CHAPTER VII
NON-ISOTHERMAL MELT-CRYSTALLIZATION AND MECHANICAL
PROPERTIES OF TITANIUM(IV)OXIDE NANOPARTICLE-FILLED
ISOTACTIC POLYPROPYLENE

7.1 Abstract

The present contribution reports an investigation on the effect of the
addition of titanium(IV)oxide (TiCh) with diverse surface characteristics [i.e. neat,
silica (S102)-coated and stearic acid-coated] and various contents (ranging from 5 to
30 wt%) on non-isothermal melt-crystallization, subsequent melting behavior and
mechanical properties of filled isotactic polypropylene (iPP). The cooling rate used
ranged hetween 5 and 30°C min'L The crystallization exotherm for all of the samples
investigated became larger and shifted towards a lower temperature as the cooling
rate increased. The crystallization peak temperature (p) values for all of the iPP
samples filled with neat TiCs2 nanoparticles were slightly greater than those of the
neat iIPP and were not affected by the variation in the filler content. For iPP samples
filled with stearic acid-coated TiC-. nanoparticles, the Tp values were not much
different from those of the neat iPP. For iPP samples filled with 5, 20, and 30wt%
SiCh-coated TiCb nanoparticles, marked differences in the Tp values in comparison
with those of the neat IPP were observed. Together with the Avrami analysis, the
nucléation ability of the various fillers investigated can be ranked as follows: SiCb-
coated TiCh nanoparticles > neat TiCb nanoparticles > stearic acid-coated TiCx
nanoparticles. Lastly, the presence of the nanoparticles caused the rigidity of the
resulting composites to increase (especially when the filler content was greater than
or equal to 20 wt%.
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7.2 Introduction

Inorganic fillers have always played an important role in the plastics and
rubber industries. The main purpose of their use is confined not only to cost
reduction, but also to improve physical and mechanical performance such as color,
rigidity, dimensional stability, toughness and transparency [1,2]. The level of such an
improvement depends significantly on type, size and shape, content, and surface
treatment of the fillers [3-6]. The latter influences directly the interaction hetween
the polymer matrix and the fillers at the interface. Among the various mineral fillers,
calcium carbonate (CaCCh) and titanium dioxide (TiCh) have been among the most
utilized materials. While the use of CaCCxs has heen due to its low cost [6,7], TiCs is
mainly used as a white pigment, due to its brightness. In addition, TiCs. can act as a
flame retardant or antioxidant that could help improve the thermal stability of the
final products [8-10],

Inorganic nanoparticles are interesting as a new class of inorganic fillers
because of the high specific surface area. Both the isothermal and non-isothermal
crystallization studies of silica (SiCh) nanoparticle-filled isotactic polypropylene
(iPP) nanocomposites have been carried out by a number of research groups [11-13].
Qian et al. [11] reported that the non-isothermal melt-crystallization behavior of iPP
samples filled with SiC-» nanoparticles exhibited much lower induction periods and
greater crystallization rates in comparison with those of the neat ones. Papageorgiou
et al. [12] studied the crystallization kinetics of iPP samples filled with SiCs
nanoparticles and found that the crystallization rates of the nanocomposites were
faster than the neat iPP, due to the existence of the SIC» nanoparticles that could
reduce the critical nucleus size needed for crystal growth or reduce the work needed
to create a new surface. Jain et al. [13] reported the preparation of iPP/SiU:
nanoparticle composites via the sol-gel method and found that nucléation efficiency
of such composites was much greater than that of the similar composites previously
reported.

In the present contribution, the non-isothermal melt-crystallization of
isotactic polypropylene (iPP) filled with neat, SIC>-coated and stearic acid-coated
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TiC» nanoparticles was investigated mainly by differential scanning calorimetry
(DSC). The kinetics of the non-isothermal melt-crystallization process was analyzed
based on the Avrami macrokinetic model. The mechanical properties (i.. tensile
strength, impact strength, and flexural strength) were also evaluated and reported.

1.3 Theoretical Background

In DSC, the energy released during a non-isothermal crystallization process
appears to be a function of temperature. As a result, the relative crystallinity as a
function of temperature 9{1) can be formulated as

)= f (d H;jj )T’ 0

where To and T represent the onset and an arbitrary temperature, respectively, dH ¢ is
the enthalpy of crystallization released during an infinitesimal temperature range CI,
and AH ¢ is the total enthalpy of crystallization for a specific cooling condition.

To use Eg. (7.1) in analyzing the non-isothermal crystallization data
obtained by DSC, it is assumed that the sample experiences a similar thermal
condition as designated by the DSC furnace. This can only be realized when the
difference hetween the temperatures of the sample and the furnace is minimal. I this
condition is valid, the relation between the crystallization time t and the sample
temperature T can be written as

T,-T
e 1.2
4 p ) ( )
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where To is an arbitrary initial temperature and ¢is the cooling rate. According to Eg.
(7.2), the horizontal temperature axis observed in a DSC thermogram for the non-
isothermal crystallization data can then be transformed into the time domain.

Among the various macrokinetic models, the Avrami proposition [14-16] is
the most common equation used to describe the overall isothermal crystallization
kinetics. In this model, the relative crystallinity as a function of time () can be
expressed as

6>(n)=l-exp[-(/ )"} (7.3)

where ka and A are the Avrami rate constant and the Avrami exponent,
respectively. Both ka and A are constants specific to a given crystalline morphology
and type of nucléation for a particular crystallization condition [17] and 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 polymers, it has
also heen applied to describe the non-isothermal crystallization behavior of semi-
crystalline polymers [18,19].

1.4 Experimental

14.1 Materials

The commercial general purpose grade of iPP (HP 400K) used in this
study was supplied by HMC Polymers Co., Ltd. (Rayong, Thailand). Certain
properties of the resin, provided by the manufacturer, are as follows: MFR (2.16 kg
at 190°C) = 4g- (10 min)'L density = 0.9 g cm'3 tensile strength at yield = 33MPa,
elongation at yield = 10%, flexural modulus = 1400MPa and notched Izod impact
strength at 23°c = 30 J m'L TiCx nanoparticles with different surface characteristics
(.e. neat, SIC»-coated, and stearic acid-coated) were supplied by Advanced
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Nanotechnology Co., Ltd. (Samutprakam, Thailand). Some specific properties of the
three grades are summarized in Table 7.1. Hereafter, CYU201, CYU202, and
CYU203 were used to denote the neat, the SC»-coated and the stearic acid-coated
TiC>2 nanoparticles, respectively.

Table 7.1 Specific properties of the TiC nanoparticles

Property CyU 201 CYU 202 CYU 203
Average particle size (nm) 50 50 50
Crystal type Rutile Rutile Rutile
Content of Ti02 (%) 9 % 92
Specific surface area (m2g) >35 >35 >35
Surface properties Hydrophilic ~ Hydrophilic ~ Hydrophobic
Surface treatment agent no 5102 Fatty acid

1.4.2 Sample Preparation

Each type of TiC nanoparticles was first dried in an oven at 80°c for
24h and then pre-mixed with iPP-pellets in a tumble mixer for 20 min to achieve dry
blends in various contents of TiCs» nanoparticles (i.e. 5, 10, 20, and 30 wt%). The as-
prepared dry blends were then fed into a Collin ZK25 self-wiping, co-rotating twin
screw extruder operating at a screw speed of 80 rpm and a temperature profile of
185°c (die zone), 190°C (zone 5), 185°¢ (zone 4), 180° (zone 3), 175°C (zone 2),
and 100°c (feed zone). The extrudate was cooled in a water bath and later cut into
pellets by a Planetrol 075D2 pelletizer.

Each of the as-prepared compounds was dried inan oven at 60
overnight, prior to being shaped into film and mechanical test specimens. A part of
each sample was then compressed into thin films between a pair of transparency
films set between a pair of stainless steel platens in a Wabash V50H compression
press, at 190°. After 2 min holding at 190°, the film moldings were allowed to
cool at ambient condition between the transparency films and the stainless steel
platens. Another part of the sample was injection-molded into mechanical test
specimens according to the 150 527-1 (for tensile test specimens), ISO 180 (for
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impact test specimens), and 1SO 178 standard test methods, using an ARBURG
Allrounder® 270M injection molding machine. The temperature settings (from the
feed zone to the nozzle) were 150, 160, 170, 180, and 190°c, respectively. The
injection pressure was 1000 bar and the dwelling pressure was 700 bar. Prior to the
mechanical tests, all of the test specimens were conditioned under ambient condition
for 7 days.
143 Differential Scanning Calorimetry Measurements

The non-isothermal melt-crystallization and subsequent melting
behavior of neat iPP and iPP samples filled with TiC- nanoparticles with different
surface characteristics were measured by a Mettler-Toledo DSC8226 differential
scanning calorimeter (DSC). The calibration was carried out with an indium standard

(T° = 156.6° and AH® =28.5J ") on every other run to ensure accuracy and

reliability of the obtained data. To minimize thermal lag between the polymer sample
and the DSC furnace, each sample holder was loaded with a disc-shaped sample
(4.2£0.8 mg) cut from the as-prepared films (0.1810.03mm thick). Each sample was
used only once and all the runs were carried out under nitrogen atmosphere (flow
rate = 60 ml min’J.

The measurements started with heating each sample from 25 to 190°C
at a heating rate of 80°C min'L This treatment was to set a similar thermal history to
all of the samples investigated. To ensure complete melting, each sample was melt-
annealed at 190°C for 5 min, after which time the sample was cooled at a desired
cooling rate (), ranging from 5 to 30°C min'1 to 25°C. The subsequent melting
behavior was then observed by reheating the sample at a heating rate of 10°C min'lto
190°c. Both non-isothermal melt-crystallization exotherms and subsequent melting
endotherms were recorded for further analysis.

7.4.4 Mechanical Testing

Tensile strength at yield, elongation at yield, and Young’s modulus for
both neat iPP and iPP samples filled with TiC-. nanoparticles with different surface
characteristics were measured on an Instron 4206 universal testing machine, according
to the 1SO 527-1 standard test method, using a 100 kN load cell, @ 50 mm min'lcrosshead
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speed and a 50 mm gauge length. The Izod impact resistance for all of the samples
was determined on a Zwick 5113 impact tester according to a similar procedure to
that described in the ISO 180 standard test method, with the original size of each
specimen being about 27 x 62 x 4 mm3using a 2.7 J pendulum and a 124.4° release
angle. Flexural strength and flexural modulus for all of the samples were determined
on test specimens cut from the molded dumbbells according to the procedure
described in the 1SO 178 standard test method using the three-point loading fixture of
the Instron 4206 universal testing machine. All of the mechanical measurements
were carried out at room temperature (2621°C) and the results were reported as
averages of the data taken from at least 10 specimens.

7.5 Results and Discussion

151 Non-Isothermal Melt-Crystallization and Subsequent Melting
Behavior
Fig. 7.1 shows non-isothermal melt-crystallization exotherms of neat
IPP at six different cooling rates, ranging from 5 to 30°c min'L As expected, the
crystallization exotherm became larger and shifted to a lower temperature with
increasing cooling rate. This observation is attributed to the kinetic effect which is
normally found for crystallization in a nucleation-controlled region. At a low cooling
rate, there was sufficient time for athermal nuclei with large enough size to become
stable at a high temperature, thus the crystallization could begin at a high
temperature. At a greater cooling rate, the polymer molecules experienced much
faster decrease in the temperature, thus athermal nuclei with much smaller size could
become stable, leading to the observed decrease in temperature range where the
polymer started crystallizing. Though not shown, iPP samples filled with TiCs
nanoparticles behaved in a similar manner, with an exception for the ones filled with
30 wi% CYTJ202 which exhibited a double crystallization behavior (see later).
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Figure 7.1 Non-isothermal melt-crystallization exotherm of neat iPP at six different
cooling rates.

Based on these exotherms, some quantitative data [i.e. the temperature
at 1% relative crystallinity (Tool), the temperature at the maximum crystallization
rate or the crystallization peak temperature (Yp), and the temperature at 99% relative
crystallinity (70.99)] can be obtained and the results are summarized in Table 7.2,
However, for iPP samples filled with 30 wt% CYU202, due to the presence of the
double crystallization peaks, only the peak temperatures of the low and the high
crystallization exotherms (Tel and Tch, respectively) are listed. Obviously, these
values (70.0I, Tp, and Toss) shifted towards lower temperature values with increasing
cooling rate. It should be noted that Tool and 7099 represent the onset and the ending
points of the non-isothermal melt-crystallization process in the temperature domain.



126

Table 7.2 Characteristic data of non-isothermal melt-crystallization exotherms for

neat and TiC»-filled iPP

?°c min')

5

10
15
20
25
30

5

10
15
20
25
30

5

10
15
20
25
30

TOOl Tp
(°C) (°0)
Neat IPP
123.6 119.0
120.1 116.0
117.9 113.3
116.1 111.9
115.3 110.5
114.8 110.5
IPP + 5wt% CYU201
123.3 120.4
121.0 117.9
1194 116.0
118.1 1145
1175 114.1
116.7 112.8
IPP + 20wt% CYU201
1245 120.8
1214 118.3
119.7 116.4
118.3 1145
117.3 1137
116.3 112.7

T0.99
(°C)

1159
1121
107.5
106.0
105.2
104.8

1175
1141
1112
109.8
108.5
106.5

1176
114.6
112.1
109.6
108.3
106.4

Toal
(°C)

PP + 10wt% CYU201

1238 120.7
121.0 1178
119.2 1158
1177 113.9
1175 1140
1164 1125
PP + 30wt% CYU201
1255 1217
121.6 1182
120.0 116.1
118.1 1148
117.0 1133
116.5 1126

Tp
(°C)

T0.99

(C)

117.6
1135
111.6
108.9
108.1
106.6

118.6
1148
111.9
110.5
108.7
106.9
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Table 7.2 Characteristic data of non-isothermal melt-crystallization exotherms for
neat and Ti02-filled iPP (continued)
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10
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30

Toal Tp
(°C) (°0)
IPP + 5wt% CYU202
1248 122.8
1232 1212
1217 120.2
120.9 119.1
120.5 1188
119.8 117.8
IPP + 20wt% CYU?202
129.1 126.5
126.6 1236
125.0 121.8
122.8 119.4
1218 1185
121.7 118.6
IPP + 5wt% CYU203
1235 118.6
120.6 115.0
1178 112.7
116.6 1115
1157 110.3
1138 108.0
IPP + 20wt% CYU?203
1249 120.5
122.4 117.6
120.0 115.2
1189 1138
1174 112.2
1157 111.0

To%
('0)

120.8
118.5
116.9
1146
1139
1124

1237
1194
117.8
1151
1133
1128

1149
1114
108.6
106.6
103.7
101.5

117.2
1137
110.9
108.6
106.6
104.7

Tool Tv
(°C) (°C)
IPP + 10wt% CYU202
123.7 120.2
120.8 116.9
119.1 115.1
1174 1135
116.5 112.7
1155 111.3
IPP + 30wt% CYU202
Td Tch

: 1275
118.6 1234
116.3 120.9
1147 120.3
113.0 119.3
1121 117.3

IPP + 10wt% CYU203
125.0 120.3
1214 116.2
119.2 113.9
1174 112.4
116.5 111.4
1155 110.0

IPP + 30wt% CYU203
124.8 120.6
120.2 116.4
1185 113.7
116.9 113.3
116.0 111.8
115.2 1111

709

(C)

1173
113.5
1110
108.9
107.8
106.1

116.3
1114
109.2
107.3
105.6
103.8

1174
1126
108.4
108.8
106.6
104.2
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Figure 7.2 Non-isothermal melt-crystallization exotherm of neat and Ti02-filled iPP
recorded at a cooling rate of Demint

Fig. 7.2 shows non-isothermal melt-crystallization exotherms of neat
IPP and iPP samples filled with TiC nanoparticles having different surface
characteristics at different loadings for a fixed cooling rate of 10°C min't. Even
though only the results for the cooling rate of 10°C min‘t are shown, the discussion
of the results was carried out based on the results summarized in Table 7.2,
Apparently, the Tp values for all of the iPP samples filled with CYU201 were slightly
greater than those of the neat iPP (by about 14-3.6°C) and were not affected by the
variation in the CYTJ20L content (about 2.3-2.6°C on average for different CYU201
contents). For iPP samples filled with CYU203, the Tp values for all of the iPP
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samples filled with 5 wt% CYU203 were slightly lower than those of the neat iPP
(by about 0.2-2.5 1C). With increasing CYU203 content from 5 to 20 wt%, the Tp
values were found to increase from those of the neat iPP samples and then decrease
as its content increased to 30 wt.

For iPP samples filled with CYU202, the difference between the Tp
values for all of the filled iPP samples and those of the neat iPP ones was the greatest
among the various TiC2 nanoparticles investigated (with the exception of the iPP
samples filled with 10 wt% CYTJ202 which exhibited slightly greater Tp values than
those of the neat iPP samples). Specifically, such a difference in the Tp values was
about 6.5°C for the samples filled with 5 wt% and about 7.9°C for the samples filled
with 20 and 30 wt% on average. Based on the results obtained, the ability of both the
neat and the stearic acid-coated TiC-. nanoparticles in nucleating iPP was inferior to
that of the SC»-coated ones. A number of research groups reported that SiG:
particles are a good nucleating agent for iPP [11-13]. Previously, it has been reported
that the ability of TiCs particles in nucleating syndiotactic polypropylene (sPP) was
also inferior to that of SiCs2 particles [20] and that surface coating of CaCCss particles
with stearic acid and paraffin reduced the nucleating ability ofthe particles [6],

As clearly observed in Fig. 7.2, the exotherm for the iPP sample filled
with 30 wt% CYU202 exhibited double crystallization peaks. To clearly illustrate the
occurrence of the double crystallization behavior for this particular composite, the
non-isothermal melt-crystallization exotherms for the iPP samples filled with 30 wt%
CYU202 recorded at six different cooling rates are shown in Fig. 7.3. For these, only
the peak temperatures of the low and the high crystallization exotherms (Tel and Tch
respectively) are reported in Table 7.2. Clearly, all of the exotherms exhibited double
crystallization peaks, except that recorded at 5°c min'Lexhibiting only one peak.
Repeated experiments confirmed that such an observation was not an artifact.
Previously, Supaphol et al. [6] observed double crystallization peaks for sPP samples
filled with a high content of 1.9 mm uncoated CaCOi particles and attributed the
phenomenon to the self-nucleation of sPP on sPP crystallites entrapped within the
rough surface of the filler. Double crystallization was also reported for iPP samples filled
with 25 vol.% of 1.3 mm uncoated CaCCf particles by Pukanszky and Fekete [21],
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Figure 7.3 Non-isothermal melt-crystallization exotherms of iPP filled with 30wt%
CYU202 at six different cooling rates.

Another possible explanation for the occurrence of the double
crystallization behavior of iPP samples filled with 30 wt% CYUZ202 is the existence
of two effective nucléation sites on the surface of the nanoparticles. For CYU202
grade, the surface of TiC-2 nanoparticles is coated with SIC. If the coverage of SiCx
on the surface of the particles was not perfect, there could be partial area where the
surface of pure TiC was exposed. If one compares the Tc\ values of iPP samples
filled with 30 wt% CYU202 against the Tp values of iPP samples filled with
CYU201 at the same filler content (see Table 7.2), one can notice that the listed
values are comparable to each other (at any given cooling rate). This confirms the
occurrence of the low crystallization exotherm being a result of the crystallization of
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iPP on the exposed TiCh sites on the particles. If the occurrence of the low
crystallization exotherm is indeed due to the nucléation of iPP on the exposed TiCh
sites on the particles, it can be further assumed that the occurrence of the high
crystallization exotherm is a result of the nucléation of iPP on the SiCs sites on the
particles. Despite the occurrence of the double crystallization peaks, the melting
thermograms of these samples exhibited only one melting endotherm (results not
shown), indicating the formation of one crystalline phase despite the suggestion of
possible multiple nucléation sites with different efficiencies.

1
T T T R p— T T _r T T

PP+5wt% CYU202

-t

100 +
80 +
60 +

40 £

Relative crystallinity (%)

increasing cooling rate ]
20 +  from 5 to 30°C min™' 1

0.01 0.1 1 10
Crystallization time (min)

Figure 7.4 Relative crystallinity as a function of time for iPP filled with 5wt%
CYU202 at six different cooling rates after excluding an induction period.
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The data such as those shown in Fig. 7.1 can be further analyzed by
converting the non-isothermal - melt-crystallization exotherm to the relative
crystallinity as a function of time oft) using Eq. (7.1) along with Eq. (7.2). The
converted curves for iPP samples filled with Swt% CYEI202 at six different cooling
rates are illustrated in Fig. 7.4. Clearly, the faster the cooling rate, the shorter the
time required for the completion of the crystallization process. Other samples
including those of neat iPP exhibited a similar behavior. These 6(0 curves did not
include the apparent incubation period ainc defined as a time period during which
the polymer is still in the molten state [ie. Alfjc={rf -T asll) (>, where Tfis the

temperature at which a polymer sample was brought to melt, ronset is the actual
temperature where the sample began to crystallize, and 4 is the cooling rate]. The
atne Values were calculated based on a fixed Tfvalue of 190°C and the results are
summarized in Tables 7.3-7.6 for neat iPP and iPP samples filled with CYE1201,
CYU202, and CYU203, respectively. For each sample, aenc decreased
monotonically with increasing cooling rate.

Table 7.3 Quantitative analysis of the relative crystallinity as a functions of time for
neat iPP

Atjnc h (min) Atc
C _ 9= 9= Q= 9= 9= 9= 9= ,
mn'd)  (min) 001 01 03 05 07 09 099 (min)
Neat iPP
5 1244 044 107 146 170 190 215 265 222

10 649 027 061 081 093 103 118 148 12
15 450 018 041 056 065 074 088 114 096
20 345 015 032 042 049 056 066 092 077
25 279 012 026 035 041 046 05 080 068
30 233 011 024 031 035 040 048 072 061
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Table 7.4 Quantitative analysis of the relative crystallinity as a functions of time for
iPP filled with CYU201

¢
min')

D

10
15
20
25
30

D

10
15
20
25
30

5

10
15
20
25
30

5

10
15
20
25
30

Ajnc
0= 0=
(min) 001 01
IPP + 5wt% CYU201
1264 041 0.8s
659 019 043
450 015 031
343 o1 024
206 o010 021
234 008 017
IPP + 10wt% CYU201
1255 040 085
659 o020 045
449 015 032
44 013 0.26
217 010 o021
234 009 018
IPP + 20wt% CYU201
1229 041 100
660 016 0.38
449 013 029
343 010 023
218 0.08 .20
236 007 017
IPP + 30wt% CYU201
1230 035 083
650 o021 045
438 017 037
341 o012 026
208 010 021
232 009 018

147
0.77
0.56
0.44
0.38
0.32

1.50
0.80
0.57
0.47
0.38
0.33

173
0.70
0.54
0.43
0.36
0.32

152
0.79
0.64
0.44
0.36
0.33

1.70
0.90
.68
0.53
0.46
041

173
0.96
.68
0.57
0.47
041

199
0.83
0.64
0.52
0.45
0.39

L1
0.92
0.75
0.53
0.45
041

0.99

2.32
123
0.93
0.82
0.73
0.63

2.25
133
1.02
0.87
0.75
0.67

2.52
113
0.89
0.79
0.67
0.55

2.34
1.29
1.01
0.83
0.69
0.62

Ate

(min)

191
1.04
0.78
0.71
0.63
0.55

1.86
1.12
0.86

0.74
0.65
0.58

2.11

0.97
0.77
0.69
0.58
0.48

1.98
1.08
0.84
0.71
0.59
0.53
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Table 7.5 Quantitative analysis of the relative crystallinity as a functions of time for
IPP filled with CYU202

rZ:(i:n‘])

5

10
15
20
25
30

5

10
15
20
25
30

5

10
15
20
25
30

At\nc

o= 9= &
(min) 001 01 03

PP + 5wt% CYU202
1225 039 086
640 017 035
433 013 026
331 011 020
266 009 017
224 009 015

PP + 10wt% CYTJ202
1259 038 0.86
653 022 050
452 015 031
344 012 026
279 011 022
235 010 020

iPP + 20wt% CYU202
1158 034 0.76
606 018 040
414 012 028
322 009 02
261 008 019
216 008 017

1.09
0.46
0.33
0.26
0.22
0.19

1.16
0.67
0.42
0.36
0.29
0.26

1.02
0.54
0.37
0.28
0.25
0.23

150
0.69
0.52
0.44
0.38
0.36

174
101
0.66
0.56
0.46
0.42

1.64
0.94
0.63
0.49
0.45
0.40
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Table 7.6 Quantitative analysis of the relative crystallinity as a functions of time for
IPP filled with CYU203

gicn"])

5

10
15
20
25
30

5

10
15
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25
30

5

10
15
20
25
30

5

10
15
20
25
30

Aljnc

. = 9= 9=
(mn) 001 01 03

iPP + 5wt% CYU203
1250 049 110
6.6 025 056
450 017 041
343 014 03l
217 012 028
233 011 027
IPP + 10wt% CYU203
1214 049 114
6.37 030 066
436 022 047
334 018 038
265 016 035
223 014 031
IPP + 20wt% CYU203
1208 048 114
623 030 0.66
429 022 047
325 018 038
265 016 033
224 015 029
IPP + 30wt% CYU203
1213 046 110
644 030 064
442 020 045
34 016 033
273 014 029
231 012 025

1.49
0.78
0.56
0.43
0.38
0.35

1.54
0.88
0.63
0.49
0.45
0.40

153
0.88
0.62
0.50
0.42
0.37

1.49
0.83
0.60
0.42
0.37
0.32

3.02
1.62
1.10
0.91
0.82
0.77

3.04
178
1.29
113
1.02
0.94

2.95
178
131
1.08
0.9
0.90

2.76
1.76
1.25
0.96
0.84
0.76
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Figure 7.5 Crystallization time at various relative crystallinity values as a function
of cooling rate for neat iPP. The inset figure shows a relationship between apparent
total crystallization period and cooling rate ina log-log plot.

Furthermore, the crystallization time at an arbitrary relative
crystallinity ty can be determined from the 6(t) curves. The tq values after exclusion
of the respective atjnc values for various relative crystallinities (i.e. 9= 0.01, 0.1, 03,
0.5, 0.7, 0.9, and 0.99) for all of the samples investigated are also summarized in
Tables 7.3-7.6, while Fig. 7.5 shows plots of g as a function of cooling rate for neat
IPP. The apparent total crystallization period Alccan be calculated directly from the
difference between the apparent ending and the apparent onset of the crystallization
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process in the time domain (.. Atc = (099 - (o01). These values for all of the samples

investigated are also summarized in Tables 7.3-7.6. According to the data presented
in these tables, the tg for a given value of o and the Atc decreased withincreasing
cooling rate. In an attempt to further analyze the results shown in these tables, plots
of In(Atc) versus In($ (shown as an inset in Fig. 7.5 for neat iPP) and of In(/qi) versus
In(0) (shown in Fig. 7.6 for neat iPP) were carried out. Interestingly, the linearity of
these plots is evident. Table 7.7 summarizes values of the y-intercept and the slope
obtained from these plots for all of the samples investigated. Interestingly, the y-
intercept of these plots was found to increase with increasing y value, while the slope
was not found to exhibit a specific trend.

10.99 neat iPP

In(z,) (min)

153 2.0 2:5 3.0 35
In ¢ (°C min™)

Figure 7.6 Crystallization time at various relative crystallinity values as a function
of cooling rate in a log-log plot for neat iPP.



Table 7.7 *intercept, slope, and the r2values of regression lines drawn through
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Table 7.7 -intercept, slope, and the r2values of regression lines drawn through

plots of In(/e) versus In((f) for various Ivalues (continued)
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Table 7.7 Mintercept, slope, and the r2 values of regression lines drawn through
plots of In(/e) versus In($) for various Ivalues (continued)

0 y-intercept slope r2 y-intercept slope rl
(min) (min2® ) (min) (min2*® )
PP+ 20wt CYU203 PP+ 30wth CYU203

0.01 0.33 0.672 0.9961 0.47 0,754 0.9957
0.1 1,36 0.1712 0.99910 147 0,844 0.9973
0.3 1710 0795 0.9995 L.80 0,866 0.9966
0.} .85 0,802 0.9995 194 0,669 0.9955
0.1 195 0,798 0.9994 2.03 0860 0.9937
0.9 201 0,167 09979 200 0.822 099110
0.99 2.15 0,679 0.9932 2.4 0.747 0.9957
Ate 197 0.681 0.9921 2.05 0.746 0.9951

Fig. 7.7 shows subsequent melting endotherms of neat iPP after non-
isothermally crystallized at six different cooling rates, ranging from 5 to 30°Cmin"t
These thermograms were recorded ata fixed heating rate of 10Cm|n" L-Apparently,
the double melting behavior was observed for the neat iPP samples crystallized at
cooling rates greater than about 10°Cmin e The fow melting peak temperature (rms)
shifted towards a lower temperature with increasing cooling rate, while the high
melting peak temperature (T ) increased very slightly, The occurrence of the hig
temperature melting endotherm was postulated to be a result of the melting of the

recrystallized materials formed during a heating scan [22,23]. On the other hand, the

h-
h
th
occurrence of the low-temperature melting endotherm should correspond to the
melting of the crystallites originally formed during a cooling scan [23], In addition,
the observed decrease in the rmsvalues with increasing cooling rate implied that the
crystallites formed during a fast cooling scan were less stable than those formed

during aslower cooling scan,
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-

neat iPP

cooling rate
30°C min]

25°C min”]

20°C min™!

15°C min~}

Normalized Heat Flow (endo up)

120 130 140 150 160 170 180

Temperature (°C)

FiQUI‘EY.Y Subsequentmelting endotherm (recorded at 100Cm 'y ofneat PP after
non-isothermal melt-crystallization at six different cooling rates.

Fig. 7.8 shows subsequent melting endotherms of iPP samples filled
with 20 wtw CYTJ203 after non-isothern ally crystallized at six different cooling
rates, ranging from 5§ to 30°C min't Evidently, multiple melting endotherms were
observed for this particular composite. As many as four endotherms were observed
for the sample non-isothermally crystallized at 30°C min't, while about two
endotherms were observed for the sample nonisothermally crystallized at 5°C min't,
The major endothermic peak(s) at temperatures around 160-165°C should
correspond to the melting of the crystallites originally formed during a cooling scan
and the melting of the recrystallized materials formed during a heating scan, as
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previously discussed. The small melting endotherm (Tmi) at a temperature around
145°C should correspond to the melting of the crystallites of a different crystalline
phase, e, the p-phase. Trongtorsak et al. [24] reported the melting of a heterophasic
copolymer of isotactic polypropylene and ethyleng-propylene rubber (iPPIEPR
blend) which was nucleated with a P-nucleator occurring at temperatures around
147-153°C. 1n addition, the other small melting endotherm (T,a) at & temperature
around 155°C should correspond to the melting of a’-crystallites which were form ed

by the transformation of the less stable p-crystallites during a heating scan [22].

PP + 20wt% CYU203
cooling rate
= | 30°C min’!
=
=
§ | 25°C min’!
2
&= | 20°C min’]
0 « -
3 157C min
s
g | 10°C min’!
3
Z
5°C min’!
80 100 120 140 160 180

Temperature (°C)

Figure 7.8 Subsequent nelting endothern (recorded at 10°Cmin'1) o1 ipp filled
with 20wt% CY U203 after non-isothermal melt-crystallization at six different
cooling rates,
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Tmd

Forallofthe samoplesinvestigated, the melting peak temperature(s)

Table 7.8 Characteristic data of subsequentmelting endotherms after non-
isothermal melt-crystallization forneat and TiC>2-filled iPP

Isfare summarized in Table 7.8,
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isothermalmelt-crystallization forneatand TiCVfilled iPP (continued)

Table 7.8 Characteristic data of subsequentmelting endotherms after non-

- o o> o oo oD o A 1 = — ~ < > o Lo Lo Lo
— > o o> o O o o o> o > o o o o o o
e —a 1 @~ =4 A = @~ 1 < —a A =~ - —a ~——
co < — < S Lo o = Lo o o o e — —_ = Lo e S
= — o> oo o <o Lo > o ~N o o o o o ~n o S o o o>
— < o> L LD L L Lo [ > > LD L L Lo o O o> L L Lo
—_— o o oD
[ T e e — — 1~ o~ e T T
— =2 _— —
o <~ —a o~
—
e oD - —
= o> <+ o> <+ o o o> , o> o> oo = — oo oo
— < Le> LD L LD Lo Lo [ A e " ) L Lo Lo
TR o 2 = [ S —_— — —
— — — —
= = = =
L= — — —
_ o > o <t o - o = o> oo
—_— s AN A e MY le = B - T T T/ BT T
s o 7 + Lo Lo o~ <+ <t + o> o> o> <+ <+
To o o o 44444P —_ = @~ =t =
— — — 1 o~ =
(=1 o (= (=1
_— <= 4, <N oo oo = o> o> cu < oo P T N R Y — J— —~ —<r oo
Mu -~ S P N 1 o Lo Lo Lo L o L Lo e
— - O O > O o o O D O O O O O o O o O o o
— — o~ o~ o~ o~ = — 1~~~ o~ T e — 1
= oo q = L o o> = — o> <o
<> —_— o o S S o> —_— o o o o> o>
—_ > > Le> LD L Lo O > o> > Lo Lo
— N — 1 1 o — TP a1 —
—a — o> =S4
= < L= A
o~
]
— - f—
=
— - =
> oo «© Lo o on = oo
<= > <> > - - -
= e . —_—
_ < S S L o> Lo Lo [ Y Y
— = —_— X — 1 1 —
= =
== -— = —
= — = =—%
Lo o~ Lo o~
— Lo o oo = Lo o = Lo oo
= -+ -+ " - - - T - T T T T
[ - ~+ o> =t > Lo Lo =+ <t
— = o o o —_ = = = o —_ = = ~ =
—_— — = — — 1 1
(=1 (=1 (=" (=
—
<> =



145

1.5.0 Non-Isothermal Melt-Crystallization Based on AvramiAnalysis

The analysis of the non-isothermal melt-crystallization data based on
the Avramimodel can be carried out through aplot between In[-In(l-$(/))] and In(t),
such asthose shown in Fig. 7.9 for neat iPP. Due to the non-linearity of the plot, anly
the data in the relative crystallinity range of 10-80% were used in the analysis, The
deviation from the linearity was a result of the secondary crystallization process,
Table 7.9 summarizes values ofthe Avramikinetic parameters (i, Kaind np)along
with the values of the r2parameter signifying the quality of the fitting, Based on the
values of r2, it can be concluded that the Avramimodel was suitable for describing
the non-isothermal melt-crystallization of these samples. Fora given sample type, the
Aveami rate constant Ka inereased monotonously with increasing cooling rate,
indicating that crystallization proceeded much faster asthe cooling rate increased, At
a given cooling rate, the Kavalues of the ipp samoples filled with CYU20L and
CYU202 were greater, while those of the iPP samples filled with CYU203 were
lower, than those of the neat iPP samples. Among the various types of TiCx
nanoparticles, CY U202 was the best in enhancing the crystallization rates of the iPP
matrix, Clearly, neat and stearic acid-coated TiCse nanoparticles (CY U201 and
CYU203, respectively) werenot effective nucleating agents for iPP. On the contrary,
Si02-coated Ti02 nanoparticles (CYU202) increased the crystallization rates of the
PP matrix appreciably, an indication ofagood nucleating agent for iPP,

With regards to the Avrami exponent nA it ranged between 4.6 and
5.7 for neat iPP, between 3.8 and 6.3 for iPP filled with CYTJ20L, between 3.9 and
7.3 for PP filled with CYU202, and Dbetween 4.3 and 6.1 for PP filled with
CYU203, respectively,
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Table 7.9 Non-isothermal melt-crystallization kinetics for neat and Ti02-filled

based on Avramianalysis over the crystallinity range of L0 to 80%
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«A

Table 7.9 Non-isothermal melt-crystallization kinetics for neat and TiCV/filled

based on Avrami analysis over the crystallinity range of 10to 80% (continued)
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30 4———r—"rrt-—rr-"*+-+—-r-—-+t——r—m—+t-———Ft————Ft———
neat 1PP

e
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| B

-1.0
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Figure 79 Typical Avramianalysisaccording to the relative crystallinity asa
function oftime for neat iPP after non-isothermal melt-crystallization at six different
cooling rates,

153 Mechanical Properties

Fig., 7.10 shows the tensile strength at yield for neat iPP and iPP
samples filled with various types of TiCsananoparticles. Clearly, the tensile strength
at yield generally decreased with increasing TiC>2content. The observed decrease in
the tensile strength at yield is probably due to the poor interfacial adhesion between
the TiCsenanoparticles and the iPP matrix, Interestingly, the tensile strength at yigld
for iPP samples filled with stearic acid-coated TiCs2nanoparticles (CYU203) at any
given filler contentwas comparatively lower than that for iPP samples filled with the
other two types of TiCsenanoparticles. Previously, Supaphol et al. [6] reported that
the tensile strength at yield for sPP samples filled with CaC0sparticles decreased
With increasing CaCCsscontent and that the surface coating of the particles with
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either paraffin or stearic acid reduced the property value of the filled samples. The
presence of the TiC.. nanoparticles within the IPP matrix obviously increased the
rigidity (1.e. Young’s modulus) of the resulting composites (see Fig. 7.11; especially
when the TiC.. content >20wt%). Again, iPP samples filled with stearic acid-coated
TiC.. nanoparticles showed slightly lower Young’s modulus than those filled with the
other two types of TiC.. nanoparticles. On the other hand, the elongation at yield of
the composites decrease monotonically with the addition of and increasing amount of
Ti02 nanoparticles (see Fig. 7.12). Fig. 7.13 shows the impact resistance for neat iPP
and iPP samples filled with various types of TiU. nanoparticles. For a given type of
Tlo nanoparticles, a maximum in the property value was observed at the filler
content of about 5 or 10 wt%, depending on the type of surface coating, except for
the IPP samples filled with stearic acid-coated TiCb particles (CYU203) which
exhibited another maximum at the filler content of 30 wt%. For sPP samples filled
with CaCC.s particles, a maximum in the impact resistance was also observed at the
filler content of about 5 or 10 wt%, depending on the type of surface coating [6]
Figs. 7.14 and 7.15 show the flexural strength and the flexural modulus for neat iPP
and iPP samples filled with various types of TiC.. nanoparticles. For iPP samples
filled with neat and SC»-coated TiC.. nanoparticles, the flexural strength was not
significantly different from that of the neat iPP, while that of the iPP samples filled
with stearic acidcoated TiC.. nanoparticles was significantly lower. Again, the
presence of the TiC.. nanoparticles within the iPP matrix obviously increased the
rigidity (i.e. flexural modulus) of the resulting composites. For any given TiC-.
content, the property value for iPP samples filled with stearic acid-coated TiC..
particles (CYU203) was lower than those filled with the other two types of TiC..
particles.
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Figure 7.10 Tensile strength at yield for neat and Ti02-filled iPP
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Figure 7.11 Young’s modulus for neat and Ti02-filled iPP.
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7.6 Conclusions

Non-isothermal melt-crystallization and subsequent melting behavior of
neat isotactic polypropylene (iPP) and iPP samples filled with titanium(IV)oxide
(TiCh) nanoparticles having different surface characteristics [i.e. neat, silica (SiCh)-
coated, and stearic acid-coated] in various contents ranging from 5to 30 wt% were
investigated using differential scanning calorimetry (DSC). The cooling rates used
were ranging from 5 to 30°c min’1 With increasing cooling rate, the crystallization
exotherm for all of the samples investigated became larger and shifted towards a
lower temperature. The crystallization peak temperature (rp) for all of the iPP
samples filled with neat TiCh nanoparticles were slightly greater than those of the
neat iPP (by about 1.4-3.6°C) and was not affected by the variation in the filler
content (about 2.3-2.6 °C on average). For iPP samples filled with stearic acid-
coated TiC.. nanoparticles, the T, values were not much different from those of the
neat iPP. For iPP samples filled with 5, 20, and 30 wt% SC»-coated TiC.
nanoparticles, marked differences in the tp values in comparison with those of the
neat IPP were observed (about 6.5-7.9 °c on average). Coupled with the
crystallization kinetic analysis by the Avrami model, the ability for the various types
of TiC.. nanoparticles to nucleate iPP matrix can be ranked as follows: SC>-coated
TiC. nanoparticles > neat TiC. nanoparticles > stearic acid-coated TiC.
nanoparticles. Lastly, incorporation of the nanoparticles caused the rigidity of the
resulting composites to increase (especially when the filler content was greater than
or equal to 20 wt%).
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