CHAPTER IV
RESULTS AND DISCUSSION

41 Thermal Analysis

4.1.1 Crystalline Structure
X-ray diffraction (XRD) determined the crystalline structure of neat

S-PP, CaCUsand s-PP/CaCos compounds. Figure 4.1 shows X-ray diffractogram of
neat S-PP (the sample was crystallized using DSC at cooling rate 10°c/min). The
characteristic X-ray peaks were observed at 20 = 12.2, 158, 20.8 and 24.5 degrees.
This results showed strong agreement with Supaphol and Spruiell (2001), in which
they suggested these characteristic peaks corresponded to d-spacings at 7.25, 5.60,
427 and 363 A and to reflection planes at (200), (010), (111) and (400),
respectively, according to limit-disordered orthorhombic unit cell.
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Figure 4.1 X-ray diffractogram of S-PP sample.
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Figure 4.2 shows a characteristic X-ray peaks of uncoated-1.9 pm
CaCos having strong 20 = 29.04, 39.44 and 43.20 corresponded to d-spacing values
of 3.03, 2.28 and 2.09 A respectively, which were confirmed to be those of calcite
(JCPDS file no.5-586). X-ray diffraction patterns of uncoated-2.8 pm, stearic acid-
coated and paraffin-coated 19 pm CaC03 were not different from that of the
uncoated-1.9 pm CaC03 However, X-ray patterns of uncoated-10.5 pm CaCos as
shown in Figure 4.3 showed strong diffractions at d-spacings of 3.03, 2.28 and 2.09
A, indicative of calcite structure, combined with strong diffractions at 20 = 30.90,
41.10 and 51.04 corresponded to d-spacings of 2.89, 2.19 and 1.79 A respectively,
indicative of dolomite (CaMg(Cos)2) (JCPDS file no.36-426). This clearly indicated
that the as-received uncoated-10.5 pm CaC03not only contains calcite but dolomite
as well. Kowalewski and Galeski suggested that the different in nucleating ability of
calcite and aragonite could be explained in terms of the differences in the structure of
CaC03
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FHgure4.2 X-ray diffractogram of uncoated-1.9 pm CaC03



18

20 (degrees)

Figure 4.3 X-ray diffractogram of uncoated-10.5 pm CaC03

Figure 4.4 illustrated the effect of CaC03 content on the X-ray
diffractograms of s-PP/CaC03 compounds. It is apparent that the intensity of the
(010) characteristic crystalline peak of S-PP decreased, while the intensities of the
characteristic peaks of CaC03got more pronounced, with increasing CaCO3content.
Figure 4.4 and 4.5 clearly suggested that the presence of CaC03 did not alter the
crystalline structure ofthe S-PP matrix.
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Figure 44 X-ray diffractograms of (1) neat S-PP, and (2) 5 wt.%, (3) 20 wt.%, and
(4) 40 wt.% uncoated-19 fam CaCos-filled sPP.
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Figure 45 X-ray diffractograms of (1) neat S-PP, and (2) 5 wt.%, (3) 20 wt.%, and
(4) 40 wt.% uncoated-105 |im CaCos-filled sPP.
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4.1.2 Crystallization Behavior
In this experiment, the crystallization was studied under both
isothermal and non-isothermal crystallization conditions. The effects of CaCCs
content, particle size and surface modification were investigated.

4.1.2.1 Isothermal crystallization

Crystallization rates of polymers can be expressed in terms of
half-time of crystallization, «.- obtained from the isothermal exotherms of the DSC
experiments. Half-time of crystallization, « is defined as the time spent from the
onset of the crystallization to the point where the crystallization is 50% complete
(Supaphol and Sprueill, 2000). I the half-time of crystallization, « is short, this
indicates that the crystallization rate is fast. Effects of content, particle size and
surface modification of CaCCss on fusion temperature, Tf and crystallization
temperature, Tc under isothermal condition were investigated.

a) Effect offusion temperature

In this experiment, the neat S-PP and CaCos-filled S-PP were
heated from room temperature to a specified fusion temperature, Tf1ranging from 127
to 230°c. The samples were kept at the fusion temperature, Tf for a holding time, «
of 5 min to erase thermal history before being cooled down to isothermally
crystallize at an arbitrary crystallization temperature, Tc. The effects of CaCCs
content, particle size and surface modification on half-time of crystallization, «.
were evaluated as a function of fusion temperature, Tt

Figure 4.6 illustrated the half-time of crystallization, .. as a
function of fusion temperature, Tf of S-PP and various s-PP/CaCos compounds. The
observed half-time of crystallization, « value of pure S-PP seems to have a strong
correlation with the fusion temperature, Tf used, especially in the range where Tf<
160°c, and it becomes independent of the fusion temperature used when Tf> 160°c.
The results clearly suggested that prolonged melting of S-PP at Tf > 160°c for
holding time of 5 min is free from influences of the self-nucleation effect. However,
it can be seen that half-time of crystallization of 20% uncoated-19 pm CaCos-filled
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and 40% uncoated-1.9 pm CaCos-filled S-PP did not depend much on the fusion
temperatures used. The half-time of crystallization for 20% uncoated-1.9 pm CaCos-
filled s-PP was systematically greater than for 40% uncoated-1.9 pm CaCos-filled -

pp. This clearly suggested that the presence of CaCCs could enhance the
crystallization rate significantly.
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Fgure 46 Effect of CaCCsscontent on half-time of crystallization, tos as a function
of fusion temperature, Tf for (0) neat S-PP, () 20% uncoated-1.9 pm CaCos-filled
and (A) 40% uncoated-1.9 pm CaCCfilled S-PP.

Comparison of half-time of crystallization, tos measured with
different particle sizes of CaCCssas a function of fusion temperature, Tf is shown in
Figure 4.7. It is obvious that half-time of crystallization of 40% uncoated-1.9 pm
CaCCb-filled S-PP was faster than neat and 40% uncoated-2.8 pm CaCCsilled S-PP.
It I surprising that the half-time values of 40% uncoated-105 pm CaCos-filled S-PP
were almost the same as those for 40% uncoated-1.9 pm CaCos-filled S-PP. Further
Investigation by X-ray diffraction (See section 4.1.1) suggested that the as-received
105 pm CaCos contained (CaMg(CUs)2), while all of the as-received CaClUs



22

samples were pure calcite. The results strongly suggested that not only the content
and the average particle size of the fillers that affect the nucléation ability of the
fillers, but also their crystal structure.

At this point, it can be concluded that the crystallization rate
increased with decreasing particle size (from 2.8 to 1.9 pm), and the type and crystal
structure of the fillers also influenced the rate of crystallization.

3
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Figure 4.7 Effect of CaCCsssize on half-time of crystallization, .- s a function of
fusion temperature, Tf for (0) neat, ( ) 40% uncoated-1.9 pm CaCos-filled, (a) 40%
uncoated-2.8 pm CaCos-filled, and (<5 40% uncoated-105 pm CaCC=illed S-PP.

Figure 4.8 shows the effect of different surface modifications on
half-time of crystallization, .. - as a function of fusion temperature Tt The values of
half-time of crystallization, .. . for stearic acid- and paraffin-coated samples were
greater than those of the uncoated compounds and neat S-PP for a given fusion
temperature, Tf. The crystallization rate of both stearic acid- and paraffin-coated
samples exhibited almost the same values. This indicated that surface modification
with stearic acid and paraffin did not enhance the nucléation ability of CaCos
appreciably. The discussion will be given later.
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Figure 4.8 Effect of CaCCsssurface modification on half-time of crystallization, .. .
as a function of fusion temperature, Tf for (o) neat, ¢ ) 40% uncoated-19 pm
CaCCfilled, (a) 40% stearic acid-coated-19 pm CaCos-filled, and (v) 40%
paraffin-coated-1.9 pm CaCos-filled s-PP.

b) Effect ofcrystallization temperature

In this experiment, each sample was held at fusion temperature,
Tt 190°c for 5 min before being quenched at a rate of 200°c/min to a desired
crystallization temperature, Tc. The half-time of crystallization, .. - were evaluated at
various crystallization temperatures, Tc studied.

Table 4.1 shows half-time of crystallization, .. - data collected
for three different crystallization temperatures, Tc 87.5, 90 and 92.5°c. The half-time
of crystallization, ... as a function of CaCCs content, particle size and surface
modification was discussed. The half-time of crystallization, .. . of S-PP decreased
when filled with CaCCssand was found to decrease strongly with increasing CaCCs
content and decreasing CaCos particle size (i.e., from 2.8 to 1.9 pm). However, for
105 pm CaCCri, the half-time of crystallization, .. . was almost equivalent to that for
19 pm CaCC>s, which is similar to the results obtained earlier. Surface modification
of CaCCss with stearic acid and paraffin resulted in an increase in the half-time of
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crystallization, .. - for the uncoated samples at the same loading. From the results, it
IS clear that S-PP compounds crystallize much faster than the neat samples at a
particular crystallization temperature. The lower the crystallization temperature, the
shorter the half-time of crystallization. Additionally this results showed that surface
modification with stearic acid and paraffin reduced the nucléation activity of CaCos.

Table 4.1 Effect of crystallization temperature on s-PP/CaCCss compounds

Materials Half-time of crystallization, .. . (min)

Te=875°c  Tc=90°  Tc=92.5°

SPP 182 2.33 405
20% 19pm 0.9 142 185
40% 19pm 0.88 12 156
40% 2.8 pm 123 158 184
40% 105 pm 0.95 122 165
40% 1.9 pm 114 146 185
40%p 1.9 pm 106 144 192

= Uncoated CaCC>, - stearic acid-coated and p = paraffin-coated

4.1.2.2 Non-isothermal crystallization
The actual processing is performed under non-isothermal
conditions, so non-isothermal experiments are often a useful complement to
understand crystallization behavior of a semi-crystalline polymer during its
processing. In this experiment, the compounds were kept at 190°c for 5 min, then
being cooled down to -5°c at a rate of 10°c/min. The crystallization exotherms and
subsequent melting endotherms were recorded.

a)Effect ofparticle size
Figure 4.9 shows DSC crystallization exotherm of uncoated-1.9
pm CaCos-filled S-PP as a function of filler content at cooling rate 10°c/min.
Adding CaCos shifted the low-crystallization temperature, Tel to a higher
temperature than in neat S-PP indicates that CaCCssacted as a good nucleating agent
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for S-PP. The values of Tel and onset crystallization temperature, Tdx& slightly
increased with weight percent of CaCC>s

It Is interesting to point out that the crystallization exotherms of
neat S-PP and s-PP/CaCCss compounds existed in two types as shown in Figure 4.9.
First, single-crystallization peak for large particle size (i.e., 28 and 10.5 pm) and low
loading (< 20 wt.%) of small particle size (i.e., 1.9 pm) and the second is double-
crystallization peak for smallest particle size (i.e., 1.9 pm) that clearly seen at high
loadings (> 20 wt.%). It was found that the CaCUs particle size greatly influenced
the crystallization temperature of s-PP/CaCos compounds. Therefore, additional
investigations to evaluate the occurrence of the double-crystallization peak were in
need. These were carried out by investigating the effects of varying scanning times
and varying holding times on the crystallization behavior of the s-PP/CaCos
compounds.
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Figure 49 Crystallization exotherms of uncoated-1.9 pm CaCos-filled S-PP as a
function of filler content at cooling rate 10°c/min.

The effects of varying scanning times and varying holding times
on the crystallization behavior of 40% uncoated-1.9 pm CaCos-filled S-PP are
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shown in Figures 4.10 and 4.11, respectively. It is obvious that both varying scanning
times and varying holding time were non-factors.
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Figure 4.10 Effect of scanning times on 40% uncoated-1.9 pm CaCos-filled s-PP.
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Figure 4.11 Effect ofholding time on 40% uncoated-1.9 pm CaCos-filled S-PP.
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Generally, the presence of multiple crystallization peaks (e g., two or three
peaks) indicate a crystalling transition of a different type and an annealing effect
(Mitsushi et al., 1991). Futhermore, Acosta et al. (1986) reported that the double-
crystallization peak is found in their DSC measurement. They attributed these peaks
to the presence of a different ordered structure. Accordingly, possible reasons for the
occurrence  of multiple crystallization peaks may be (i) the difference of
crystallization behavior on the different parts of the particle surface, and (ii) the
presence of both accelerating and non-accelerating crystallized parts on the particle
surface. The solid explanation to this is a subject for further investigation.

The relationship between the onset crystallization temperature, Teonset Of
neat S-PP and s-PP/CaCos compounds as a function of CaC03 content with three
different particle sizes was shown in Figure 412 and Table 4.2. That the
crystallization temperature, Teonset of S-PP/ CaCO) compounds shifted to a higher
temperature than in neat S-PP indicates that CaC03 acted as a good nucleating agent
for S-PP. The values of Tconset slightly increased with weight percent for all particle
sizes and increased with decreasing particle size (i, from 28 to 19 pm). This is
because the crystallization speed of the S-PP matrix has been changed by the
interactive motion of the S-PP-matrix layer in vicinity of the particle surface. The
activity of the particle surface increases with surface energy, which, in turn, increases
with a decrease in particle size (Mitsushi et al, 1991). It is interesting that 105 pm
CaC03did not have the lowest Tconset values, when compared with those for 1.9 and
2.8 pm CaC03, Based on X-ray diffraction results (see section 4.1.1), this was the
result of the presence of dolomite in the as-received CaC03 samples. This different
nucleating activity of 105 pm CaC03 results collaborated well with the conclusion
obtained from the studies of isothermal crystallization conditions (see above).
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Figure 4.12 Relationship between onset crystallization temperature, Teons
s-PP/uncoated CaCos and filler content with various particle sizes.



29

Table 4.2 DSC non-isothermal crystallization data for various CaCos-filled S-PP at
cooling rate of 10°c/min
Crystallization

Materials CaC03 Teonset Tel Tch AHe
(t.%) ('C) gC) ('C) gJ/g)

s-PP 0 194 44 35
SPPIU*-19 pm 5 85.2 79.9 335
10 90.0 80.8 3438

20 92.0 81.2 89.8 320

30 92.3 819 89.9 24.4

40 9.1 815 90.5 191

s-PP/U-2.8 pm 5 818 76.8 284
10 82.3 1.6 26.6

20 83.0 182 16.8

30 836 79.0 176

40 84.3 194 10.1

s-PP/U-10.5 pm 5 8.1 9.1 305
10 84.7 19.6 21.1

20 85.8 805 29.1

30 86.9 813 22.3

40 885 819 21.9

s-pp/s”-1.9 pm 5 817 16.7 286
10 82.4 713 29.7

20 83.2 8.3 24.2

30 84.4 9.1 284

40 848 795 238

SPPP*-1.9 pm 5 81.4 16.2 29.1
10 817 16.7 28.8

20 819 7.3 284

30 82.7 7138 24.6

, L 40 83.2 184 198
%ﬁb’dé’t’e’d‘(ﬁw&, "stearic acid-coated CaCCri, *"paraffin-coated CaCCss

Tel = low-crystallization temperature, Tch = high-crystallization temperature
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b) Effect ofsurface modification

Comparison of crystallization temperature, Tc measured for
uncoated CaCos-filled, stearic acid-coated CaCos-filled and paraffin-coated CaCCs
filled systems is shown in Table 4.2. 1t should be noted that the double-crystallization
peaks which were present in crystallization exotherms at high filler loadings for
uncoated-1.9 pm CaCos-filled S-PP were absent from those for both stearic acid- and
paraffin-coated systems. The values of crystallization temperature in stearic acid- and
paraffin-coated systems were less than those for the uncoated system at the same
filler content, and both stearic acid- and paraffin-coated systems showed almost the
same crystallization temperature values. These results indicated that both surface
modification of CaCCfr with stearic acid and paraffin had a negative effect on the
nucleation efficiency of CaCCssin S-PP. Ryhnikar (1991) reported that the nucléation
activity of CaCos could be increased or decreased by a suitable surface treatment
and the stearic acid coating on CaCCss was found to decrease the nucléation
efficiency of CaCCssin I-PP.

In addition, Mitsushi et al. (1991) reported that the
crystallization temperature of alkyl dihydrogen phosphate-modified CaCos-filled
I-PP is less than that of the unmodified system. This is because of the existence of the
alkylhydrogen ~ phosphates layer surroundingthe CaCCss surface reduce the
resistance of the polymer chain movement at the PP-CaCos interphase and the
restriction of rapid crystallization.

¢) Subsequent melting behavior

After S-PP and their compounds were crystallized, each sample
was subsequently heated at a rate of 20°c/min to the melt state, while the melting
endotherm was recorded. It is apparent that the neat S-PP exhibited double-melting
peak as shownin Figure 4.13. The low-melting endotherm, Tmi is a result of the
primary crystals formed at Tc, whereas the high- melting one, Tnh is a result of the
melting of crystals formed by recrystallization during the reheating process
(Supaphol, 2001). Furthermore, for low filler contents (<20 wt.%) of uncoated-1.9
pm CaCC>s, the double-melting peak was also observed, while the high filler contents
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(> 20 wt.%) exhibited the triple-melting peak. To the first approximation, these lower
melting peak is corresponding to the high-crystallization peak observed during the
cooling scan.

Complete experimental data taken from melting endothems for
neat S-PP and all compounds are listed in Table 4.3. ft is clearly seen that Tmh and T
values of s-PP/CaCCss compounds shifted to a higher temperature with increasing
filler content, suggesting that addition of nucleating agents improves the crystal
perfection of S-PP (Wang et al) and this effect is more pronounced with decreasing
particle size.

40 wt.%

30 wt.%

r//\/\/\ 20 wt.%

/\/\ 10 wt.%

____/___’__,/\/\ 5wt.%
__,,/\/\ s-PP

Heat flow endo up (mW)

T T T T
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Figure 4.13 Melting endotherms of uncoated-1.9 pm CaCos-filled S-PP at various
filler contents at heating rate 20°c /min.
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Table 4.3 DSC melting data for various CaCCh-filled S-PP at heating rate 20°c/min

Materials
s-PP
$-PPIU*-1.9 pm

s-PP/U-2.8pm

s-PPIU-10.5pm

$-PP/S**-1.9pm

x

s-pp/p *-1.9pm

CaCOs

(Wi.%)

0
5
10
20
30
40
5
10
20
30
40
5

10
20
30
40
5

10
20
30
40
5

10
20
30
&40

.
i
110.0
1120
1122
1121
1120
1115
111.0
1112
1115
1115
1114
112.2
1121
1122
1119
1116
111.0
1113
1117
1121
1121
1105
1109
1111
1112
1114

Tml
(C)
1144

116.7
1172
1175
118.0
118.0
1154
1155
1161
116.0
1161
116.7
116.7
117.0
1174
1175
1155
1158
1158
1161
1164
1148
1151
1155
1156
115, %

'uncoated CaCC>s, ' steanc acid-coated CaCC>s,
Tmi = low-melting temperature, Tmh= high-melting tem perate

Melting
Tmh m
() (0
1255 -

126.4

126.9 -

1269 1037

1211 1040

1210 1041

1259 -

1258

1263

126.0

126.0

1268

126.6

126.6

126.6

126.4

126.0

126.1

1256

1263

1263

1256

1256

1258

1258

1258
**paraffm-coated CaCC>3

AHm
/

J

Q!
340
33.6
314
259
220
335
321
33.8
28.1
26.8
36.2
329
285
219
239
334
32.1
216
230
19.7
312
302
299
263
221
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As listed in Tables 4.2 and 4.3, enthalpy of crystallization (AHe), enthalpy of
melting (AHm) and, hence, the degree of crystallinity decreased with increasing filler
content. This result is in good agreement with that observed on s-PP/talc and S-PP/
glass-bead compounds (Strieker et ai, 1997). As a consequence, enhanced
nucléation density results in a larger number of small spherulites and an increased
impingement area between the spherulites.

4.2 Mechanical Properties

4.2.1 Tensile Properties
4.2.1.1 Effectofparticle size

The effect of filler particle size on tensile properties of CaCC>s-
filled s-PP samples with filler content was shown in Table 4.4. The results showed
that tensile strength gradually decreased with increasing CaCCs content while
Young’s modulus markedly increased with increasing concentration of CaCC>s. The
results were similar for all of three particle sizes studied. Possible explanation may
the stiffening effect that CaCCss influenced on the S-PP matrix. (Maiti et al, 1991).
The presence of CaCCss restricts the mobility of S-PP chains and can also act as
weakness point in the structure, a direct result of the poor interfacial interaction (only
physical interaction, i.e., surface adsorption, is present) between the filler and the
matrix. The increase in the Young’s modulus may be attributable to the increasing
number of tie molecules with increasing filler content. Comparison of both tensile
strength and Young’s modulus among different particle sizes showed that the
variation was insignificant, indicating that the tensile properties is controlled
primarily by the content of filler rather than by its particle size.
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Table 4.4 Tensile properties of S-PP filled with uncoated CaCCh at various particle
Sizes

s-PP/ICaC03 Tensile strength (MPa) Young's modulus (MPa)
(wt.%) 19pm 28 pm 105 pm 19pm 28 pm 105 pm
100/0 185 185 185 401 4401 4401
95/05 190 166 170 418 3961 3995
90/10 73 169 174 4605 4379 4456
80/20 158 163 165 0520 5243 5253
7030 144 150 150 6211 6327 5868
60/40 127 130 128 684.7 7158 7086

4.2.1.2 Effect ofsurface modification

The effect of various surface modifications of s-PP/CaCCss
compounds on tensile properties was represented in Table 4.5. On the comparison of
uncoated 19 pm CaCCs with stearic acid and paraffin coating as a function of
CaCos concentration, it was found that tensile strength decreased with increasing
CaCUs content whereas Young” modulus increased with increasing CaCos content
These results showed the similar behavior to untreated filler but stearic acid and
paraffin coating dramatically decreased the tensile properties at all concentrations,
without significant difference in the property values between stearic acid- and
paraffin-coated CaCos. These results indicated that both stearic acid and paraffin did
not improve interaction between the CaCos filler and the S-PP matrix, but merely
serves the purpose of random dispersal of particles (Bartczak et al., 1999).
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Table 45 Tensile properties of SPP filled with CaCC. at various surface
modification

$-PP/CaC03 Tensile strength (MPa) Young's modulus (MPa)

Stearic  Paraffin- Stearic  Paraffin-
Wt%)  Uncoated poiiooated  coated  UNCOBIE poiiosted  coated

100/0 185 185 185 401 401 4401
95/05 190 16.7 16.9 4418 4089 4109
90/10 173 163 16.2 4605 4326 400.6
80/20 158 148 150 5520 5092 498.1
70/30 144 131 132 62.1 5331 530.3
60/40 127 11.9 120 084.7 6325 637.6

4.2.2 Impact Resistance
4.2.2.1 Effectofparticle size

|zod impact resistance of CaCOi-filled S-PP samples with
various CaCos sizes was investigated and the results were shown in Figure 4.14. For
19 pm CaCos, impact resistance increased with increasing CaCCsscontent up to ca.
10% by weight then the value decreased. The increase in impact resistance at low
weight concentration may e attributed to the formation of smaller-sized crystallites,
as well as to the ability to absorb more energy by the increased portion of amorphous
material (Maiti et al, 1991). Further increase in concentration resulted in a decrease
in impact resistance. Moreover, for larger particle size (i, 28 and 10.5 pm), the
Impact resistance gradually decreased with increasing CaCCss content. In this case,
the filler had no surface treatment and hence the polymer-filler interfacial interaction
Is relatively weak. During the impact test, cracks tend to propagate through the
polymer matrix as well as along the weaker interfacial region, where it does not resist
crack propagation as effectively as the polymer matrix and thus the impact resistance
IS reduced (Tjong et al, 1997). In addition, there is loss in the relative amount of the
tougher polymer by addition of a brittle filler, which leads to a further reduction in
the impact toughness of the compounds with increasing filler content. According to
Figure 4.14, impact resistance decreased appreciably with increasing size of CaCCss
particles.

im T
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Figure 4.14 Izod impact resistance of CaCos-filled S-PP as a function of CaC03
content with different particle sizes.

4.4.2.2 Effectofsurface modification

The effect of surface modification on 1.9 pm CaC03 on the
impact resistance of CaCos-filled S-PP samples was shown in Figure 4.15. For
stearic acid-coated CaC03 impact resistance seem to be constant up to ca. 10% by
weight, and gradually drop off with further increase in filler content. Compared with
paraffin-coated CaC03 the impact values increased significantly up to 5% then the
values decreased with further increase in CaC03 content. The impact resistance of
paraffin-coated and high-weight concentration of stearic acid-coated 19 pm was
higher than the untreated CaC03 Riley et al. (1990) reported that, for i-PP/CaC03
compounds, the coating aids the dispersion of the filler, so making available a large
number of particle to retard crack propagation which is in extremely good agreement
with the results obtained in this study, especially at high CaC03content.
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Figure 4.15 Izod impact resistance of 1.9 pm-CaCos-filled S-PP as a function of
filler content with various surface modifications.
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4.3 Morphology of Fracture Surface

Scanning electron microscopy (SEM) was used to study the dispersion of
CaC03 particles on the fracture surface of impact specimens. The dispersion of
CaC03was investigated with an emphasis on the content, particle size, and surface
modification of the filler.

431 Effect of Particle Size

Figure 4.16 Scanning electron micrographs of fractured surfaces of S-PP filled with
different CaC03particle sizes: (a) 1.9 pm, (b) 2.8 pm, and (c) 105 pm, at 20 wt.%.
Corresponding micrographs of S-PP filled with 40 wt.% CaC03 are represented in
(d), () and (f), respectively.
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The micrographs shown in Figure 4.16 demonstrate the fracture surface
of test specimens after failure. It was shown that CaCCss particles dispersed evenly
within the S-PP matrix. However, for the small particle sizes (i.e., L9 and 2.8 pm) at
high CaCos loadings (see Figure 4.16 (d) and (&), respectively), large agglomerates
are present. This is due mainly to the fact that the small particles have large surface
area which tend to aggregate very easily. Furthermore, the micrographs showed the
filler pull-out from the matrix, indicating poor adhesion between the filler and
polymer matrix. The larger particles (see Figure 4.16 (f)) are less well embedded
within the S-PP matrix during fracture.

4.3.2 Effect of Surface Modification

B
] 3
\
&
W,

-

Figure 4.17 Scanning electron micrographs of fractured surfaces in S-PP filled with
20 wt% CaCCs for (a) stearic acid-coated, and (b) paraffin-coated systems.
Corresponding micrographs of S-PP filled with 40 wt.% CaCOQi are presented in (c)
and (d), respectively.
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The effects of stearic acid and paraffin coating on filler dispersion of
s-PP/CaCos compounds were studied by using SEM. Comparison surface of 20
wt.% of filler coating with stearic acid and paraffin to uncoated surface, showed in
Figure 4.17 (a), (b) and 4.16 (a) respectively. It was clearly seen that CaCCssparticles
are well dispersed without agglomeration when the surface was coated with stearic
acid and paraffin. This behavior remained similar even when the concentration of
CaCCss was increased (see Figure 4.17 (c)-(d)). In addition, it is evident that the
adhesion hetween the coated filler and the polymer matrix was very poor, indicating
that surface modification with stearic acid and paraffin did not improve adhesion but
only help in dispersion of the filler throughout the matrix. This is in accord with the
Impact test results.

It has been reported that stearic acid coating decreased the filler surface
energy, leading to the promotion of a separated dispersion structure (Prempet and
Horanont, 1999). The surface energies of these compounds were compared. Table
4.6 shows published surface energy values for I-PP and CaCC>s

Table 4.6 Dispersion (yd) and polar (yp) components of the surface energy (y) of pp
and CaCCs

Materials Surface energy (mJ/m?2)

y W y
I-PP 26.0 40 30.0
CaC03(uncoated) b4.4 1534 2079
CaCCs(coated with stearic acid) 234 180 414

In comparison with CaCC.. fillers, I-PP has low surface energy,
therefore CaCC.. might be expected to be wetted by polymer melts rather easily.
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44 Rheological Measurement

44.1 Steady Shear Behavior

The steady measurements under steady state viscosity can describe the
processability of the material. In this work, the melt viscosity of s-PP/CaCos
compounds were measured over the shear rates of 0.25 to 3000 1/s at 200°c, using
two types of rheometers: parallel plate rheometer (to cover the range 0.25 and 25 1fs)
and capillary rheometer (to cover the range 50 to 3000 1/s). Dependence of melt
viscosity on content, particle size, and surface modification of CaCCss filler was
investigated.

Most polymers exhibit shear thinning behavior, which means that the
VIscosity decreases as shear rate increases.

4.4.1.1 Effect ofparticle size

The effect of filler particle size on the shear viscosity of S-PP/
CaCCss compounds as a function of shear rate at various weight concentrations was
shown in Figures 4.18 to 4.20. For small particle size (1.9 pm CaCC>), the steady
shear behavior was shown in Figure 4.18. It is evident that the neat SPP and -
PP/uncoated-1.9 pm CaCCsscompounds at low weight concentrations of filler (i.e., 5
to 20 wt.%) exhibited the typical shear thinning behavior, with a plateau at low shear
rates and shear thinning at high shear rates, while, at high weight concentrations of
filler (i.e., 30 and 40 wt.%), the compounds showed the shear thinning behavior as
well, but without the presence of plateau at low shear rates, and the shear viscosity
was always non-newtonian and became increasingly nonlinear and unbounded at low
shear rates. Such an unbounded shear viscosity represents yielding as predicted by
most plastic fluid models where the apparent viscosity tends to infinity at vanishing
shear rate due to the presence of yield stress below which there were no flow (Wang
et al, 2000). Similar results were reported by Kim et al. (1999) in their study on
PSICaCCsssystems. The other compounds with larger particle size (i.., 2.8 and 105
pm) demonstrated similar behavior to that of the small particle size, as showed in
Figures 4.19 and 4.20 respectively.
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In addition, in system filled with non-interactive particles, the
viscosity is enhanced by the increased energy dissipation owing to the presence of
the particle, this theory was proposed by Eistein (Li et al, 1990). The viscosity
increases with filler content due to the stronger interaction between filler particles
that give rise to larger energy dissipation.
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Figure 4.18 Shear viscosity as a function of shear rate for s-PP/uncoated-1.9 pm
CaCCL melts at 200°c.



10000 -
O sPP
O 5wt%
Qoo A 10wt%
v 20 wt.%
~ g O 30w%
g § O 40wt%
2 1000 |-
2]
o]
o /
2 A
= %
O Parallel plate rheometer g@
® Capillary rheometer @
100 Lol ol el ul (il | 11
21 1 10 100 1000 10000

Shear rate (1/s)

Figure 4.19 Shear viscosity as a function of shear rate for s-PP/uncoated-2.8 pm

CaCos melts at 200°c.
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Figure 4.20 Shear viscosity as a function of shear rate for s-PP/uncoated-10.5 pm

CaCCssmelts at 200°c.
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Figure 4.21 shows the comparison between zero shear viscosities (viz.
viscosity at shear rate equal to 0.25 1/5) obtained for compounds with various
particle sizes. The compounds filled with uncoated-19 pm CaCos exhibited the
highest viscosity, due possibly to its large surface area. The results were more
obvious at high filler contents. Therefore, the steady shear viscosity of s-PP/CaCos
compounds is strongly related to particle size and content.
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Figure 421 Comparison between zero shear viscosity and CaCCss content with
various particle sizes.

4.4.1.2 Effect ofsurface modification

The shear viscosities of stearic-coated and paraffin-coated
CaC03s-PP compounds were shown in Figures 4.22 and 4.23, respectively. When
compared with compounds filled with uncoated CaC03 (see Figure 4.18), the
compounds filled with coated CaCos exhibited very similar behavior. At high shear
rates, the data obtained at various filler content were very similar, suggesting no
existence of special internal structure (Wang et al., 2000). For better representation
of the results, comparison of the zero shear viscosity obtained for compounds filled
with CaC03of various surface modifications at different filler contents was shown in



Figure 4.24. The values of the zero shear viscosities of stearic acid-coated and
paraffin-coated systems were slightly lower than those of the untreated system,
especially at high shear rates, suggesting that inter-particle interaction of CaCs Was
reduced as a result of the surface modification.
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Figure 4.22 Shear viscosity as a function of shear rate for S-PP/ stearic acid-coated-
19 pm CaCos melts at 200°c.
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Figure 4.24 Comparison hetween zero shear viscosity and CaCCxs content with
various surface modifications.



4.4.2 Oscillatory Shear Behavior

The dynamic test of s-PP/CaCos compounds was carried out in a
frequency sweep range from 0.1 to 100 rad/s at 200-c. All tests were carried out at a
fixed strain amplitude of 209, corresponding to the linear viscoelastic region. In this
work storage modulus and loss modulus were  died.

Storage modulus represents the elastic response of the materials, in
relation to the potential energy stored by the material during deformation. The value
of the storage modulus represents the stiffness of the materials. Figure 4.25 shows
storage modulus of neat s-pp and s-PP compounds filled with uncoated-19 pm
CaCCss as a fonction of filler content. These compounds showed a flow behavior
similar to that of the neat s-pr. At low filler contents, storage modulus (G') seemed
to change slightly with increasing CaCCs content, whereas at high contents, G
increased by as much as 58% as compared with that of the neat s-pp. This may he
due to the rigidity ofthe CaCC.s particles, which help store more deformation energy.

Li and Masuda (1990) investigated the effect of particle dispersion on
viscoelastic behavior of CaCos-filled i-PP melts. They reported that G' and G"
increased with increasing filler content, especially at low frequencies. It is interesting
to note that, their results for compounds filled with small particle size (i.e., 0.15 pm)
at high filler loading (i.e., 30 wt.%) exhibited a second plateau in the G' curve at low
frequencies. The second plateau is attributed to the agglomeration of the particles.
This, however, was not observed in this work, which may be due to the fact that the
measurement first started at high frequencies at which certain agglomerations may
have already been destroyed.
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Figure 4.25 Storage modulus as a function of frequency of s-PP/uncoated-1.9 qm
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Figure 4.26 Storage modulus as a function of frequency of s-PP/stearic acid-coated-
19 gm CaC03melts at 200°c,
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Figure 4.27 Storage modulus as a function of frequency of s-PP/paraffin-coated-1.9
pm CaCos melts at 200°c.

Loss modulus is the viscous response of the material. The loss
modulus represents the dissipation energy in the form of heat occurring during
deformation. Figure 4.28 shows loss modulus for s-PP/CaCos compounds at various
filler contents as a function of the frequency. At low filler contents, loss modulus
seem to change slightly, whereas, at high filler contents, loss modulus increased with
increasing filler content, which was ca. 50 to 58% greater than that of the neat S-PP.

The viscoelastic behavior of the s-PP/CaCOs compounds for various
surface modifications of CaC03 showed the similar trend to the uncoated CaC03
system: viz. the storage and loss moduli of the stearic acid- and paraffin-coated
systems increased with increasing CaCos content, as shown in Figures 4.26, 4.27,
4.29 and 4.30, respectively.
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Figure 4.28 Loss modulus as a function of frequency of s-PP/uncoated-1.9 (Jm

CaCos melts at 200°c.
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Figure 4.29 Loss modulus as a function of frequency of s-PP/stearic acid-coated-

1.9 pm CaCC.s melts at 200-c.
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Figure 4.30 Loss modulus as a function of frequency of s-PP/paraffm-coated-
1.9 pm CaCC.s melts at 200-c.
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