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Abstract Composites of pre-mixed fly ash (FA) and
isotactic-polypropylene (PP) with varying degree of FA, 0,
20, 45 and 60 wt% were prepared by injection moulding at
483 K. The isothermal crystallization kinetics of the neat
PP and composites are calculated using exotherms obtained
from differential scanning calorimetry (DSC) at different
isothermal crystallization temperatures (7.) 403, 405 and
407 K. The lowest points of the exotherm peaks were
shifted to higher crystallization times in the ranges of
0.75-1.50 min with the increasing of 7. in neat PP and
composites regardless of FA percentage addition. The
values of Avrami exponent n are found as non-integral
number ranges 2 < n < 4, and the calculated initial crystal
thickness values of PP change slightly with increasing
super cooling temperature as well as FA content.

Keywords Polypropylene - Fly ash - Composites -
Isothermal crystallization - DSC

Introduction

PP based composites have a wide ranges of applications in
many engineering and industrial atmosphere. At higher
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temperatures, semicrystalline polymers in polymer-filler
composites show different thermal and mechanical proper-
ties. The degree of crystallinity and crystalline morphology
depend on the type, size and shape of filler present in the
polymer composite. The semicrystalline PP generally forms
three different crystallographic phases, viz., a¢-monoclinic
phase, f-pseudohexagonal phase and y-orthorhombic
phase. The pseudohexagonal f3-crystalline phase melts at
lower temperature, and more stable monoclinic o phase
melts at higher temperature [1, 2].

The mechanical properties of PP can dramatically be
improved by the addition of inorganic natural clay as
reinforcement filler [3—8]. The selection of filler composed
of PP is a critical task in designing and controlling the
mechanical and thermal properties of composite. The
mechanism of enhanced mechanical properties of PP
composites is strongly related to the suppression, acceler-
ation and/or formation of new crystalline structures of PP
chains in the presence of filler. The filler in general influ-
ences the crystallization of «,  and y forms and dimen-
sional distribution of spherulites of PP in composites. The
investigation of crystallization kinetics on filler nucleating
function, therefore, will give direct evidence of alteration
of crystalline phase of PP in composites. The crystalliza-
tion kinetics can be studied under thermally stable and/or
dynamic non-isothermal condition [9].

The potential nucleating fillers reported for crystalliza-
tion of PP chains in PP-filler composites are glass fibre
[10], calcium carbonate [11, 12], talc [13], carbon black
[14], clay [15], kaolin [16], ZnO [17], carbon nanotube
[18] and silica oxide [19, 20]. A number of studies have
reported the utilization of industrial by-product FA as filler
value added material in polymer composites, e.g., epoxy
[21], polyester [22] and PP [23-26]. The tensile strength of
the composite materials decreased with the addition of FA.
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We recently reported that the composites of 20 wt% FA
with PP showed 14% improvement in tensile strength at
elevated test temperatures, 323 and 343 K with reduced
brittle nature, which is now revision status elsewhere. In
the case of non-isothermal behaviour analysed by DSC
exotherms, the newly appeared peak was assigned to the
crystallisation of f-phase in the presence of FA and the
maximum 14% f-crystalline phase is formed with 45 wt%
FA addition and the details of the nonisothermal crystal-
lization kinetics were now reported separately [27]. On the
other hand, FA is currently used in the formation of cement
and concrete materials. Using FA in concrete is a well-
known and established method and FA replaces up to 50%
of cement without compromising concrete performance.
This happens due to the pozzolanic and/or cementitious
properties of FA [28]. In addition, the use of FA in concrete
offers higher level benefits such as lower water require-
ments, improved workability, improved resistance to alkali
aggregates, less heat hydration and less sulphur attack, as
well as less permeability [29-31].

The objective of this work is to report the isothermal
crystallization kinetics, which shows different phenomena
from the non-isothermal conditions of PP in FA composites
using Avrami equation and calculation of the initial crystal
thickness using supercooling temperature.

Experimental procedure
Materials

The fly ash was obtained from Gladstone coal fire plant in
Queensland, Australia. The ASTM D1505-03, 10 min melt
flow index (MFI) of the PP is 60, indicating a low viscosity
grade resin, which is suitable for preparation of composite
samples in injection moulding.

Sample preparation

ASTM D 638 samples were prepared by injection mould-
ing at 483 K from a pre-mix of white powdery PP with 20,
45 and 60 wt% FA in ball for three days.

Characterization

The thermal analysis was carried out using Perkin Elmer
Differential Scanning Calorimeter (DSC) TAC-7/DX.
About 5-7 mg samples were sealed in 30 pL. aluminium
pan with an empty aluminium pan used as reference, under
nitrogen atmosphere. The rate of heating and cooling of the
sample was 283, 288 and 293 K/min the range of —303 to
473 K, held for 2 min at 473 K to remove all the thermal
history properly in non-isothermal condition. The second
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heating and cooling peaks were taken to evaluate the
melting and crystallization temperature of the PP and
composites. In the case of isothermal condition, the sam-
ples were quenched from 473 K with a rapid cooling rate
of 473 K/min to a fixed isothermal temperature of crys-
tallization (7.) 403 and held for 10 min then cooled to
298 K by 283 K/min. The cycles were repeated to collect
the crystallization exotherms at 405 and 407 K under an
identical condition. The T, has chosen in the middle of the
melting (436 K) and glass transition temperatures
(<373 K) of neat PP. The glass transition temperature was
depended on the molecular weight and stereospecificity of
PP and thermal condition, for example, isotactic-PP 373 K,
atactic-PP —293 K and syn-PP —275 K [32, 33].

Results and discussion

Effect of isothermal crystallization temperatures
on crystallization

The DSC exotherms at 403, 405 and 407 K of 20 wt% FA
composite are shown in Fig. 1 as model. The mono-modal
exotherms of a-crystal phase of PP chains were shifted to
higher crystallization time by emerging broader peak with
increasing T.. At higher T, the translational mobility of PP
chain in the crystal phase is slower due to the presence of
higher level of free energy, representing the broaden peaks.
A certain minimum temperature needs to overcome the
kinetic barriers to complete a crystallization process. In the
presence of spherical particles of FA, PP chains start
nucleation to form a new crystalline -phase and crystallize
at lower temperature than the o-phase [34, 35].

The influence of FA on the crystallization process at
403 K is shown in Fig. 2. The crystallization peaks of
composites shifted to higher crystallization time in the
range of 0.75-1.2 min, although the onset crystallization
times were almost identical. The slower crystallization rate
in composites may occur due to getting the interruption of
segmental motion of PP chains. The relationship of half
time crystallization (#,,) with T is shown in Fig. 3. The 1.,
in neat PP and composites increased with increasing T,
and the slope of 45 wt% FA is double than that of the other
composites. The equations of the lines were shown in
Fig. 3.

The crystalline phenomena in neat PP, 20 and 60 wt%
FA composites showed marginal differences in crystalli-
zation time and f,, at any given T, except in the case of
45% FA system. The case 45 wt% FA showed an unusual
broaden peak and relatively higher #, values with
increasing T.

A plausible explanation of the phenomena is offered
by the authors considering the molecular structural
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Fig. 1 DSC scans of isothermal crystallization of 20 wt% FA
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Fig. 2 DSC scans of crystallization of neat PP and composites at
403 K

arrangement of PP chains. The crystallization of the
polymer comes from the aligned mobility of chain. In
the case of composites, the polymer chains are linked to
the surface of filler, and the level and strength of linking
depends on the nature and concentration of the filler. There
are three characteristic regions of the polymer chains in
composite materials namely: immobilized, intermediate
and mobile [36].

The parts of the polymer chain are immobilized on the
surface of filler due to adherence of the two surfaces.
Structural motions are restricted and have no role in crys-
tallization. The intermediate region of the polymer is
located slightly away from the surface of the filler particles,
such that its dynamics are influenced by the strength of the
filler and polymer interaction force. The mobile region is
still further away from the filler particles hence motion is
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Fig. 3 Relationship of half time crystallization with isothermal
crystallization temperatures in neat PP and composites

not restricted and it has a major role in crystallization
[36, 37]. Several reports have contributed to the correlation
of mechanical and thermal behaviours of composites with
the morphological information provided schematic models
by SEM images on FA and filler particles in polymer
chains [36-38].

The segmental motion of PP chains in neat PP can dif-
fuse smoothly from the melt state even in the less popu-
lated composite i.e. 20 wt% FA concentration. On the other
hand, in the highly populated 60 wt% FA composite sys-
tem, the crystallization of PP chains may occur in a
localized manner at a given T, due to entanglement of PP
chains in interstitial voids between spherical filler particles.
The inter-particle space arises from the agglomeration of
the spherical particles [39]. In the case of 45 wt% FA, the
diffusible PP chains may face strong interruption in the
inter-layer of two particles. The crystallization, therefore,
may occur in sharing of free and inter layer of FA particles.
As a result, PP segments in 45 wt% FA system form a
transitional crystalline phase, and reveal a broaden scan
[40]. The present SEM images in Fig. 4 of neat PP and
composites support the plausible interpretation of crystal-
lization and the localized area marked in the photographs.
Based on the SEM images and crystallization behaviour,
we have developed a physical model, shown schematically
in Fig. 5 to illustrate the position of FA particles and PP
chains in 20, 45 and 60% FA systems [36-38].

Isothermal crystallization kinetics
The differential heat (dH/df) evolved during rapid cooling
from melt was recorded as a function of crystallization time

at a given crystallization temperature. The relative crys-
tallinity X, of crystallized material can be calculated using
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Fig. 4 SEM images of a neat PP. b 20 wt%. ¢ 45 wt%. d 60 wt% FA
composites

PP Chain in free space

(a)

PP chain in free space
and in the middle of
two particles (b)

Entanglement PP Chain
in inter-particle space (c)

Fig. 5 A proposed physical scheme of polymer chain and FA particle
interaction in a 20 wt%. b 45 wt%. ¢ 60 wt% FA composites

the integral equation reported in references and using
Fig. 1 [41, 42]. The Avrami equation is used to calculate
the isothermal crystallization kinetics of neat PP and
composites [43].

1 — X, = exp( — Z:1") (1)

where, X, is the relative degree of crystallinity for
crystallization time ¢, Z, is crystallization constant
involving both the nucleation and growth rate of crystal
and n is the Avrami exponent parameter related to the crystal
dimension. There is a strong meaningful significance in
isothermal steady condition between Avrami exponent 7 and
crystallization constant Z, [44]. The double-logarithmic of
Eq. 1 was derived as Eq.2 to plot the relationship of
In[—In(1 — X,)] against In ¢ in Fig. 6.
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In[ —In(1 —X,)] =InZ, + nlint (2)

The integrated DSC exotherms of neat PP and composites
give straight lines and fit well with the Avrami model at
different 7. The values of n and Z, were calculated from
the slope and the intercept of the yielding straight line
curves, respectively.

The n values of PP and composites in the ranges of 2—4
were unaffected by the addition of FA and different T..
However, the Z, values decreased slightly with respect to
T.. The values of n and Z, in general are influenced by the
nature of nucleation and molecular weight of polymer as
well as the thermal condition. In non-isothermal condition,
n values of composites show values <2 than isothermal
condition. The Avrami exponent n values of composite
systems are similar to those of in glass fibre/PP composites
[42] and higher values (2.7 ~ 5) were observed in kenaf
fibre-PP system [44]. Higher n values reflect the existence
of a specific number of three-dimensional spherulite
growths in PP and composites [12, 44]. The relationship of
n as a function of T, in composites is shown in Fig. 7. The
slope of curve decreases in PP while it shows slight
increase and then decrease in the case of composites.

Effect of FA on crystallization temperature in
composites

FA in composite was identified as f-nucleating agent due
to the formation of f-crystalline phase of PP chains. The
intensity of f-crystalline phase was increasing with
increasing concentration of FA in composite, and the
maximum degree of -crystallinity were calculated as 14%
with 45 wt% FA addition [27]. The crystallization
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Fig. 6 Avrami plot of isothermal crystallization for 20 wt% FA
composite
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Fig. 7 Relationship of Avrami exponent with crystallization temper-
atures of neat PP and composites

temperature (7¢,y), melting temperature (7},) and superco-
oling temperature (AT) of the PP and composites are shown
in Table 1.

The effect of FA content on non-isothermal crystalli-
zation temperature is shown in Fig. 8 with cooling rates,
283, 288 and 293 K/min. Fig. 8§ shows that the cooling
rates have significant level of influence on the crystalliza-
tion temperatures. A slight increase in crystallization
temperature in 20 wt% FA system results in an early
crystallization due to the possible enhanced crystallization
effect of FA. The accelerated nucleation effect of 20 wt%
FA helps to convert some part of amorphous chains to
crystalline chains, and initiates the formation of a new
f-crystalline phase. On increasing the FA content, the
f-phase increases and the a-phase decreases (the ff-phase is
not shown in Fig. 8).

Table 1 Non-isothermal crystallization and melting temperatures of
a-phase in polypropylene and composites at different cooling rates

FA/%  Cooling rate/K T /K T,/K AT = (T, — Tery)/K
0 283 399.3 438 38.7
288 396 437.6  40.6
293 394.3 436.1 428
20 283 400.3 4394  39.1
288 398 436.6  38.6
293 395.6 4364  40.8
45 283 396.6 436.4  39.7
288 395.1 435.1  40.1
293 393 4351  42.1
60 283 396.3 4414 43.1
288 394.5 4356  41.1
293 392.3 4357 435

Calculation of initial crystal thickness

Crystallization of polymer primarily is reflecting the gen-
eration and growth of lamella in solution and/or in melt
state. The thickness of lamella essentially implies to the
corresponding fold length. Equation 3 provides a rela-
tionship between initial lamella thickness and the super-
cooling temperature [45].

Lot = 276.4/AT +4.16 (3)

where L *, initial crystal thickness in nm and AT, super-
cooling temperature. They conclude that the initial crystal
thickness is inversely proportional to the supercooling
temperature and this dependence has led to the develop-
ment of the kinetic theories of chain folding. The kinetic
theory permits to predict and calculate the initial thickness
of crystal and growth rates quantitatively.

We, therefore, have taken attempts to calculate the ini-
tial crystal thickness of PP using Eq. 3 of neat PP and
composite systems from melt states. The values of L.* are
plotted as a function of AT in Fig. 9.

All the data points L * in fact are in one line and show
inversely proportional to AT. A similar trend was reported
in the original research paper in the case of crystallization
of polyethylene [45]. The initial crystal thickness of PP do
not get influenced significantly in the presence of spherical
particles FA and different concentrations, although it is
apparently believed that the growth of crystal will face
some interruption due to the presence of varying size
spherical particles FA as immobilized solid phase in the
systems as shown in SEM images in Fig. 4. In the absence
of FA, the lamella appears unidirectional-rodlike structure
initially, and then develops as bundle growth along with
branching, fanning twisting, and finally forms spherulites
by diffusion of molecular segments [46]. In the presence of
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Fig. 8 The effect of FA on the non-isothermal crystallization
temperature with different cooling rates/min
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Fig. 9 The relationship of initial thickness of crystal with superco-
oling temperatures in neat PP and composites

FA particles, the diffusible molecular segments face hin-
drance effect as a result the trend of unidirectional lamella
growth turns to multidirectional and occurs in scattered
fashion. The scattered behaviour of lamella growth is more
severe in the highly populated 60 wt% FA system, and
completely turns in only localized crystallization in the
entangled area around the FA particles as shown in sche-
matic diagram Fig. 5.

Conclusions

The isothermal crystallization kinetics of neat PP and
composites were studied using DSC exotherms and the
results are summarized below:

1. The shifting of mono-modal crystallization exotherms
to higher crystallization time regardless of PP and FA
percentage to composites indicated that crystallization
became slower with increasing 7. The half crystalli-
zation time (t,,) of PP and composites were also
increased proportionally with increasing 7., although
the onset crystallization time was almost independent.

2. The crystalline phenomena did not show any big
differences in PP, 20 and 60 wt% composites except
45 wt% FA composite. The composite 45 wt% FA
showed relatively higher #., values with increasing 7.
The plausible explanation is that the molecular
segmental motion of PP chain suffers less steric
hindrance in the less concentrated 20 wt% FA, and
in the 60 wt% case, only localized crystallization
occurs. In the case of 45 wt% FA system, the dual
crystallization phenomena in localized and diffusible
motion between the inter-particles distance are
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prominent. As a result, it takes longer time and forms
a transitional crystalline phase with broaden peak.

3. The values of Avrami exponent n were found as non-
integral number 2 < n < 4 and verified the existence
of a specific number of three-dimensional crystalline
growth in PP and composites irrespective of FA
concentration.

Finally, the initial crystal thickness was calculated using
supercooling relationship equation, and the values are
almost identical irrespective of FA added to the systems.
The calculated values have a good agreement with reported
values elsewhere.
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