mol)

2604
3
248
13%

1500
1500

1500
1500

2801
1589

197X105
202X105  0.9%4

8 )
1.88X105
157X105
171Xl
164X105
1.53X105
146X105

1.99X105
161X107

i*
0.994

0.994
0.9958

05 09831

0.9832

0.9276
09217

0.9969
0.9%

410X104
2.53X104

207X104
2.13X104

1.78X105
318X105

3.96X104
2.13X104

PBT
Hial mol)

1500
1500

1500
1500

1500
1500

1708
1648

1500
1500

8 )

120105
1.15X105

123105
119X105

1.21X105
1 16X105

1.45X105
140X105

120105
1.15X105



Table s

46

Estimated equilibrium melting temperatures for PET, PTT, and PBT

according to linear and non-linear Hoffman-Week extrapolations, along with other

fitting parameters

Polymer LHW NLHW
Tm’(C) Slope ? Tmeee) (T a f2
PET 2701 045 111 09932 3239 100 117 09971
PTT 2436 0.60 082 09988 2776  1.00 1.02 0.9979
PBT 2354 054 0.92 0.9826 2623 100 147 0.9946
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