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ABSTRACT: A study on nonisothermal crystallization
kinetics in fly ash (FA) filled isotactic-polypropylene (PP)
composites has revealed some interesting phenomena.
Composites made by injection moulding of PP with 0, 20,
45, and 60 wt % of FA were nonisothermally studied using
differential scanning calorimetry at cooling rates 10°C,
15°C, and 20°C per min from a melt temperature of 200°C
cooled to —30 °C. Whilst neat PP showed a mono modal o
crystalline phase- only structure, presence of FA led to bi-
modal thermographs revealing partial transcrystallisation
of a into B, to maximum 14%. The onset and peak crystal-
lization temperatures of all samples decreased by ~ 3°C

with each 5°C/min increase in cooling rate. Parameters
such as crystal growth rate, dimensions, and activation
energy were determined using a series of established mod-
els. The Avrami graphs showed that contrary to the pub-
lished data, there are two sets of straight lines (a) with a
lower slope at low cooling rate and (b) with a distinctly
higher slope for high cooling rate. Activation energy of the
materials reached a maximum at 45% FA. © 2009 Wiley
Periodicals, Inc. ] Appl Polym Sci 115: 1510-1517, 2010
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INTRODUCTION

The semicrystalline polymer polypropylene and its
composites are used in many engineering and indus-
trial applications. The mechanical and thermal pro-
perties of PP composites depend on the degree of
crystallinity and the nature of crystalline morphol-
ogy, which may constitute crystallographic phases of
o (monoclinic) and B (pseudohexagonal). The B
phase melts at a relatively lower temperature,
whereas the more stable o phase melts at a higher
temperature."” In the literature, PP reinforced with
inorganic natural clay shows low gas permeability,
low thermal expansion coefficient, and excellent sol-
vent and chemical resistance.”” The nature of filler
plays a significant role in transcrystallization of o to
B form and the dimensional distribution of spheru-
lites of PP in composites.” A number of studies have
reported that talc,’ kaolin,'® carbon black,!' calcium
carbonate,? Clay,13 7Zn0O,"* glass fibre,'® silicon
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oxide,l6’17 and carbon nanotube'® have the potential

to act as enhanced nucleating agents for PP chain.
Such information leads to the understanding of crys-
tallisation kinetics in semicrystalline polymer sys-
tems which in turn control their mechanical and
other engineering properties.

Various models have been proposed in the literature
for the study of nonisothermal parameters in polymer
matrix composites. The degree of crystallinity is
generally calculated by the following equation.'*!!

X.(%) = AH./(1 — ¢)AH,, x 100 1)

where AH, is apparent enthalpy of crystallization,
AH,, enthalpy of melting of 100% crystalline poly-
mer [178 ]J/g for AH,, enthalpy of melting of 100%
a-crystalline PP and 168 J/g for AH,, enthalpy of
melting of 100% B-crystalline PP are used for calcu-
lation of crystallinity of o and B-phase PP], and @ is
the weight fraction of filler in the composite. The
supercooling temperature (AT) can be calculated
from the difference of melting and crystallization
temperatures, which also characterizes the crystalli-
zation behavior of the melt.*

Dynamic (nonisothermal) crystallization, the com-
mon industrial route, is much more complicated
than isothermal situation due to alteration of thermal
environment with time. Equation (2) leads to
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the Avrami nonisothermal crystallization kinetic
parameters.21

1—X; =exp(—Zit") (2

where X; is the relative degree of crystallinity at time
t, Z; is crystallization constant involving both nuclea-
tion and growth rate of crystallization, n is Avrami
exponent related to the crystallization dimension. The
crystallization temperatures during cooling can be
converted to crystallization time using eq. (3)*

t= (To—T)/® 3

where f is crystallization time, T, the onset crystalli-
zation temperature, T the temperature at crystalliza-
tion time at ¢, and @ the cooling rate from melt state.
The double-logarithmic form of the above Avrami
equation yields

In[—-In(1 - Xy)]=InZ; +nint 4)

According to Jeziorny model,* the constant In Z,
can be expressed as

InZ.=InZ;/® ®)

where Z. is the corrected Jeziorny crystallization
constant.

Ozawa developed a new extended form of Avrami
equation to determine the crystallization parameters
and dimensional growth. Equation (6) was proposed
for investigation of nonisothermal -crystallization
kinetics by integration of infinitesimally small iso-
thermal crystallization steps.*

In[—In(1 - Xy)] =InK(T) — mIn® (6)

where K(T) is crystallization constant, and m is
Ozawa parameter related to the crystal dimensional
growth.

On the other hand, Mo® combined the Avrami n
and Ozawa m exponents and derived another form
of kinetic equation as given below:

In®=InF(T) —alnt (7)

where F(T) is the crystallization constant, a the ratio
of n and m exponents related to the crystallization
dimension.

Kissinger model provides the following expression
for the determination of activation energy in noniso-
thermal condition.?**”

d[In(®/T,*)]/d(1/T,) = —AE/R 8)

where T), is the crystallization peak temperature, R is
universal gas constant, and AE is the activation energy.
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Most of the kinetics research as of date has been car-
ried out in systems other than FA-polymer compo-
sites. Only in recent years, utilization of FA—a readily
available high quantity and high quality ceramic
waste—has been considered for reinforcement of pol-
ymers such as polyester,*® epoxy,” and PP.**® Whilst
one of these papers® has undertaken limited thermal
studies, the bulk of the publications have not investi-
gated these important crystallization kinetics and/or
the activation energy parameter of the matrix under
transient cooling in the presence of FA. The objective
of this paper is (a) to establish any evidence of trans-
crystallization in the presence of FA, and (b) to evalu-
ate the characteristic parameters of nonisothermal
crystallization kinetics in PP-FA systems using the
Avrami, Jeziorny, Ozawa, and Mo models.

EXPERIMENTAL
Materials and samples preparation

a. FA sample was obtained from Gladstone Coal
Fire Plant, Cement Australia, Queensland.

b. White powdery isotactic PP was procured from
Martogg Company Ltd. Sydney, Australia. The
ASTM D1505 —03, 10 min melt flow index
(MFI) of the PP was 60, confirming that it was
a low viscosity grade resin suitable for injection
moulding.

c. PP-FA composite samples were fabricated by
injection moulding in a Boy 15 S equipment at
210°C from premixed mixture of PP with fly
ash (ball mill for 72 h) having concentrations of
(a) 20, (b) 45, and (c) 60 wt % FA. Pure PP
samples were also injection moulded at 210°C
under similar conditions.

Thermal analysis

Melting and crystallisation studies were conducted
using a Perkin Elmer Differential Scanning Calorim-
eter (DSC) TAC-7/DX under nitrogen atmosphere at
10, 15, and 20°C/minute heating or cooling rate in
the range of —30°C to 200°C, and held for 2 min at
200°C to eliminate effects from all thermal his-
tory.'”"” About 10-14 mg sample was sealed in a 30
pL aluminium pan, whilst another empty aluminium
pan was used as the reference. The second heating
and cooling peaks were taken to evaluate the melt-
ing and crystallization temperatures of PP and PP-
FA composites.

RESULTS AND DISCUSSION
Crystallization behavior of neat PP and composites

The normalized nonisothermal crystallization ther-
mographs of neat PP and model figure of composite

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 DSC scans of (a) neat PP and (b) 45 wt % FA
composites showing non-isothermal crystallization at dif-
ferent cooling rates as indicated on the graphs.

45% FA at different cooling rates are presented in
Figure 1(a,b). The onset, peak crystallisation, melt-
ing, and supercooling temperatures, along with cal-
culated crystallinity using Eq. (1) were presented in
Table I. From the thermograms and data presented
in Figure 1 and Table I, the following general obser-
vations can be made:

a. The mono modal thermograph of neat PP in
Figure 1(a) shows only o crystalline peak at
126.3°C for 10°C/min cooling rate, 123°C for
15°C/min, and 121°C at 20°C/min. In the pres-
ence of FA, these transformed into bimodal
graphs [Fig. 1(b)] reflecting the partial transfor-
mation of o to P.
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b. The amount of B increased with increasing FA
content, and maximum 14% [ was achieved
with 45 wt % FA additions.  content decreased
to 4% with further addition of FA to 60 wt %
FA. This effect can be interpreted from diffusion
and movement of molecular segments of PP
suffering from hindrance at higher level of FA
and increased viscosity.*’

c. The onset and peak crystallization tempera-
tures of the o — B peaks shift to lower posi-
tions by ~ 2-3°C with increasing cooling
rate from 10°C/min to 15°C/min and from
15°C/min to 20°C/min irrespective of FA
concentration.

d. The supercooling temperatures, AT, increased
approximately by 2—-4°C in neat PP and compo-
sites on the basis of cooling rates, indicating the
higher cooling rates decreases the crystallization
rate. Zhang et al.** have reported a similar ob-
servation and attributed these to a higher rate of
heterogeneous nucleation induced by FA.

e. The crystallization temperatures were converted
into the crystallization time using eq. (3) and
plotted in Figure 2 as the exotherms of neat PP
and composites at cooling rate 10°C/min. The
formation of P-crystalline PP peak apparently
comes from the partial transformation of o-crys-
talline PP segments or from the amorphous
phase of PP, therefore, the newly B-crystalline
PP peak is smaller than a-crystalline peak.

f. In neat PP and composites, the onset of crystal-
lization happens at the same time. However, in
composites with higher volume fraction of FA,
completion of crystallization happens sooner
than for composites with lower FA content. It
may thus be concluded that FA particles
enhance the crystallization rate.

Avrami equation

Relative crystallinity X; as a function of temperature
was calculated by integrating Figure 1(a,b), ie., the
heat evolved during cooling of the melt (dH/dt).**>*
The results shown in Figure 3(a,b) are the plots of
In[-In(1 — X;)] as a function of In t using eq. (4).
Except for neat PP at 10 °C/min, the graphs show
two straight lines with distinctly different slopes (a)
the slope 1 of slow region indicating one dimension
crystal lamellar growth, and (b) fast region 1 < n, <
3, indicating crystals shapes approaching three
dimensions. The lower slopes happened in the first
half of the cooling time, whilst the higher slopes
occurred in the second half of cooling. The slopes
and the intercepts are displayed in Table II.

The presence of the accelerating slope is a new ob-
servation. This may have come from the disorder
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TABLE I
Crystallization Behavior Polypropylene and Composites at Different Cooling Rates and the Calculated Crystallinity
Using eq. (1)

FA Cooling rate Onset temp Tery T Tery AT Xy Xp
(%) O O a-phase a-phase B-phase (Ty~Tery) a-phase (%) o-crystal (%) B-crystal
0 10 135.2 126.3 165.0 Nil 38.7 46 Nil
15 132.9 123.0 164.6 Nil 40.6 43 Nil
20 131.9 121.3 163.1 Nil 42.8 42 Nil
20 10 137.3 127.3 166.4 115.6 39.1 47 1.29
15 134.1 125.0 163.6 114.5 38.6 44 0.75
20 133.1 122.6 163.4 113.3 40.8 42 0.65
45 10 131.7 123.6 163.4 116.3 39.7 45 14
15 129.1 122.1 162.1 115.0 40.1 43 12
20 128.9 120.0 162.1 113.3 42.1 40 10
60 10 134.3 1233 168.4 117.6 43.1 46 4
15 128.7 121.5 162.6 115.0 41.1 42 3
20 127.3 119.3 162.7 113.3 43.5 38 1
diffusion levels of PP chains in the presence of poly-
disperse FA particles along with quicker cooling sys- 1
tem - fast cooling give less time for rearrangements
of molecular chains in the polymer.
Z; values also increased steadily with increasing 0 -
cooling rates. Apparently, the values of n and Z,
were influenced by the nature of nucleation and —_
unsteady thermal condition. It is worth mentioning Q-l -
that work on glass fibre reinforced PP' and kenaf é
fibre-PP** reported the presence of a second straight £
l%ne, albeit with reduced slope at increased cooling *-E-Z . 0 10 °C/min
time. -
= 4 15°C/min
Jeziorny approach ..-2 - ©20°C/min
The calculated values of Z. in the primary straight -4 T T T 1
line and Z, in the secondary regions using eq. (5) -3 2 -1 0 1
(2) Int
1 -
0 -
=
i
=
§ £
- "L"Z T ° 2
S £ 010°C/min
& 3 4 15°C/min
2 3
©20°C/min
‘4 I I L] 1
-1 0 1 2 3 4 3 2 o 0 1
Crystallization Time (min) (b) Int

Figure 2 DSC scans of neat PP and composites against
crystallization time at cooling rate 10°C/min.

Figure 3 Avrami plots of (a) neat PP and (b) 45 wt % FA
composites at different cooling rates.
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1514 NATH ET AL.
TABLE II
Avrami and Jeziorny Nonisothermal Crystallization Kinetics Parameters of Neat PP and Composites
[calculated by eqs. (4) and (5)]
Cooling ny slope of 1, slope of Zy Intercept Z, Intercept Z slow 7, fast
FA (%) rate (°C) slow regions fast regions of slow regions of fast regions regions regions
0 10 1.27 - 0.558 - 0.9433 -
15 1.09 1.82 0.7575 0.9449 0.9816 0.9962
20 1.05 1.61 0.8698 1.2611 0.9930 1.0116
20 10 1.07 2.48 0.6844 0.6855 0.9627 0.9629
15 1.09 2.60 1.2375 2.5776 1.0143 1.0651
20 1.12 2.44 1.6763 4.3692 1.0261 1.0765
45 10 1.05 1.59 0.4381 0.4531 0.9207 0.9238
15 1.08 1.95 0.9440 1.3834 0.9961 1.0218
20 1.05 1.53 1.0374 1.6259 1.0018 1.0246
60 10 1.03 1.86 0.5059 0.5994 0.9341 0.9501
15 1.07 1.96 0.9852 1.6739 0.9990 1.0349
20 1.04 2.08 1.3249 3.2504 1.0141 1.0607
are displayed in Table II. The corrected crystalliza- 0.5 -
tion constant Z. increased with increasing cooling . ©120°C

rate, and is almost independent of FA content in
composites, in agreement with the results obtained
by other researchers.*®

Ozawa model

The plots of In[-In(1-X,)] against In® using eq. (6)
at different temperatures for the two materials are
shown in Figure 4(a,b). All the plots are straight
lines, confirming the applicability of the Ozawa
model. The occasional changes in slope m in the
plots indicate that the crystal growth dimension is
altering with temperature. Values of m and K(T) are
displayed in Table III. A decrease in m in the range
of 0 < m < 2 and K(T) with increasing temperature
is observed in neat PP and 20% FA composite,
whereas the increase in K(T) and m in the range 0 <
m < 3 is observed in 45 and 60% FA composites. It
is possible that PP and 20% FA composites enjoy
two dimensional growth of crystal in a lamellar fash-
ion, whilst in 45 and 60% FA composites the pres-
ence of large amount of FA particles causes hin-
drance to such planar flow, thereby resulting in
localized 3-dimensional crystal growth.'"*?

Mo equation

The plots of In® vs In t using eq. (7) at a given
degree of crystallinity in Figure 5(a,b) for neat PP
and the composites show straight lines—the values
of a from the slope and F(T) from the intercept are
given in Table IV. It has been seen that the values of
a are in the ranges of 3 to 4 in neat PP for all crystal-
linities, but a is below 1 in composites with slightly
decreasing trend as the FA concentration increases.
F(T) on the other hand increases with the degree in
crystallinity in PP as well as that of the composites.
There was one exception though for 80%

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Ozawa plot of (a) neat PP and (b) 45 wt % FA
composites at different cooling rates at selected crystallisa-
tion temperatures, 120, 122, 124, 126 and 128°C.
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TABLE III
Ozawa Nonisothermal Crystallization Kinetics
Parameters of Neat PP and Composites
[calculated by eq. (6)]

FA (%) Temperature (°C) m K(T)
0 118 1.48 50.65
120 1.05 13.12

122 0.90 6.73

124 0.80 3.87

126 0.81 2.86

128 0.94 2.77

20 118 1.06 33.75
120 1.05 33.44

122 0.83 12.34

124 0.81 8.39

126 0.87 7.21

128 1.02 7.64

130 1.36 11.94

45 118 0.17 1.13
120 0.24 1.06

122 0.35 1.15

124 0.51 1.13

126 0.83 1.64

128 1.81 9.39

60 116 0.85 11.89
118 0.84 8.76

120 1.02 10.55

122 1.29 15.21

124 1.16 26.31

126 2.44 21.50

crystallinity, the F(T) values of composites are
almost half of those of neat PP, indicating that the
crystallization rates are faster in the presence of
FA

Activation energy in composites

The original Kissinger’s model®” was established on
the basis of differential thermal patterns of inorganic
minerals at constant heating rates. This model was
subsequently used for calculating activation energy
in polymer composites during cooling and heating
processes.25’36_38

There are several reports modifying the use of
Kissinger model in cooling system. For example, the
modifications of Kissinger model were done by
Augis and Bennett,® Takhor,***! Friedman,** and
Vyazovkin and Sbirrazzuoli.** The calculated activa-
tion energy using former three methods did not
show any big changes.*' The present work has calcu-
lated the activation energy of neat PP and compo-
sites in heating and cooling systems using Kissinger
method only.

The plots of In(®/ TPZ) as function of 1/T, using
eq. (8) for PP and composites are presented in Fig-
ure 6. The values of AE, slope, and r from the
straight lines are given in Table V. The use of inte-
gral iso-conversional kinetic equation of Vyazovkin*
in PP degradation case provided an activation

1515

energy value of 180 kJ/mol at 50% conversion,
whereas our calculation using Kissinger method
shows activation energy of 185 kJ/mol. The activa-
tion energy of composites are higher than that of
neat PP, reaching the highest value of 251.1 kJ/mol
at 45 wt % FA then showing a 10% drop to 228.6
kJ/mol when FA is 60%. The results suggest that in
the presence of FA, the viscosity of the system goes
up, the rearrangement of molecular segments of PP
get a hindrance effect in diffusion or formation of
interfacial interaction between FA and PP and it
takes a higher energy to be crystallized.

The addition of filler in polymer composites
changes the mechanical and thermal properties of
the materials due to the formation of interfacial links
between the polymer and the filler surfaces. The
links, which may be physical adsorption or chemical

3.4

3.2

Ind

2.8

2.6

2.4

2.2
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3.2 *Xt=20%
s o Xt=40%
A Xt=60%
2.8 . AXt=80%
)
=
2.6
2.4
'\J‘
2.2 .
o2 -1 0 1
() Int

Figure 5 Mo plot of (a) neat PP and (b) 45 wt % FA com-
posites at selected percentage crystallisation: 20%, 40 %,
60%, and 80%.
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TABLE IV

Mo Nonisothermal Crystallization Kinetics Calculated
by eq. (7): in Neat PP and Composite Systems

FA (%) X, (%) a F(T)

0 20 3.12 0.156
40 2.75 6.410

60 3.40 11.712

80 323 25.503

20 20 0.80 4463
40 0.84 7.682

60 0.84 10.730

80 0.90 13.921

45 20 0.64 6.721
40 0.70 10.350

60 0.72 13.861

80 0.78 17.372

60 20 0.67 5.983
40 0.77 9.181

60 0.79 12.422

80 0.76 15.550

bonding, or a combination of the two, restrict the
mobility of the polymer chains. Several reports have
modeled the dispersion of FA or other particles in
polymer composite based on the experimental
results of mechanical and thermal studies, correlat-
ing these with microscopic deformation features.*>*¢

Crystallization of polymer happens from the align-
ment of mobile polymer chains. In the case of com-
posites, the polymer chains may adhere onto the
surface of filler, the strength of adherence solely
depending on the nature and concentration of the
filler. The chemical nature of the filler determines
the level of interaction with the polymer chains.
There are three characteristic features of polymer
chains in composite materials namely, (a) immobi-
lized, (b) intermediate and (c) mobile regions.47

The regions of the polymer chain are immobilized
on the surface of filler due to adherence of two
surfaces. The structural motions are highly con-

NATH ET AL.
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Figure 6 Kissinger plots for determination of activation
energy in nonisothermal crystallization condition for neat
PP and composites.

strained resulting in lack of crystallization. The inter-
mediate region of the polymer is located a further
away from the surface of the filler particles, so its
dynamics are influenced by the strength of the filler-
polymer interaction. The mobile region is furthest
from the filler particles such that the motions are not
restricted—this has the characteristics major role in
crystallization.*>*”

The authors*® have reported higher mechanical
strength of the composites at elevated temperatures,
indicating presence of interfacial interaction between
FA and PP. The regions of the PP chain attached
onto the surface of FA reduced the mobility of PP
chains during crystallization process, resulting
higher activation energy as shown in this paper,
Table V.

TABLE V
Activation Energy of Neat PP and Composites Calculated by eq. (8) (using R Value 0.008331447 kJ/mol)

Activation energy in cooling time

Activation energy in heating time

FA (%) Cooling rate (°C) Slope R? AE kJ/mol Heating rate (°C) Slope R? AE kJ/mol

0 10 10
15 22.3 0.99 185.4 15 61.4 0.83 511.5

20 20

20 10 10
15 241 0.98 200.4 15 38.1 0.87 3174

20 20

45 10 10
15 30.2 0.96 251.1 15 81.1 0.83 675.6

20 20

60 10 10
15 27.5 0.98 228.6 15 19.1 0.83 159.1

20 20

Journal of Applied Polymer Science DOI 10.1002/app
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CONCLUSION

The following conclusions are made from this study:

1. Addition of FA to PP acts as a heterogeneous
B-nucleating agent and induces a secondary B-
crystalline phase in the PP-FA composites—a
maximum of 14% B being formed with 45 wt %
FA.

2. Increasing cooling rate by 5°C/min results in
2-3°C drop in onset crystallization temperature
in PP and the 3 composites.

3. All the four nonisothermal models yield good
fits to the thermographs of neat PP and the
composites.

4. With the Avrami plot, two slopes are
observed—a slower crystallisation at low cool-
ing rates and an almost doubled crystallisation
at higher cooling rates.

5. The overall Avrami exponent n shows noninteg-
ral number 1 < n < 3 suggesting the existence of
a size- range of three-dimensional spherulites in
neat PP and PP-FA composites being formed
during the cooling under the controlled rates.

6. The intercept constants Z;, Z., K(T), and F(T) of
the four models increase with increasing cool-
ing rate in all four materials. But the values of
the constants for the composites were consis-
tently higher than those for neat PP at a given
temperature.

7. The activation energy of the composites is
higher than that of neat PP possibly due to
enhanced viscosity of the composite systems.
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