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Abstract
The synergistic effect of multiscale fillers on the kinetics of non-isothermal crystallization of polypropylene (PP) reinforced 
with microscale glass fibres (GF) and nanoscale halloysite nanotubes (HNT) is investigated in this study.  The glass fibre 
concentration is set at 20 mass% and that of HNT at 2.5 mass% in hybrid multiscale composites, and the crystallization kinet-
ics of composites are analysed at different cooling rates. The lower critical free energy barrier for the formation of critical 
nuclei size and faster stable nuclei formation is determined for nano- and hybrid composites. The kinetics of crystallization 
for hybrid composite are best explained by Mo’s model, while Avrami and Ozawa could explicate the kinetics of initial 
stages of crystallization. The dependence of effective activation energy on the extent of relative crystallization for micro-, 
nano- and hybrid composites was explored via Friedman model. The X-ray diffraction (XRD) analysis shows the ability of 
HNT to induce � and � crystals and the ability of multiscale fillers to reduce the crystal sizes without affecting the standard 
lattice planes of neat polypropylene.
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Introduction

Polypropylene (PP) is one of the largest used thermoplastic 
polymers, due to its large availability, low cost, ease of pro-
cessing and excellent resistance to a wide range of acids and 
bases [1–4]. It has hence found applications in all sectors, 
ranging from household to commercial and industrial, like 
the automotive and packaging. Some of the inferior charac-
teristics of PP include slow crystallization rate, high post-
moulding volumetric shrinkage, low mechanical strength 
and increased flammability. The aforementioned shortcom-
ings can be improved with the inclusion of fillers of vari-
ous types and sizes like glass fibre (GF), carbon nanotube, 
nanosilica, nanoclay, graphene nanoplatelets, etc.

GF is usually added to PP as a microfiller. Campbell 
and Qayyum [1] indicated an increase in nucleation den-
sity when PP is accompanied by fillers. Further, in a study 

conducted by Gupta et al. [2] it was found that both the 
crystallization rate and the crystallinity of PP increased 
with the addition of GF. With the improvement in technol-
ogy, the focus has also shifted to incorporating nano fillers 
in polymer matrices. Several researchers [3–5] have stud-
ied crystallization of PP with nanofillers like multi-walled 
carbon nanotube (MWCNT) and halloysite nanotubes 
(HNT) and have accomplished significant enhancement of 
mechanical and/or thermal properties. Many authors have 
explored the crystallization kinetics of various polymers 
with the inclusion of individual or dual nanoreinforce-
ments [3, 5, 6]. Jenifer et al. [7] explored the non-isother-
mal crystallization kinetics of PP hybrid composite com-
posed of micron-scale glass fibres and nanoscale halloysite 
nanotubes using differential scanning calorimetry(DSC) 
and several theoretical models. Enhanced peak crystal-
lization temperature was reported for PP composites in 
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comparison with neat PP. Wang et al. [8] reported the drop 
in crystallization temperature  (Tc) with enhanced cooling 
rate, and the generation of crystal imperfections. They 
noticed that at relatively lower temperatures owing to the 
weak mobility of polymer chains crystal imperfections are 
induced which is manifested by widened crystallization 
peaks [8].

Recently, the inclusion of naturally occurring fillers such 
as halloysite nanotubes (HNT) is increasingly becoming the 
focus of investigations owing to their high length-to-diam-
eter (L/D) ratio, superior temperature-resistant properties, 
nanoscale lumens, low cost and large abundance [9]. These 
properties along with the fact that HNTs possess a lower 
density of hydroxyl groups on their surface when compared 
to other silicates makes it a potent reinforcement for poly-
mers. According to a report by Jenifer et al. [7], PP when 
melt blended with HNTs and GF, in both the presence and 
absence of compatibilizer maleic anhydride (MAH), were 
shown to have enhanced thermal, flame and tensile proper-
ties. The tensile strength of PP was shown to have increased 
by 70.8% in the case of of dual reinforcement with HNT 
and glass fibre and 13.5% with HNT alone. Du et al. [10] 
discussed the excellent heterogeneous nucleating ability of 
HNTs in PP and evaluated activation energy for non-isother-
mal crystallization of PP phase using DSC studies and dem-
onstrated the same using polarized light microscopy (PLM). 
The authors verified that PP/HNT nanocomposites exhib-
ited higher crystallization rate and activation energy (ΔEa) 
owing to the nucleation sites induced by HNT nanofillers. 
It was also revealed that HNTs have twin nucleating ability 
for the formation of α-iPP and β-iPP crystallites of PP phase, 
which was confirmed using XRD, scanning electron micros-
copy (SEM), DSC and polarized optical microscopy (POM) 
[11]. PP composite with 20 parts per hundred (phr) of HNT 
was found to generate maximum number of crystals and is 
strongly dependent on loading of HNTs. At lower cooling 
rate of 2.5 °C  min−1, the maximum content of crystals was 
obtained and such a formation of crystals is connected to the 
unique surface morphology of HNTs.

The non-isothermal crystallization behaviour of 
poly(butylene terephthalate) (PBT)/halloysite compos-
ites was investigated by Oburoğlu et al. [12] using DSC, 
XRD and dynamic mechanical analysis (DMA) tests. It was 
reported that while the Ozawa model perfectly fit the non-
isothermal crystallization data of PBT, it failed to explain 
the kinetics of the composites. The results concluded from 
the DMA analysis explained the ability of HNT to enhance 
the elastic capability of the specimen owing to the restriction 
effects of HNTs on the PBT chains (filler–polymer inter-
active effects). From the activation energy studies, it was 
found that at higher contents of halloysite tubes, activation 
energy (ΔEa) dropped which indicates the reduced energy 
barrier. Zhang et al. [13] concluded that the higher the Ea, 

the higher the energy release during cooling and more dif-
ficult the mobility of chains during crystallization.

The dearth in the theoretical studies on the synergistic 
crystallization behaviour of multiscale composites with 
GF and HNTs is the inspiration behind this study to under-
stand the crystallization kinetics of the nano- and multiscale 
composites. Since most of the industrial polymer processing 
operations occur under non-isothermal conditions, an effort 
has been made to investigate the influence of multiscale fill-
ers on non-isothermal crystallization behaviour of PP using 
the kinetic models of Ozawa, Avrami, Mo, Chuah and Fried-
man models for comparison with the experimental results.

Experimental

Materials

The base polymer PP was procured from Reliance Indus-
tries Ltd., India (Repol H110MA, melt flow index and melt-
ing temperature: 11.0 g/10 min and 167.7 ℃ respectively). 
Glass fibres were obtained from Brakes India Ltd., India, of 
length 3 mm and diameter 10 μm. The halloysite nanotubes 
were purchased from Sigma-Aldrich, India, which was in the 
form of a white powder (surface area: 64  m2  gm−1, diameter 
and length varied from 30 to 70 nm and 1 to 3 microns, 
respectively).

Composite preparation

The masterbatch preparation was carried out in a laboratory 
scale internal mixer using PP and HNT. The PP along with 
desired amounts of masterbatch and glass fibre was then 
mixed in a tumble mixer and in the next step compounded 
using co-rotating twin screw extruder. The L/D ratio of the 
extruder barrel was 40:1, and the temperatures at different 
zones of the extruder ranged from 160 to 210 ℃ with incre-
ments of 10 ℃ from the feed zone till the die end. The screw 
speed was set at 75 rpm. The polymer strands were then 
quenched in a water bath and pelletized. These pelletized 
polymers were injection moulded (ASTM D 638) to form 
standard test specimens. The compositions chosen for our 
study are given in Table 1.

Table 1  Compositions of samples and nomenclature

Sample name PP mass/% GF mass/% HNT mass/%

PP 100 0 0
PPG 80 20 0
PPGH 77.5 20 2.5
PPH 97.5 0 2.5
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Characterization methods

Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed 
by a TA Instruments Q20 V24.10 Build 122 device under 
non-isothermal conditions. The test was performed by first 
heating the samples up to 200 ℃ holding there for 3 min 
to relieve the thermal stresses, and then cooling at various 
cooling rates of 5, 10, 15 and 20 ℃  min−1. The DSC data 
obtained was used to study melting and crystallization char-
acteristics and to predict the kinetics of crystallization using 
various theoretical models.

Transmission electron microscopy (TEM) 
and scanning electron microscopy (SEM)

TEM was carried out on prepared ultrathin slices of the 
PPH composites by a Japan Electron Optics Lab (JEOL)-
JEM-2100 Transmission Electron Microscope at an acceler-
ation voltage of 200 kV to reveal the dispersion of HNTs in 
the matrix. The surface morphology of the PPGH compos-
ites was analysed using a JEOL JSM-6490LA model make 
scanning electron microscope. Firstly, injection moulded 
samples were cut in the dimensions of 0.5 cm × 0.5 cm and 
treated with hot xylene and sputtered with gold–palladium 
of thickness less than 3 nm.

X‑ray diffraction (XRD)

The wide-angle X-ray diffractometer used is the Rigaku 
Ultima IV, with the X-ray source being Cu, operated at 
40 kV/30 mA at continuous scanning mode of 2θ from 5° 
to 80° with a step of 0.02° being used to identify the crystal 
lattice planes and degree of crystallinity.

Results and discussion

Microstructure analysis

The images in Fig. 1 are the TEM micrographs of the PPH 
specimen. Figure 1a shows the image at the scale of 100 nm. 
The tube-like structure of HNT is vivid, and its dispersion in 
the polymer matrix can be clearly seen in Fig. 1b. Figure 1c 
suggests non-uniform dispersion with slight agglomerations of 
HNT. The obvious reason could be the van der Waal’s force 
of attraction between the nanotubes [6]. Another possibility 
of agglomeration is the reduction in the length of some of 
the nanotubes due to mechanical attrition. The attrition and 
abrasion of the nano- and microfillers usually happen during 

the high shear mixing process which is an extremely impor-
tant factor determining the quality of mixing. It includes two 
processes, namely (1) distributive mixing done to ensure an 
even distribution of the fillers in the PP matrix and is achieved 
by providing convoluted flow paths that repeatedly split and 
reorient the flow and (2) dispersive mixing to increase the dis-
persion of the distributed fillers, i.e. it prevents agglomeration 
of the fillers which can be achieved by passing the hot polymer 
melt compound through small regions of intense deformation. 
It involves generating high stresses to break the agglomerating 
tendency of the nanofillers. Upon the introduction of HNT in 
the GF-filled PP matrix, the high aspect ratio of HNT makes 
it wrap around neighbouring glass fibres and hold it in place 
firmly. The PP chains also tend to wrap around the HNTs 
tightly due to its nanoscale than on microscale glass fibres [7]. 
Figure 1d and e shows the SEM image of PPGH multiscale 
hybrid composite. Figure 1d represents a single glass fibre 
zoomed out of uniformly dispersed glass fibres in the matrix. 
The distribution of HNTs on the cylindrical surface of glass 
fibre and in the neighbouring regions in PP matrix is evident. 
The HNTs dispersed could be observed as white spherical 
spots and projections from PP matrix. The SEM images of 
PPG and PPH composites are included under section S1 (Fig. 
S1a, b) which also confirm the dispersion and distribution of 
glass fibres and HNTs in virgin PP matrix.

Non‑isothermal crystallization

The crystallization process is a 3-step process where primary 
nucleation involves the largest specific surface area and is 
followed by secondary and ultimately by tertiary nucleation 
[14, 15]. As non-isothermal crystallization is one that takes 
place under continuous cooling with temperature varying as a 
function of time, the kinetics of crystallization depend on the 
instantaneous conditions that lead to the formation of spheru-
litic structures as well as the rate of the process. In a thermo-
dynamic sense, it occurs during cooling below the melting 
temperature, at which time, crystals are at a lower free energy 
state than the liquid melt. The spontaneity of crystallization 
depends on ΔG [15]. Lower the ΔG, higher is the spontaneity. 
For a spherical nucleus of radius r, ΔG is given by Eq. (1) [15],

where ΔGc is the free energy of crystallization/unit volume 
and �∗ specific surface free energy. During the crystallization 
process, as the cooling of the melt proceeds, ΔG initially 
increases, reaching a maximum, and then starts to decrease 
and reaches a stable value. The free energy and the radius at 
the maximum are represented by ΔG∗ and r∗ , and are called 
critical free energy barrier and critical size, beyond which 
ΔG decreases, producing a stable nucleus.

(1)ΔG =
4

3�r3ΔGc

+ 4�r2�∗
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The cooling (Fig. 2a–d) and heating (Fig. S2e–h) curves 
were obtained from the DSC data. The range for DSC heat-
ing curves was taken as 120 °C to 180 °C and cooling curves 
was taken as 130 °C to 100 °C and all the samples were 
analysed with different cooling rates such as 5, 10, 15 and 
20 ℃  min−1. A wide range of crystallization parameters 
can be estimated from the DSC curves, including the onset 
temperature ( To ), endset temperature ( Te ), peak crystalli-
zation temperature ( Tc ). The enthalpy of crystallization is 
used in the calculation of absolute percentage crystallinity. 
The important thermal properties obtained from DSC data 
are given in Table 2, and time parameters are reported in 
Table S1.

The degree of supercooling (TU = Tm − Tc) decides the 
ease of formation of crystals from the molten state [16, 
17]. If the difference ( Tm − Tc ) is low, then crystalliza-
tion happens quickly and thus the process is less energy 
intensive, and vice versa. It was observed that PP has the 
highest TU values and it reduces as fillers are added. This 
proves that heterogeneous crystallization takes place. At 

every cooling rate, To and Tc values enhanced with the 
addition of fillers. This is indicative of heterogeneous 
nucleation in hybrid and nanocomposites, thus initiating 
crystallization earlier than in neat PP.

For a given cooling rate, TU decreases with the addition of 
fillers. PPGH and PPH have the lowest TU in comparison with 
microcomposites and hence have the lowest ΔG∗ and r∗ . As a 
result, the critical free energy barrier and the critical size can 
be crossed quickly and can be seen in the small t( 1

2

) values of 

nano- and hybrid composite. Although TU of PP is relatively 
high, only homogeneous crystallization takes place. The half 
time of crystallization ( t( 1

2

) ) is the time taken for the 50% of 

the crystallization process to occur [6, 18–21]. The parameter 
half time is often used to evaluate the rate of crystallization 
[22]. A large t( 1

2

) implies a slow crystallization process and 

vice versa [23, 24]. The parameter tmax is the time taken to 
reach peak crystallization [22]. A low value of  tmax implies 

Fig. 1  a–c The TEM images of 
HNT-reinforced PP nanocom-
posite (PPH) at 100, 50 and 
20 nm scales. d SEM image of 
glass fibre and HNT-reinforced 
PP hybrid composite (PPGH) 
e SEM image of PPGH hybrid 
composite showing the disper-
sion of HNTs on the surface/
edges of glass fibre and in the 
PP matrix

(a) (b)

(c)

(d)

25 kV X2,500 10   mµ 0000 11 45 SEI 25 kV X4,000 5   mµ 0000 11 45 SEI

(e)
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that peak crystallization is achieved faster. The width Δw is 
defined as the half width of the crystallization peak [16, 24].

(2)Δw = To − Tc

From Table S1, it is observed that t( 1

2

) values decrease 

with increase in cooling rate for every composite because 
crystallization occurs faster. For a given cooling rate, t( 1

2

) is 

the least for PPH. Δw, half width of crystallization peak 
values for composites is low at high cooling rates because 

Fig. 2  DSC cooling curves of a 
PP, b PPG, c PPH, and d PPGH 
at the four different cooling 
rates. Cooling rates correspond-
ing to each curve: Black line: 
5℃  min−1, red line: 10 ℃  min−1, 
green line: 15 ℃  min−1 and blue 
line: 20 ℃  min−1. (Color figure 
online) H
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Table 2  Thermal properties of virgin PP, nano- (PPH), micro- (PPG) and hybrid composites (PPGH) obtained from DSC data

Specimen Cooling 
rate R/
℃  min−1

Onset tem-
perature
To/℃

Endset tem-
perature,
Te /℃

Peak crystal-
lization 
temperature
Tc/℃

Peak 
melting 
temperature
Tm/℃

Degree of 
supercooling
TU/℃

Enthalpy of 
melting 
∆Hm/
J  g−1

Enthalpy 
of crystallization
∆Hc/J  g−1

PP 5 128.2 105.3 113.1 167.2 54.0 115.0 81.5
10 121.0 103.0 111.4 164.9 53.4 73.4 90.6
15 120.0 102.1 109.6 165.2 55.6 55.5 78.8
20 120.0 99.0 108.6 165.6 57.0 55.6 70.4

PPG 5 134.0 110.5 126.3 165.1 38.8 59.9 88.4
10 134.0 108.4 122.5 165.7 43.2 70.6 103.0
15 127.1 105.3 120.5 165.7 45.2 70.6 101.9
20 125.5 102.7 118.9 165.1 46.2 49.3 74.2

PPGH 5 131.2 117.4 123.4 165.2 41.9 72.2 100.5
10 128.2 111.8 119.5 166.5 47.0 55.9 84.2
15 126.4 109.8 117.6 166.1 48.5 50.2 70.5
20 125.1 105.2 115.6 166.6 50.9 50.6 97.1

PPH 5 130.3 118.1 122.9 165.2 42.29 95.64 133
10 126.0 110.5 117.9 165.7 47.77 100.5 131.7
15 124.5 108.1 115.9 164.6 48.72 71.74 94.3
20 123.6 105.5 114.63 165.5 50.87 64.4 97.3
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of narrow peaks observed in the crystallization process, 
meaning that crystallization is quick. The relative crystallin-
ity of a polymer matrix is dependent on crystallization time 
as well as the crystallization temperature as described in 
Eqs. (3) and (4) [18, 24–27].

where t is time and T is temperature and H is the heat flow. 
T ranges between To and Te, and t between to and te.

Absolute crystallinity ( Xc ) is calculated from the melting 
and crystallization enthalpies obtained from the DSC data, 
using the formula (5) [28]

ΔHo

m
 is defined for pure, 100% crystalline polymer. For PP, 

it is 207.1 J  g−1 [28]. ΔHm and ΔHc are enthalpy of melting 
and enthalpy of crystallization, respectively. The calculated 
values of absolute crystallinity are given in Table S1.

The general trend observed is: with increase in cooling 
rate, Xc drops. This can be attributed to the insufficient 
time for the crystals to form completely as the mobility 
of the polymeric chains is hindered. It is noticed that at 
high cooling rates, multiscale and nanocomposite speci-
mens are able to retain high absolute crystallinity values. 
The anomaly of PPH having lower absolute crystallinity 
can be explained by agglomeration of the fillers and also 
explained by the low  Zc values in the Avrami model in 
Sect. "Avrami model".

Avrami model

The model works on the assumption of constant crystallization 
temperature and can be used to describe the primary stages of 
non-isothermal crystallization and is given as in Eq. (6) [22, 29]

where Xt is the relative percentage of crystallinity at 
time t, Z is the crystallization rate constant involving both 
nucleation and growth rate parameters, and n is the Avrami 
exponent that depends on the crystal growth mechanism, 
type of nucleation and crystal dimensions [12, 27, 30]. Z is 
also referred to as the bulk crystallization constant. Once 
linearized, the equation [12, 27, 30, 31] reduces to

(3)Xc(T) =
∫ T
To

dH
dT

dT

∫ Te
To

dH
dT

dT

(4)Xc(t) =
∫ t
to

dH
dt
dt

∫ te
to

dH
dt
dt

(5)
ΔHm−ΔHC

ΔH0
m

× 100 = XC

(6)Xt = 1 − exp(−Ztn)

(7)log
(

−ln
(

1 − Xt

))

= nlogt + logZ

where log Z and n can be found from the intercept and 
slope, respectively, of plots of log

(

−ln
(

1 − Xt

))

 versus t  . 
Z is dependent on the shape of the growing crystallites, 
amount and type of nucleation and n is dependent on the 
growth geometry and type of nucleation. In the case of non-
isothermal crystallization, Z and n do not have the same 
physical significance as in isothermal crystallization as there 
is a constant change in temperature under non-isothermal 
condition. This affects the rates of both nuclei formation and 
spherulite growth since they are temperature dependent. In 
order to apply the Avrami equation to the non-isothermal 
crystallization process and eliminate the effect of the cooling 
rate, it was modified by Jeziorny [31] to the equation below, 
where Zc is the Jeziorny crystallization constant.

From the plots in Fig. 3, it is observed that the curves at 
higher cooling rates maintain linearity than the curves at 
lower cooling rates. In all cases, the curves are linear to an 
appreciable extent only in the earlier stages of crystallization 
and deviate in the later stages, thus signifying the inability of 
the Avrami equation to explain the secondary stage of crys-
tallization. However, both the Avrami and Jeziorny constants 
have been estimated using the linear portion of the curves 
and are given in Table S2. There is an increasing trend in 
the value of Zc with an elevation in the cooling rate. In the 
case of higher cooling rates, melt crystallization shifts to low 
temperatures which leads to higher undercooling and higher 
crystallization rate. Both Zc and n are found to increase with 
the addition of fillers even at the same cooling rate, explain-
ing the effect of heterogeneous nucleation due to the addition 
of fillers. The decrease in n and Zc in PPGH when compared 
to PPH could be assumed to occur due to an aggregation of 
the fillers in PPGH. The aggregation leads to a decrease of 
the nucleation ability of the filler since the number of het-
erogeneous nuclei sites decreases [32].

The significance of this model lies in the Avrami con-
stants. Muller et al. [33, 34] explained that Avrami constant 
‘n’ (n = ngd + nn ) can be expressed as the contribution of 
two terms (1) dimensionality of the growing crystals (ngd) 
and (2) time dependence of nucleation rate (nn). The term 
(ngd) can take only integer values 1, 2 and 3 representing 
one-, two- and three-dimensional entities. The ngd = 2 shows 
two-dimensional lamella structures and ngd = 3 represents 
spherulitic 3-D crystallite structure. The parameter nn can 
take values between 0 and 1 which corresponds to instan-
taneous nucleation and sporadic nucleation, respectively. 
Mostly nucleation could not be 100% instantaneous and 
sporadic and hence nn lies between 0 and 1. An axialitic 
morphology that nucleated instantaneously takes n value of 
2. Since the n values of the composites lies between 2.2 and 

(8)logZc =
logZ

R
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3.1, the growth mechanism is a combination of 2-D lamella 
structures and 3-D spherulites [35, 36]. Table S2 shows that 
the n values obtained for this study are 1.895, 2.235, 3.089, 
and 2.84 for PP, PPG, PPGH and PPH, respectively. Since 
the filled specimens have undergone thermal nucleation with 
nucleation being the rate determining step, it can be con-
cluded that the possible crystal geometry takes up spherulitic 
structures [18, 35]. In general, higher values of Zc, and n 
values close to 3 explain heterogeneous nucleation followed 
by 3-dimensional growth, which is clearly seen in PPGH 
hybrid multiscale composite [37–39].

Ozawa model

The model is based on the assumption that the mechanism 
is the same as the KAE (Kolmogorov Avrami Evans) model 
and it considers the non-isothermal crystallization process to 
be the sum of numerous infinitesimal isothermal crystalliza-
tion processes. The Ozawa model is represented in Eq. (9) 
[19, 22, 40]

where Xt is the relative crystallinity and can be obtained 
from the DSC data, K(T) is the cooling crystallization func-
tion, R is the cooling rate constant, and m is the Ozawa expo-
nent which depends on dimensions of crystal growth and 

(9)X
t
= 1 − exp

(

−K(T)

Rm

)

mechanism [10]. After taking double logarithms on both 
sides, the equation can be linearized into the form

where the slope and intercept are m and logK(T) , 
respectively.

Figure 4 represents Ozawa plots for each of the four 
samples at different temperatures between the onset and 
the endset. It is observed from the plots that linearity is 
not exhibited in any of the curves, corresponding to com-
posites. The absence of linearity is vivid as temperatures 
get lower or approaches endset, thus showing the inability 
of the model to explain the secondary stages of crystal-
lization [41].

It is concluded that the plots at relatively higher crys-
tallization temperatures are linear over a wide range of 
cooling rates, the reason being the slow crystallization and 
difficulty of entering into the secondary stage. It can also 
be noted that at a specific temperature, the crystallization 
process is at different stages for different cooling rates. 
While the plots tend to be more linear towards the start 
of the process for higher cooling rates signifying that the 
crystallization process is at an earlier stage, for lower cool-
ing rates the crystallization process takes place towards the 
end or a later stage only [30]. Accordingly, as m does not 
remain constant with temperature, the experimental data 
do not fit the linearized equation throughout and this sug-
gests that the Ozawa model cannot satisfactorily explain 

(10)log(−ln(1 − Xt) = logK(T) − mlogR

Fig. 3  Avrami plots of 
log

(

−ln
(

1 − X
t

))

 versus logt 
at various cooling rates for a 
PP, b PPG, c PPH, d PPGH. 
Cooling rates corresponding 
to each curve: black line: 5 ℃ 
 min−1, red line: 10 ℃  min−1, 
green line: 15 ℃  min−1 and blue 
line: 20 ℃  min−1. (Color figure 
online)
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the non-isothermal crystallization behaviour of PPG 
microcomposite and PPH nanocomposite. Ozawa model 
could best fit with the crystallization kinetics exhibited by 
hybrid PPGH composite.

Mo model

The Mo model was formed by combining the Avrami and 
Ozawa models, to result in the expressions (11) and (12) 
[42–44]

where R is the cooling rate, � =
n

m
,F(T) is the ratio of the 

Avrami exponent n to the Ozawa exponent m, and

(11)logZ + nlogt = log(K(T)) − mlogR

(12)logR = log(F(T)) − �logT

F(T) refers to the cooling rate that should be taken to 
obtain a particular level of crystallinity in a certain time. 
From the linearized plot of log R versus log t, the value of 
F(T) and a can be obtained from the intercept and the slope 
of the line, respectively, to an appreciable extent.

Additionally, from the plots in Fig. 5, it is visible that 
slower cooling rates result in longer duration for crystal-
lization and the linearity of the plots suggests that Mo’s 
model explains both stages of the non-isothermal crystal-
lization process to an appreciable extent. Table S3 reports 
the parameters calculated using Mo’s model for this study. 
F(T) represents the difficulty in the crystallization pro-
cess, and generally with an increase in relative crystal-
linity there is an increase in F(T) [21, 22], implying, to 
obtain a higher degree of crystallinity, a higher cooling 

(13)F(T) =

(

K(T)

Z

)

1

m

lo
g/

– 
In

/1
 –

 X
t

lo
g/

– 
In

/1
 –

 X
t

0.2

0

– 0.2

– 0.4

– 0.6

– 0.8

0.2

0.4

0.6

0

– 0.2

– 0.4

– 0.6

– 0.8

– 1

– 1.2

– 1.4
0.6 0.8 1 1.2 1.4 0.6 0.8 1 1.2 1.4

(a)

log R

0.6 0.8 1 1.2 1.4

log R
0.6 0.8 1 1.2 1.4

log R

log R

lo
g/

– 
In

/1
 –

 X
t

1

1.5

0.5

0

– 0.5

– 1

– 1.5

– 2

– 2.5

– 3

– 3.5

lo
g/

– 
In

/1
 –

 X
t

1

0.5

0

– 0.5

– 1

– 1.5

– 2

T = 118 T = 121

T = 120.5

T = 120

T = 119.5

T = 119

T = 118.5

T = 117.5

T = 117

T = 116.5

T = 116

T = 115.5

T = 115 T = 118

T = 121

T = 123.5

T = 123

T = 122.5

T = 122

T = 121.5

T = 120.5

T = 120

T = 119.5

T = 119

T = 118.5

T = 118

T = 121

T = 117.5

T = 123

T = 122.5

T = 122

T = 121.5

T = 120.5

T = 120

T = 119.5

T = 119

T = 118.5

T = 118

T = 117.5

T = 117

T = 116.5

T = 116

T = 115.5

T = 115

T = 114.5

T = 114

T = 113.5

T = 113

T = 112.5

T = 112

(c) (d)

(b)

Fig. 4  Ozawa plots of log
(

−ln
(

1 − X
t

))

 versus logR at various cooling rates for a PP, b PPG, c PPH and d PPGH
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rate should be used [10]. The smaller values of F(T) in the 
case of nanocomposites indicate the promotion of crystal-
lization by the fillers; hence, a lower cooling rate can be 
used to attain that level of crystallinity. For a certain level 
of crystallinity, a higher value of F(T) can represent the 
necessity for a higher cooling rate which relates to the 
possibility of a complex crystallization process [45], as is 
in the case of PPGH.

A decreasing trend in α depicts a faster crystallization 
rate, and this is visible in the case of the nanocomposite 
(PPH) and multiscale composite (PPGH). In PPG, there is an 
increasing trend in α which can be attributed to spherulitic 
impingement, hence lowering the crystallization rate. This 
effect seems to be countered by the inclusion of HNTs as 
observable from the α trend in PPGH and PPH. While neat 
PP has lower � values as compared to the composites, the 
further decrease in some of the composite samples is attrib-
uted to the complexity of crystal geometry. As fillers were 
incorporated into PP, the n values are higher for composites 
as was seen in the Avrami analysis and thus � for the com-
posites, being a ratio of n to m is relatively higher compared 
to neat PP. Hence, the presence of fillers has enhanced the 
crystallization rate and the high values of R2 shows that the 
experimental data fits the linearized equation fairly well.

Chuah model

The Ozawa model was developed as an extension of the 
Avrami model for the non-isothermal crystallization 

processes. However, the Ozawa model provides a result that 
is restricted to a definite set of temperatures and the corre-
sponding relative crystallinity data. Another shortcoming of 
the Ozawa model is that it only describes the primary stage 
of crystallization that occurs before crystal impingement 
[46]. The model proposed by Caze et al. [47] was based on 
the assumption that the cooling crystallization function K(T) 
varies exponentially with T upon cooling. Nevertheless, this 
model could only accurately explain the kinetics of cool-
ing rate R < 10 οC  min−1. The Chuah model was developed 
to overcome the disadvantages of the Ozawa and the Caze 
model. The first step is to calculate the volume fraction of 
the crystals at every point of the crystallization process using 
the below given Eq. (14) [17, 22].

where Xw is the relative crystallinity calculated from the area 
under the DSC graph, and �a , �c are the bulk densities of the 
amorphous and crystalline parts of the polymer matrix and 
Xv is the crystal volume fraction. The effect of temperature 
on the ratio �a

�c
 is given by Eq. (15) [48]:

where the subscript 0 refers to reference temperature Tr that 
is taken to be 298 K,  �c and �a are the thermal expansion 

(14)Xv =

Xw

(

�a

�c

)

(

1 −
(

1 −
�a

�c

)

Xw

)

(15)
�a

�c
=

�a0

�c0
exp

[(

T − Tr
)(

�c − �a
)]

Fig. 5  Mo plots of log R versus 
log t at varying percent relative 
crystallinity for a PP, b PPG, c 
PPH and d PPGH composite. 
Percent relative crystallinity: 
blue dots: 10%, red dots: 30%, 
yellow dots: 50%, green dots: 
70%, orange dots: 90%. (Color 
figure online)
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coefficients of the pure amorphous and crystalline states of 
the polymer which are obtained using the empirical relations 
�aTg=0.16 and �cT0

m
 = 0.11, suggested by Boyer-Spencer 

and Bondi [49]. Here, T0

m
 is the equilibrium melting tem-

perature and Tg is the glass transition temperature of the 
polymer. Using the above-mentioned equation, Chuah et al. 
[46] proposed that

where  � is the slope and Tq is the intercept of the curves 
plotted between ln

[

−ln
(

1 − Xv

)]

 and T (Fig. 6). A second 
graph of ln q versus Tq is plotted (Fig. 7) where q is cooling 
rate of the samples which predicts the cooling rate at which 
better alpha and crystallization pattern could be observed. 
Chuah parameters evaluated are reported in Table S4. Nucle-
ation parameters obtained from Lauritzen–Hoffmann (L–H) 
model are included under Section S7.

Friedman model

Crystallization of a polymer matrix is impacted by two main 
factors—one being the free energy barrier of nucleation that 

(16)ln
[

−ln
(

1 − Xv

)]

= �(T − Tq)

was explored before and the other being the effective acti-
vation energy ( Ea) of the composites. The Kissinger and 
Friedman models are widely used in the non-isothermal 
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)
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crystallization kinetic studies of polymer composites to 
determine the activation energy; however, the Kissinger 
model has limitations due to it being a peak evolution 
method that does not describe the dependence of Ea on 
extent of crystallization and temperature [50]. The isocon-
versional method of Friedman is considered a better alter-
native in the view of recent literatures, as it evaluates the 
effective activation energy for every degree of crystallinity 
and the equation is as follows [50–52].

where 
(

dX

dt

)

 is the instantaneous crystallization rate at a 
given degree of crystallinity X and cooling rate i, ΔEX is the 
effective activation energy at a given X, R is the universal 
gas constant, and TX,i is the corresponding temperature 
related to X at different cooling rates.

It should be noted that here, Ea  is determined as the tem-
perature-dependent relative contribution of the mass trans-
port and nucleation processes to the crystallization growth 
rate. Hence in this context, it is understood as overall effec-
tive activation energy ΔEX  rather than the value represent-
ing the magnitude of the energy barrier [53].

According to the Friedman method, at a certain cooling 
rate, the instantaneous crystallization rate 

(

dX

dt

)

 is calculated 
by differentiating X with respect to time. Then by selecting 
various degree of crystallinity from 10 to 80%, the appropri-
ate values of 

(

dX

dt

)

 at that specific X, are correlated with 
corresponding crystallization temperature TX . It can be seen 
from the equation that a straight line must be obtained by 
plotting ln

(

dX

dt

)

 versus 
(

1

TX

)

 at different degrees of relative 
crystallinity X, the slope of which is equal to −ΔEX

R
 . The 

effective activation energy can hence be found. The plot of 
ln
(

dX

dt

)

 versus 
(

1

TX

)

 for the hybrid composite PPGH for rela-
tive crystallinity percentages of 10–80 is given in Fig. 8. 
Kissinger plots (Fig. S3) for the determination of activation 
energy are reported under section S6. Friedman plots for PP, 
PPG and PPH are presented in Fig. S5, S6 and S7.

Additionally, the dependence of effective activation 
energy on the extent of relative crystallization for all the 
samples PP, PPG, PPGH and PPH is given in Fig. 9 and the 
results are listed in Table 3. From this plot, it is observed that 
for all the samples, ΔE increases with increase in relative 
degree of crystallinity from 10 to 80% except for PPG where 
there is a dip in the activation energy for X > 60%. Consid-
ering this region of melt crystallization, with all samples 
ΔE is greatly negative at low degrees of crystallinity which 
corresponds to temperatures closer to the melting point [54]. 
Higher values of ΔE for higher fractions of crystallization 
suggest that crystallization in the initial stages was more 

(17)ln
(

dX

dt

)

X,i
= A −

ΔE
X
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online)

Table 3   ΔE at different % of relative crystallinity by Friedman 
method

Relative crystal-
linity /%

ΔE/kJ  mol−1

PP PPG PPH PPGH

10 − 874 − 194 − 247 − 275
20 − 434 − 198 − 155 − 155
30 − 275 − 195 − 145 − 163
40 − 230 − 198 − 118 − 144
50 − 198 − 173 − 126 − 145
60 − 156 − 175 − 89 − 121
70 − 102 − 150 − 83 − 92
80 − 60 − 222 − 56 − 65
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straightforward compared to the later stages where polymer 
chains are restrained at high relative degrees of crystallinity 
[55, 56].

In the case of PPG, a lower trend is observed in the effec-
tive activation energy at a relative crystallinity of above 
70%. This shows that in the secondary crystallization stage 
that involves only reorganization of the crystal structures, 
and a lower amount of activation energy is required to attain 
% crystallization higher than 70. Between the nanoscale and 
multiscale composites, the latter (PPGH) shows a lower 
effective energy barrier than the former (PPH) indicating 
crystallization is favoured in the presence of multiscale fill-
ers, compared to just nanofillers in PP [57].

Nucleation activity

The nucleation activity plot in Fig. 10 is obtained by plot-
ting ln R versus 1/T2

u
 where R is the cooling rate and Tu is 

the undercooling/supercooling temperature (K), i.e. Tm − Tc 
where Tm is melting temperature, and Tc is crystallization 
temperature.

The nucleation activity plot provides information about 
the nucleating effect of the filler on the base material [58]. 
Dobreva et al. [59] described nucleating activity by the fol-
lowing equation [60].

where C is a constant and parameter B is defined as

(18)logR = C −
B

2.3ΔT2
u

where k is Boltzmann constant, Tm is melting temperature, 
Vm is the molar volume of crystallizing substance, ΔSm is 
the molar entropy of mixing � is the specific surface energy 
of the spherulites, � is a geometrical factor, and N is the 
number of molecules. Nucleating activity is defined as “the 
ratio of thermodynamic work of formation of 3-D nuclei”, 
represented as = B∗

B
 . B∗ and B can be obtained by the slopes 

of the linear portions of the curves [60]. B is obtained from 
the neat PP curve, and B∗ values are obtained from the filled 
PP curves. From Table S7, it is observed that B∗ values of 
the filled composites are lower than that of PP. The Φ value 
ranges from 0 to 1. The closer it is to 0, the higher is the 
nucleating effect of the filler and thus, higher is the number 
of nucleation sites. Dobreva et al. [59] concluded that in the 
range of 1 > Φ>0 sporadic formation of three-dimensional 
nucleation takes place. Since PPGH has the lowest Φ value, 
it also has the highest amount of nucleation sites. The physi-
cal significance of this result is understood by examining 
the interface between the polymer matrix and the reinforce-
ments. The presence of both micro- and nanofillers in mul-
tiscale composites increases the overall fibre surface area 
with the PP matrix. Consequently, there is an increase in 
the interlocking of the fibres and the matrix, which results 
in a large number of nucleation sites [61]. This contributes 
to the exceptional physical properties mentioned by Jenifer 
et al. [7] for multiscale composites. One of the undesirable 
effects of the incorporation of nanofillers is agglomeration 
which ultimately inhibits nucleation. The high Φ value of 
PPH relative to that of PPGH can be attributed to this effect.

XRD analysis

Depending on the conditions under which crystallization 
occurs, PP crystallizes into different polymorphisms—
monoclinic (α), trigonal (β), triclinic (γ) and in some cases 
metamorphic (smectic), all of which differ in the arrange-
ment of the polymeric chains [62]. It is known from the 
diffraction spectra of PP that the α peaks (for the mono-
clinic crystals) are visible at 14°, 17°, 18.5°, 21°, and 22°. 
The corresponding lattice planes to these Bragg reflections 
are (110), (040), (130), (111), and (131 + 041). β peaks 
are visible at 16° (300), and 21° (301), while those for the 
triclinic crystals (γ) occur at 20.05° (117). Although there 
are peaks that are visible at 25.5° (060), and 28.5°(220) 
representative of the monoclinic phase, these reflections 
do not represent any significant modification and are thus 
not of importance [63].

The size of the crystallites can be calculated using the 
Debye–Scherrer equation [63, 64].

(19)B =
��3V2

m

3NkTmΔS
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Fig. 10  Nucleation activity plots of lnR versus 1/Tu
2 for PP, PPG, PPH 

and PPGH composites. Blue squared marker curve refers to PP, green 
triangle marker curve refers to PPG, red dot marker curve refers to 
PPH, and yellow diamond marker curve refers to PPGH composite. 
(Color figure online)
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where Lhkl(nm) is the size of ordered crystalline domains, λ 
(nm) is the X-Ray wavelength, k is a shape factor constant 
in the range of 0.8–1.2, and �hkl is the full width at half 
maxima obtained from the peaks at respective 2 � angles. 
For the purpose of this study, k is assumed to be 0.9 [64]. 
In this study, the peaks of neat PP were observed at 13.9°, 
18.4°, 21.02°, 25.24°, and 28.25° all of which are indicative 
of the α-crystal which is the most stable and common form. 
The crystallite sizes obtained for these respective peaks were 
16.2 nm, 15.6 nm, 13.4 nm, 15.7 nm, and 9.7 nm. A peak 
corresponding to the plane (300) at 16.7° can be indicative 
of the presence of the β crystal, and the crystallite size in 
this case is 30.03 nm. This peak is visible in PPG, PPH, and 
PPGH at 15.9°, 16.7° and 16.7° with reducing crystallite 
sizes of 23.58 nm, 14.64 nm, and 5.65 nm, respectively.

As shown Fig. 11, with the addition of glass fibre alone, 
there is a significant decrease in the intensity and sharp-
ness of the peaks which occur at 13.9°, 18.4°, 21.35°, 
25.37°, and 28.26°, corresponding to crystallite sizes of 
11.9 nm, 8.3 nm, 5.6 nm, 14 nm, and 9.2 nm, respectively. 
The decrease in the intensity of the peaks for PPG can be 
attributed to the destructive effect the glass fibre has on 
the crystallization of polypropylene.

With the addition of halloysite nanotubes by 2.5 mass% to 
PP, the peaks corresponding to PPH are higher in intensity 
and sharper than PPG. The peaks appear at 13.9°, 18.36° 
and 20.9° mainly, along with 25.42° and 28.45°, and the cor-
responding crystallite sizes are 14.2 nm, 13.0 nm, 15.2 nm, 
9.3 nm, 10.6 nm, and 10.4 nm. The increase in intensity 
is attributed to a relatively higher number of crystalline 
structures and a narrower distribution of the same, at each 

(20)Lhkl =
k�

�hklcos�hkl

respective plane, whereas the broadening of the same peaks 
in PPG means lesser number of structures and a larger dis-
tribution [6]. A larger distribution indicates a larger range in 
the crystallite sizes, and this is in line with broad peaks. The 
slight increase in intensity for PPH can also be indicative of 
the growth of large crystallites which is reflected in the dif-
ference in crystallite sizes of PPH and PPG.

In the case of PPGH, the peaks are the broadest of all and 
occur visibly at 13.91°, 16.71°, and 21.51° with correspond-
ing crystallite sizes as 17 nm, 5.6 nm and 6.1 nm. This can 
be explained by two phenomena—the broadening of α peaks 
due to smaller crystallite sizes and the presence of β crystals 
due to the last two peaks. Hence, PPGH possesses the small-
est crystallite sizes of all with most of them in the trigonal 
phase and the largest distribution of sizes with an unaltered 
high level of percent crystallinity [65]. This has immense 
significance, since it has been shown that the β crystals have 
improved ductility and impact strength. Owing to the unique 
surface morphology of HNTs, they possess dual nucleating 
ability leading to the formation of both α and β type crystals 
[11]. Thus, it can be concluded from this analysis that while 
the incorporation of fillers such as glass fibre and halloysite 
nanotubes has not altered the standard lattice planes of PP, it 
has increased the number of nucleating sites and reduced the 
crystallite sizes. Upon comparing the peaks of neat PP with 
that of the filled composites, the peaks appear at roughly the 
same 2 � angles, indicating that the addition of reinforcement 
brings no significant difference in the crystal lattice of PP.

Conclusions

The study on non-isothermal crystallization kinetics of poly-
propylene reinforced with glass fibres and halloysite nano-
tubes yielded the following conclusions.

• Kinetic study was conducted using different theoreti-
cal models, namely Avrami, Ozawa, Mo and Friedman 
models. The result from the Avrami study suggests 
that PPGH and PPH have similar crystallization rate 
constants, the consequence of which is increased rate 
of crystallization compared to PPG and neat PP. At 
the same cooling rate, the ZC value for PPH was the 
highest, with regard to other composites. The n value 
ranging from 1 to 2 was indicative of instantaneous 
crystallization. The Avrami plots exhibited linearity in 
the initial stage and then proceeded to deviate from 
linearity. From this result, it can be concluded that the 
Avrami model is best suited for primary nucleation 
only.

• Ozawa model was found to be not suitable for the micro 
and nanocomposite but exhibited a good fit in the case 
of hybrid composite. Out of the three theoretical mod-
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Fig. 11  XRD analysis of PP, PPG, PPGH and PPH samples. Purple 
curve refers to PP, blue curve refers to PPG, green curve refers to 
PPH, and red curve refers to PPGH composite. (Color figure online)
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els, the Mo model was best suited for the current sys-
tem. The decreasing trend of α ratio in nano and hybrid 
composites signified faster crystallization process. The 
increasing trend of the same in PPG is counteracted by 
halloysite nanotubes in PPGH and PPH. Higher values 
of F(T) suggested the possibility of a complex crystal-
lization process in PPGH. The conformation to the Mo 
model is high at high percent relative crystallinity, and 
with the R2 values of the plots being extremely close to 
1, it implied an almost perfect fit.

• Friedman analysis described the dependence of effective 
activation energy on the extent of relative crystallization 
of the samples. PPGH exhibited lower effective energy 
barrier than PPH, indicating crystallization is more 
favoured in the presence of multiscale fillers. Compu-
tation of ɸ from the nucleation activity plot yields the 
result that PPGH has the highest amount of nucleation 
sites. This is justified by the high fibre surface area due 
to the presence of both nano- and microfillers. The low 
ɸ value of PPH is indicative of agglomeration of the 
nanotubes.

• In XRD analysis with the addition of GF, there was a 
significant reduction in the intensity and crystallite size 
in contrast to the PPH composites where the reduction in 
the intensity was to a lower extent indicating that HNT 
had a role in inducing larger number of nucleating sites, 
leading to bigger crystallite sizes. When both GF and 
HNT were incorporated into PP, the peaks were broad-
ened to the largest extent hence possessing the smallest 
crystallite sizes, some of which represented β crystals 
thus indicating the ability of HNTs to promote β crystal 
formation.
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