CHAPTERV
INFLUENCE OF MOLECULAR CHARACTERISTICS ON NON-
ISOTHERMAL MELT-CRYSTALLIZATION KINETICS OF SYNDIOTACTIC
POLYPROPYLENE

51 Abstract

Non-isothermal melt-crystallization and subsequent melting behavior for six
syndiotactic polypropylene (SPP) resins having different molecular characteristics were
Investigated by differential scanning calorimetry (DSC). For a given sPP resin, the
crystallization exotherm became wider and shifted towards a lower temperature with
increasing cooling rate. Among all of the sPP resins investigated, the crystallization
exotherm of sPP#I 1 was found to locate at the highest temperature range, followed by
that of sPP#14, sPP#10, sPP#13, sPP#12, and sPP#9, respectively. Based on the absolute
temperature scale, SPP#I1 showed the highest tendency to start crystallizing during a
cooling scan. The ability of these resins to start crystallizing was found to be very
similar when the difference in the equilibrium melting temperature of the resins was
taken into account. The non-isothermal melt-crystallization kinetics of these sPP resin
was well described by the Avrami, Urbanovici-Segal, Ozawa, and Ziabicki models. The
subsequent melting behavior of these sPP resins exhibited either a single melting
endotherm or double melting endotherms.

5.2 Introduction

After the Ziegler-Natta catalyst had been introduced in the middle of the 1950s,
the isotactic form of polypropylene (IPP) was successfully synthesized in 1958, Two
years later, the syndiotactic form of the same polymer was successfully synthesized [L,2]
using the same type of catalyst system, but the resulting polymer contained a
considerable amount of both stereo and regio-irregular defects. In 1988, production of
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highly stereo- and regio-regular syndiotactic polypropylene (sPP) was realized with the
advent of the metallocene catalyst system [3]. This led to a renewed interest on this
polymer. Some prospective uses for sPP in the industries are, for examples, in film [4,5],
injection molding [6], and melt-spun fiber [7,8] applications.

It is generally known that physical and mechanical properties of a semi-
crystalline polymer are dictated by morphology, which, in turn, is influenced by
crystallization behavior of the polymer. Crystallization behavior is strongly influenced
by molecular characteristics (e.g. molecular weight averages, molecular weight
distribution, stereo-reqularity, etc.) of the crystallizing polymer and the processing
conditions. It is, therefore, of interest to study the effects of molecular characteristics on
crystallization kinetics of a semi-crystalline polymer, which is a key to determine the
final properties of a polymeric product.

In the present contribution, differential scanning calorimetry (DSC) was used to
study non-isothermal melt-crystallization and subsequent melting behavior of sPP resins
of different molecular characteristics. The kinetics of the non-isothermal melt-
crystallization process was analyzed based on various macrokinetic models, i.e. the
Avrami, Urbanovici-Segal, Ozawa, and Ziabicki models. The activation energy for
nonisothermal melt-crystallization process of these resins was also evaluated based on
the differential iso-conversional method of Friedman.

5.3 Theoretical Background

In DSC, the energy released during a nonisothermal crystallization process
appears to he a function of temperature rather than of time, as in the case of isothermal
crystallization process. As a result, the relative crystallinity as a function of temperature
6 {r) can be formulated as

[(@H jaT)ar
AHC
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where to and 7 represent the onset and an arbitrary temperature, respectively, dwe is the
enthalpy of crystallization released during an infinitesimal temperature range dr, and
Au ¢ 15 the total enthalpy of crystallization for a specific cooling condition.

To use Eq. (5.1) in analyzing non-isothermal crystallization data obtained by
DSC, it is assumed that the sample experiences a similar thermal history as designated
by the DSC furnace. This can only be realized when the difference between the
temperatures of the sample and the furnace is minimal. If this condition is valid, the
relation between the crystallization time t and the sample temperature  can be written
as

=0T | (5.2)

t

where o IS an arbitrary reference temperature and «1s the cooling rate. According to Eg.
(5.2), the horizontal temperature axis observed in a DSC thermogram for the non-
isothermal crystallization data can be transformed into the time domain.

The most common approach to describe the overall isothermal crystallization
kinetics is the Avrami model [9-11], in which the relative crystallinity as a function of
time o¢t) can be expressed as

0t)=1 - eXp(-(kata)e [( ], (5.3)

where Kaand Aare the Avrami crystallization rate constant and the Avrami exponent,
respectively. Both Ka and nAare constants specific to a given crystalline morphology
and type of nucléation for a particular crystallization condition [12], It should be noted
that the units of Ka are given as an inverse of time. Although the Avrami equation is
often used to describe the isothermal crystallization behavior of semi-crystalline
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polymers, it has also been applied to describe the non-isothermal crystallization behavior
of semi-crystalline polymers [13,14],

Urbanovici and Segal [15] modified the Avrami model and proposed a new
kinetic equation in the following form:

oty 1-[1+(r-1X M) ™ 1(Me[o]], (54)

where K\JS and  are the Urbanovici-Segal rate constant and the Urbanovici-Segal
exponent, respectively, and r is a parameter which satisfies the condition r > 0. When the
value of r approaches 1, the Urbanovici-Segal equation becomes identical to the Avrami
equation. This simply means that the parameter + is merely a factor determining the
degree of deviation of the Urbanovici-Segal model from the Avrami model. It is noted
that the Urbanovici-Segal kinetic parameters have a similar physical meaning to the
Avrami kinetic parameters and the units of /fus are also given as an inverse of time,
Based on the mathematical derivation of Evans [16], Ozawa extended the
Avrami theory to describe nonisothermal crystallization by assuming that the sample
was cooled with a constant rate from the molten state [17]. In the Ozawa method, the
time variable in the Avrami equation was replaced by a cooling rate, resulting in the
relative crystallinity as a function of temperature ¢ ¢r) to be able to be expressed as a

function of cooling rate ¢ as

6>(r)=1- exp - e[0,1], (5.5)

where ko and o are the Ozawa crystallization rate constant and the Ozawa exponent,
respectively. Both of the Ozawa kinetic parameters hold a similar physical meaning to
those of the Avrami ones.
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Instead of describing the crystallization process with complicated mathematical
models, Ziahicki [18-20] proposed that the kinetics of polymeric phase transformation
can be described by a first-order kinetic equation of the form:

A=Kz (T\-g (1) 55)

where Kz(T) is a temperature-dependent crystallization rate function. In the case of non-
isothermal crystallization, both Oft) and Kz(T) functions vary and are dependent on the
cooling rate used. For a given cooling or heating condition, Ziahicki [18-20] showed

that the crystallization rate function Kz(T) can be described by a Gaussian function of
the form:

Kz(T)=KZmaexp - 4 2 57)

where rmax s the temperature at which the crystallization rate is maximum, kzmax is the
crystallization rate at tmax, and D IS the width at half-height of the crystallization rate
function. Based on the iso-kinetic approximation, integration of Eq. (5.7) over the whole
crystallizable range (i.e. Ty < T < ri) leads to an important characteristic value

describing the crystallization ability of semi-crystalline polymers, ie. the kinetic
crystallizability index Gz

Gy = [ K,(T)dT ~1.064K,,, D, (5.9)

According to the approximate theory [18], the parameter Gz describes the ability of
semi-crystalline polymers to crystallize when it is cooled at unit cooling rate from the
molten state [20],
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In the case of non-isothermal crystallization studies using DSC, Eq. (5.8) can be
applied only when the crystallization rate function i) is replaced with a temperature-
derivative of the relative crystallinity as a function of temperature [i.e. (d#/dr)"]

specific for each cooling rate studied. As a result, Eq. (5.8) becomes

Gy, = f (do/d T)¢ ~1.064(d6/dT),,.. D, (5.9)

where (d0/d T),Zexand D$ are the maximum crystallization rate and the width at half-
height of the (do/dT)it function. According to Eq. (5.9), Gzo Is the kinetic

crystallizability index for an arbitrary cooling rate < The Ziabicki kinetic
crystallizability index Gz can be finally obtained by normalizing 6.0 with 9 (i.e.

CECAIY

For non-isothermal crystallization of semi-crystalline polymers, reliable values
of the effective energy barrier can be obtained, for example, by the differential iso-
conversional method of Friedman [21] or by the integral iso-conversional method of
Vyazovkin [22-24], In this work, the Friedman method was used, due largely to the
reliability and simplicity of the method [23,24], The Friedman equation is expressed as

. AE,
|6, (1)]= 4 - = (5.10)

where &o(t) IS the instantaneous crystallization rate for a given value of relative

crystallinity o,  is an arhitrary pre-exponential parameter, and Afo is the effective
energy barrier of the process for a given o. By plotting 00 (t) obtained for various

cooling rates against the corresponding inverse of temperature for a given s, the
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effective energy barrier for non-isothermal crystallization process can be finally
determined.

5.4 Experimental

54.1 Materials

Six PP resins (i.e. internal codes: sPP#9 to sPP#14) of various molecular
characteristics (see Table 5.1) were synthesized with two different metallocene catalyst
systems. Resins SPP#9 to SPP#ll were synthesized with isopropylidene
(cyclopentadienyl)(9-fluorenyl)zirconium dichloride using MMAO as the activator (with
the Al/Zr ratio being 2000y in bulk monomer at 7o, 50, and soec, respectively. Resins
SPP#12 to sPP#14 were synthesized with diphenylmethylidene(cyclopentadienyl)(9-
fluorenyl)zirconium dichloride using MMAQ as the activator (with the Al/Zr ratio being
2000) In bulk monomer at 7o, 50, and 3occ, respectively. The as-polymerized polymers
were de-ashed via a solvent/non-solvent liquid-liquid extraction and subsequently
stabilized with an antioxidant. The de-ashed/stabilized polymers were characterized for
their molecular weight averages using size-exclusion chromatography (SEC) and their
tacticity using 1sC-nuclear magnetic resonance (NMR), from which the results are
summarized in Table 5.1,

5.4.2 Sample Preparation

The as-polymerized resins were compressed into films by placing the
resins between a pair of transparency films, which were later sandwiched between a pair
of stainless steel platens in a Wabash V50H compression press. The thickness of the
films was 100+ 10 pm. After being pre-heated at 190°c for 2 min, the films were melt-
pressed at 190°c for another 2 min under an applied clamping force of 5 tons. The
compression-molded films were then cooled to 40°C in the compression press. The
cooling of the platens was achieved by running cold water through channels in the press
platens and was fitted well by an exponential decay with a time constant of 3 min.
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Table 5.1 Molecular characteristics of SPP# 9 to SPP#14 and the estimated equilibrium
melting temperature (7° ) based on linear Hoffman-Weeks extrapolative method

Resin Mw MwMn  acemic dyad - Racemic pentad

[%r] [Yorrrr]
SPP#9 99,000 2.1 90.8 78.0
SPP#10 136,000 2.2 91.9 80.3
sPP#I 188,000 2.3 925 83.0
SPP#12 407,000 33 91.4 78.9
SPP#13 606,000 32 92.8 834
SPP#14 952,000 25 9.1 87.8
Resin - Triad Analysis of Data
%isotactic Ypatactic  %syndiotactic

SPP#9 3.3 83 88.4 144.2
SPP#10 2.2 19 89.9 156.0
sPP#II 2.3 13 90.4 159.7
SPP#12 2.6 1.7 89.7 142.3
SPP#13 2.2 1.0 90.8 1511
SPP#14 12 5.2 93.6 157.0

5.4.3 Differential Scanning Calorimetry Measurements
A Perkin-Elmer Series 7 differential scanning calorimeter (DSC) was
used to record non-isothermal melt-crystallization exotherms and subsequent melting
endotherms for these resins. Calibration for the temperature scale was carried out using

an indium standard (t°= 156.6°C and Ant= 285 J g') on every other run. To

minimize thermal lag between the polymer sample and the DSC furnace, each sample
holder was loaded with a disc-shaped sample, cut from the as-prepared films, and each
one weighed around 3.6 £ 0.4 mg. Each sample was used only once and all the runs
were carried out under nitrogen atmosphere to minimize thermal degradation.

The experiment started with heating each sample from 25 to 190°c at a
heating rate of 80°c min'], in order to set a similar thermal history to all of the samples
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investigated. To ensure complete melting, each sample was melt-annealed at 190°c for 5
min [25,26], after which the sample was cooled at the desired cooling rate (), ranging
from 5to 40°C min'L, to 25°c. The subsequent melting behavior was then observed by
reheating the sample at a heating rate of 20°c min'1to 165°C. Both non-isothermal melt-
crystallization exotherms and subsequent melting endotherms were recorded for further
analysis.

5.5 Results and Discussion

5.5.1 Non-Isothermal Melt-Crystallization and Subsequent Melting Behavior

Fig. 51 shows non-isothermal melt-crystallization exotherms and
subsequent melting endotherms of sPP#10 for seven different cooling rates, ranging
from 510 40°c min'L Clearly, a single crystallization exotherm was observed for each
cooling and the exothermic trace became wider and shifted towards a lower temperature
with increasing cooling rate used (see Fig. 5.1(a)), as it normally would for
crystallization in a nucleation-controlled region. Other sPP resins also exhibited a
similar behavior to that observed for sPP#10. In order to obtain quantitative kinetic
information, these crystallization exotherms had to be converted to the relative
crystallinity as a function of temperature «{1) using Eq. (5.1). Based on these 6(7)
curves (the results not shown), some kinetic data [e.g. the temperature at 1% relative
crystallinity Tool, the temperature at the maximum crystallization rate (i.e. peak
temperature) Tp, and the temperature at 99% relative crystallinity Toss] can be obtained
and the values of these parameters for all the sPP resins studied are summarized in Table
5.2. Apparently, the Tool, Tp . and 70s values were all shifted towards lower
temperatures with increasing cooling rate. It should be noted that both 7001 and 7 Qs
values represent the apparent onset and ending temperatures of the non-isothermal melt-
crystallization process.
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Figure 5.1(a) Non-isothermal melt-crystallization exotherm of sPP#10 observed for
seven different cooling rates, ranging from 5to 40°c min‘1

Based on the Tool, Tp , and To.s Values listed in Table 5.2, it can be
deduced that the crystallization exotherm of sPP#Il for any given cooling rate was
found to locate at the highest temperature range when comparing with other SPP resins
investigated, followed by that of sPP#14, sPP#10, sPP#13, sPP#12, and SPP#9 resin,
respectively. Without knowledge of the equilibrium melting temperature 7° of these
SPP resins, these observations may lead to a wrong impression that sPP#Il had the
highest ability to start crystallizing during a cooling scan in comparison with other sPP
resins. Since these PP resins have a different value of ¢ (see Table 1, as well as Ref.
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[27]), comparison of the ability of these resins to start crystallizing has to be carried out
on a normalized temperature scale, i.e. the degree of undercooling AT, not the absolute

temperature scale. In so doing, the values of ATons (i.e. ATorst= 1 - Tool) for all resins

and cooling conditions studied were calculated and the results are summarized in Table
5.2. Evidently, for any given cooling condition, the AT values that these different sPP
resins started crystallizing were practically similar. For instance, the ATorst values of
these resins when being cooled at 10°c min-1 were almost identical to one another (i.e.
56.5°c for sSPP#9, 56.1°c for sPP#10, 55.0°c for sPP#I 1, 54.0°c for sPP#12, 52.2°¢ for
SPP#13, and 55.9°c for sSPP#14, respectively).
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= 157C min

= :

& 20°C min™! :
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Figure 5.1(b) Subsequent melting endotherm of sPP#10 after non-isothermal melt-
crystallization at corresponding cooling rates. The subsequent melting endotherm was
recorded at a heating rate of 20°c min-
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Table 5.2 Characteristic data from non-isothermal melt-crystallization exotherms for
SPP# 9 to SPP#14

b To.oi 2 poss  ATOnset  T0m  Tp  rase  ATonset
Cemind (€ () (O (O (O (O (0 (0O

SPP#9 SPP#10
5 922 885 854 520 1054 1005 962  50.6
10 877 832 793 565 999 955 911  56.1
1 840 787 741 602 960 915 869  60.0
20 814 753  69.6 628 937 889 843 623
25 785 712 663 657 914 866 815 646
30 769 684 642 673 892 839 787  66.8
40 685 639 596 757 856 799 738 704
SPP#11 SPP#12
5 1107 1062 1016 49.0 933 893 850  49.0
10 1047 1003 961 550 883 835  79.0 540
15 1012 967 922 585 845 787 739 578
20 993 946 902 604 819 759 707 604
25 972 924 877 625 789 720 659 634
30 948 899 847 649 754 684 617  66.9
40 913 859 804 684 714 619 555  70.9
SPP#13 SPPH#14
5 1040 994 943 471 1068 1030 996  50.2
10 98.9 943 895 522 10L1 972 933 559
15 954 907 855 557 977 935 898 593
20 93.6 883 830 575 952  90.6 867  61.8
25 906 849 797 605 932 883 837 638
30 885 829 768 626 905 849 796  66.5

40 84.9 8.6 71.6 66.2  86.9 80.6 5.1 0.1
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Figure 5.2(a) Relative crystallinity as a function of time of SPP#I 1 observed for seven
different cooling rates, ranging from 5to 400C min-1. The raw experimental data are
shown as various geometrical points; whereas the model predictions based on Avrami
model are shown as solid lines.

The data can be further analyzed by converting the temperature scale of
the 6(7) curves into the time scale, using Eq. (5.2), to obtain the relative crystallinity as a
function oftime 6{t). The converted curves for sPP#I Lare illustrated in Fig. 5.2 (viz. the
raw data are shown as various geometrical points). According to Fig. 5.2, It is clear that
the faster the cooling rate, the shorter the time required for the completion of the
crystallization process. Other sPP resins also exhibited a similar behavior. It is worth
noting that these 9{t) curves do not include the apparent incubation period Afjnc, which is
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defined as a time period during which the polymer isstill in its molten state [viz.
Ane=(Tj -Tasd) *, where Tfis the fusion temperature or the temperature where a

polymer sample is brought to melt, Towt is the actual temperature where the sample
begins to crystallize, and 9is the cooling rate]. The Afrcvalues were calculated based on
a Tf value of 100°c and are summarized in Table 53. For a given PP resin, the Al
value was found to monotonically decrease with increasing cooling rate.
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Figure 5.2(b) Relative crystallinity as a function of time of sSPP#I 1 observed for seven
different cooling rates, ranging from 5 to 400C min-1. The raw experimental data are
shown as various geometrical points; whereas the model predictions based on
Urbanovici-Segal model are shown as solid lines.
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Figure 5.3 Crystallization time at various relative crystallinity values as a function of
cooling rate for sPP#10. The inset figure shows a relationship between apparent total
crystallization period and cooling rate-in a log-log plot.

In order to quantify the bulk kinetics of the nonisothermal melt-
crystallization process, the crystallization time at an arhitrary relative crystallinity (i.e.
th) can be determined from the 6(t) curves. The th values (after exclusion of the apparent
incubation period Atjnc) for various values of the relative crystallinity o (i.e. at the o
values of 0.01, 0.1, 0.3, 0.5, 0.7, 0.9, and 0.99, respectively) for all of the PP resins
studied are summarized in Table 5.3. Fig. 5.3 shows plots of th as a function of cooling
rate for SPP#10. It should be noted that tool and to.s Values are qualitative measures of
the beginning and the ending of the crystallization process. From the to.: and toss Values,
the apparent total crystallization period Ate can be calculated (i.e. Atc= toss - tool) and
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the results are summarized in Table 5.3. Clearly, the way in which the th value for a
given value of 9 and the Al value were all found to decrease with increasing cooling
rate suggests that nonisothermal melt-crystallization proceeds faster with increasing
cooling rate. In an attempt to further analyze the results obtained, plots of In(A/c) against
In($) (shown as the inset in Fig. 5.3 for sPP#10) and of In(te) against In(") (shown in
Fig. 5.4 for sPP#10) were carried out. The linearity of these plots is evident. Table 5.4
summarizes values of the *-intercept and the slope obtained from these plots for all of
the SPP resins investigated. Interestingly, for a given resin, the *-intercept value was
found to increase with increasing 9, while the slope of these different plots was found to
be quite similar,

Table 5.3 Quantitative analysis of the relative crystallinity functions of time which
were converted from non-isothermal melt-crystallization of sPP#9 to sSPP#14

£ Ajnc  16(min) At
C 6= 9= 9= 9= 9= 9= 0= _
mn’)  (mn) oox or 03 05 07 09 099 (min)
SPP#9
5 1860 059 113 145 165 185 217 281 222
10 958 046 076 09 107 119 139 18 139
15 6.62 033 053 067 077 08 098 121 oss
20 508 025 043 055 063 071 08 104 079
25 416 o020 037 048 055 062 072 097 0.77
30 352 017 031 041 048 053 060 074 057
sPP#10
5 1608 042 106 152 179 206 253 346 303
10 838 035 072 093 106 119 144 19 159
15 574 030 058 073 082 091 109 147 118
20 430 027 051 062 069 077 092 124 097
25 354 025 044 053 059 065 078 105 081

30 302 o021 037 044 049 055 064 080 059
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Table 5.3 g uantitative analysis of the relative erystallinity functions of time which

Were converted from non-isothermal melt-crystallization of sPP#9 to sPP#L4 (continued)
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Table 5.4 y-intercept, slope, and the rzvalues ofregression lines drawn through

plots of In(le) agamstIn(") forvarious relative crystallinity values
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Figure 54 Relationship between crystallization time atvarious relative crystallinity
valugs and cooling ratein alog-log plot for sPP#LO.

Subsequentmelting endotherms of sPPELO after non-isothermal m¢lt-
crystallization at seven different cooling rates, ranging from 5 to 40°C min't, are
shown in Fig. 5.0(b). These exotherms were recorded ataheating rate of 20°C min"1,
For sPP#L0, double meling endotherms were observed for non-isotherm al
melterystallization at cooling rates greater than or equal to 10°C min't, while 2 single
melting endotherm was observed at t 5% minewor lower. Evident Iy the size and
sharpness of these melting peaks depended on the cooling rate used to crystallize the
sample. Generally, for a given sPP resin, the low-temperature melting peak was found
to increase inits size and sharpness and move towards ahigher temperature becom e
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smaller with decreasing cooling rate or gven disappeared altogether at some low
enough cooling rates. Table 5.5 summarizes values of the fowtemperature and the
high-temperature melting peaks for all of the sPP resing investigated. Clearly, the
peak value of the Tow-temperature melting peak (i.e. Tmi), for a given PP resin, was
found to increase with decreasing cooling rate, while the peak value of the high-
temperature melting peak (i.e. Tmh) was found to increase very slightly with
decreasing cooling rate and even disappeared altogether atsome low enough cooling
rate. These observations should be a direct result of the increased stability of the
primary crystallites formed during cooling at low cooling rates [28].

Table 5.5 ¢haracteristic data ofsubsequent melting endotherms after non-
isothermal melt-crystallization for sPP#9 to sPP#14

& ] mh T 7] ! [
("cmin’) 'C) (°C) 1°C) 'C) [’ 'C)
sPPY sPPELD sPP#LL

5 1240 132.0 1350 : 1441

10 1221 132.0 134.0 1404 L4y -

15 1214 132.1 133.1 104 L4t 1464

20 1204 1314 132.1 140.1 139.7 1457

25 1194 1314 1314 139.7 1394 1457

30 1194 1311 1311 1397 138.7 1457

40 11gd 1307 1304 139.7 138.4 1457
274 sPP#LY sPP#LL

5 1257 - 135.0 110

10 1240 1307 133.7 1397

15 1231 1304 132.1 138.4

20 122.1 1301 1321 - 1384

25 1214 129.1 1314 137.7 137.1

30 1207 129.1 131.1 1377 137.4 -

40 120.0 1297 1307 1377 136.7 TN
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5.5.0 Non-Isothermal M elt-Crystallization Kinetics
5.5.2.1 AvramiAnalysis
Analysis of the non-isothermal melt-crystallization data
according to the Avrami model can be done by fitting the 6{f) functions, such as
those shown in Fig, 5.2 for sPP#IL, to Eq. (5.3) directly. The obtained values of the
Avrami kinetic parameters (i.6. «A and KA) along with the ra parameter, signifying
the quality of the fitting, for all of the sPP resing studied are summarized in Table
5.6, According to the values of the r2 parameter, the non-isothermal melt-
crystallization data of these sPP resins were well described by the Avramimodel (see
Fig, 5.2(a): the predicted curves based on the Avramimodel, shown as solid lines,
versus the experimental data, shown asvarious geometrical points), Forall ofthe
tudied, «<Awas found to range from ca. 3.2 to 6.7, Specifically, it ranged from
ca. 3.8 to 5.6 for sPP#Y, from ca. 4.5 to 6.7 for sPPELO, from ca. 4.3 to 6.4 for
sPP AN, from ca. 3.9 to 6.5 for sPP#L2, from ca, 3.2 to 5.3 for sPPELY, and from ca.
3.0 to 4.4 for sPPELA, respectively. The values of «A found in this work were quite
comparable with the values of ca. 2.4 to 5.3 which were reported ina previous work
[29], Fora given sPP resin, KAwas found to icrease with increasing cooling rate, as
expected.
5.5.2.2 Urbanovici-Segal Analysis
Analysis of the non-isothermal melt-crystallization data
according to the Urbanovici-Segal model can be done by fitting the 6(t) functions,
such as those shown in Fig, 5.2 for sSPP#IL to Eq. (5.4) directly. The obtained values
of the Urbanovici-Segal kinetic parameters (i.e. «us, Xus and r) along with the r2
parameter for all of the sPP resing studied are summarized in Table 5.7. Comparison
of the values of the ra parameter summarized in Tables 5.6 and 5.7 suggests that
Urbanovici-Segal model provided a much better description to the non-isotherm al
melt-crystallization data of these sPP resins than did the Avrami model Fig. 5.2(h)
shows, in comparison, the predicted curves based on the Urbanovici-Segal model
(i.e. the solid lines) versus the experimental data (i.e. shown as various geometrical
points) for sPP#LL Forall ofthe sPP resing studied, «USwas found to range from ca.
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3.8 t0 9.0, Specifically, itranged from ca. 4.0 to 5.9 for sPP#Y, from ca. 5.3 to 9.0 for
sPP&LO, from ca. 5.8 to 9.0 for sPP#II, from ca. 4.4 to s.8 for sSPP#12, from ¢a. 3.8

to 7.0 for sPPEL3, and from ca, 4.1 to 5.4 for sPP#L4, respectively, For a given sPP

resin, KNS was found, ina similar manner to Ka, to increase with increasing cooling

rate, as expected,

Tables.s Non-isothermalm elt-crystallization kinetic parameters for sPP# 9 to

SPP#L4 based on Avramianalysis
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Table 5.7 Non-isothermal melt-crystallization kinetic parameters for sPP# 9 to

sPP#14 based on Urhanovici-Segal analysis
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5.5.2.3 Ozawa Analysis

Ozawa [IT] was

By simply replacing tin Eq. (5.3) with

fora semi-crystalling polymer, In this approach, the raw data are the 6{T) functions.

able to extend the Avramimodel to describe non-isothermal crystallization kinetics

0(T))]

Dataanalysisaccordingtothismodelcanbeaccomplished throughaplotofn[-In(l-
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s In(o) for a fixed temperature, where no is taken as the negative value of the
slope and Ko is taken as the antilogarithmic value of the ratio of the M-intercept and

no [ie. KO- exp(y-intercept/«0)]. Fig. 5.5 shows typical Ozawa plots from the

raw data taken for sPP#13 within a temperature range of 80 to 94°C, while Table 5.6
summarizes the Ozawa kinetic parameters (ie. o and Ko), including the r2
parameter for all of the sPP resins investigated. Based on the values of the r2
parameter obtaimed, itwas found that O zawa model was satisfactory in describing the
non-isothermal melt-crystallization data of these sPP resing, Forall ofthe sPP resing
investigated, owas found to range from ca. L.9 to 6.7, Specifically, it was found to

range from ca. 4.2 to 6.7 for sPP#Y, from ca. 3.3 2 for sPP#10, from c¢a. 3.8 to
5.6 for sPP#I from ca. 2.9 to e6 for sPPEL2, from ca. 1.9 to 5.0 for sPP#L3, and
from ca. 2.6 to 6.1 for sPP#LA, respectively. Fora given sPP resin, Ko was found to

decrease with increasing temperature, as normally would for crystallization in the
nucleation-controlled region,
5.5.2.4 Ziabicki’ Kinetic Crystallizahility Analysis
Analysis according to the modified first-order Ziabicki's
kinetic equation (i.e. Eq. (5.9)) can be carried out by differentiating a 6(7) function
With respect to temperature inoorder to obtain the temperature-derivative relative
crystallinity as a function of temperature (dO/dT)M O nce the {dO/dT)L function is

obtained, various kinetic parameters [ie. the maximum crystallization rate
(06/d T)dthax and the width at half-height of the {d6/d T)f function of DA[ can be

obtained and the cooling rate-dependent kinetic crystallizability index Gz,ocan be
calculated according to Eq. (5.9). Table 5.9 summarizes values of rmact (i, the
temperature at the maximum crystallization rate which can be obtained from the
(d6/dT)f function), (d<%/de)jma)l, Dfa and Gz for all the sPP resins investigated. |

should be noted that the values of Tmaxj listed in Table 5.9 and Tp (i.e. the
temperature at the maximum crystallization rate as determined from the raw non-
isothermal melt-crystallization exotherms) listed in Table 5.1 are practically the
same. According to Table 5.9 thevalue of Tmaxj was found to decrease, while those
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of (d#/d r)*max, Dfc and Ci,,* (the results not shown) were basically found to

increase, with increasing cooling rate. Normalization of Gz, 4with ()gave the value of
GZ. 1tis evident that the normalized GZvalues obtained for different cooling rates for
a given sPP oresin were almostidentical. Forall ofthe sPP resing investigated, GZ v as
found to vary between ca. 0.88 and 0.95, which is in accord with the values of

between ca, 093 and L.40 reported previously [29].

In[-In(1-&7))]

I il I 0 MY OO0 L el O 1S 3

-6 T sPP#13
B S T S ST S USSP

22 2.4 2.6 2.8 3.0 3.2 3.4 3.6
In(¢4) (°C min™)

Figure 5.5 Typical 0 zawa analysis based on non-isothermal melt-crystallization
data of sPPELY,
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Table 5.9 Non-isothermal melt-crystallization kinetic parameters for sPP# 9 to

SPP#14 based on Ziabicki’s kinetic crystallizability analysis
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5.5.2.5 Effective Energy Barrierfor Non-Isothermal Melt-
Crystallization Process
Analysis based on the differential iso-conversional method of
Friedman begins with the conversion of a 6(7) function into a 9{t) function. The
converted 9(f) function is then differentiated with respect to time to obtain the
instantaneous crystallization rate as a function of time 9(f). A plot according to Eq.
(5.10) can then be performed for various values of relative crystallinity 9 using the

data obtained from both (/) and 6(7) functions and, finally, the effective energy

barrier for non-isothermal melt-crystallization process for a given value of () (i..
Ae ) can be determined from the slope of the plot [i.e. AEO=-(slope)(R)]. The A,

values determined for various values of 9, ranging from 0.1 to 0.9 with 01
increment, for all of the SPP resins studied are summarized in Table 5.10. Among the
various SPP resins investigated, the values of AEg obtained can be ranked in the

following order: sPP#13 < sPP#II < sPP#10 < sPP#14 < sPP#12 < sPP#9,

Table 5.10 Effective energy barrier for overall non-isothermal melt-crystallization
of SPP#9 to SPP#14 based on the differential iso-conversional method of Friedman

Conversion  AE0 2 A I AH? r?
9 (kI mof) (kImof] (kJ mal")
SPP#9 SPP#10 SPPAI

01 50 09398 -1214 09859 1355 0.9877
02 659 09383  -1188 09783  -1289  0.9869
03 610 0933  -1138 09744  -1234  0.9838
04 592 09409  -1087 09725  -1195  0.9800
05 501 0916  -1045 09712 -1157 09781
0.6 603 09624  -1029 09706  -1134 09712
0.7 627 09706 993 09767  -1124  0.9675
08 664  0973% 984 09806 1110  095/9
0.9 716 09553 971 09634  -1020  0.9226
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Table 5.10 Effective energy barrier for overall non-isothermal melt-crystallization
of sSPP#9 to sPP#14 hased on the differential iso-conversional method of Friedman

(continued)

Conversion  /SEg r2 AE* r2 A 2
9 (kI mol') (kI mol') (kI mol')
SPP#12 SPP#13 SPP#14

01 ;770 09400 1395 09649 1060 09273
02 715 09425 1321 09453 994 0.9296
03 694 09343  -1227 09417 942 0.91%
04 664 09306  -1154 09409  -908 09123
05 666 09207  -1129 09361  -883  0.8966
0.6 675 09148 1137 092719 873 0.8749
0.7 -03 09131 1177 09074 -887  0.8466
0.8 13 09084 - -1243 08764 -928  0.7957
0.9 941 08974 -1201 0852  -900  0.6964

5.6 Conclusions

Non-isothermal melt-crystallization and subsequent melting behaviors for
six SPP resins having different molecular characteristics were investigated using
DSC. The results showed that, for a given PP resin, the crystallization exotherm
became wider and shifted towards a lower temperature with an increase in the
cooling rate used. Among all of the PP resins investigated, the crystallization
exotherm of SPP#II, in comparison with other sPP resins, for a given cooling rate
was found to locate at the highest temperature range, followed by that of sPP#14,
SPP#10, sPP#13, sPP#12, and sPP#9, respectively. The results suggested that, based
on the absolute temperature scale, sPP# 1 showed the highest tendency, among all of
the SPP resins studied, to start crystallizing during a cooling scan. The ability for
these resins to start crystallizing was found to be very similar when the difference in
the equilibrium melting temperature of these resins was taken into account. The
Avrami, Urbanovici-Segal, Ozawa, and Ziabicki models were found to describe the
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non-isothermal melt-crystallization data of these sPP resins fairly well. Lastly, the
subsequent melting behavior of these PP resins showed either a single melting
endotherm or double melting endotherms. Generally, for a given sPP resin, the low-
temperature melting endotherm was found to increase in its size and sharpness and
move towards a higher temperature with decreasing cooling rate, while the high-
temperature melting endotherm was found to get smaller with decreasing cooling rate
or even disappeared altogether at some low enough cooling rates.
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