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ABSTRACT

taining 0.5 wt% single-walled carbon nanotube (PP/SWNT) were compared by

using differential scanning calorimetry technique. The non-isothermal melt crys-
tallization data were analyzed according to Avrami and Mo models. The values of half-
life and corrected composite. rate constant of Avrami equation as well as the rate
parameter of Mo equation indicated that the crystallization rate increased with the
increasing of PP and PP/SWNT cooling rates. However, the crystallization rate of the
nanocomposite was found-to be higher than that of PP at a certain cooling rate.
Nucleation efficiency (NE) defined by Fillon was obtained for PP/SWNT. It was found
that NE varied from 16.4% to 19.4% in the range of cooling rate studied. This implied
that SWNT could play as a nucleating agent for the crystallization of PP. In addition, the
effective energy barrier (AE) for the non-isothermal melt crystallization process was
calculated for the two materials by using the Kissinger method. The AE values were
detérmined to be 226 and 262 kJmol-1 for PP and PP/SWNT, respectively. Based on
the theory proposed by Lauritzen and Hoffman, the end surface free energy (o) for the
two materials was calculated. The results showed that the value of 5, for the nanocom-
posite was lower than that of PP itself, in agreement with the fact that the rate of
crystallization is higher in the nanocomposite compared to the pristine polymer.

The kinetics of non-isothermal crystallizations of polypropylene (PP) and PP con-
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Carbon nanotubes (CNTs) have
received immense attentions and
have been the subject of investiga-
tion by scientific communities
around the world for the past few
years [1-10]. Due to strong carbon-
carbon bonds and more or less per-
fect crystalline structure, CNTs are
among the materials with outstand-
ing physical and mechanical prop-
erties. They can be produced in two
different forms of single-walled
(SWNT) and multi-walled
(MWNT) structures which in the

former the nanotube wall consists
of only one layer of carbon atoms
and the latter is made of several
concentric cylinders around a cen-
tral hollow [11-13]. The high stiff-
ness, strength, and conductivity of
CNTs as well as their high aspect
ratio and large surface area have
led interests
nanotube-reinforced  polymers
(CNTRP) as ultra light structural
polymers with superb mechanical
properties [14-21].

Studies on the kinetics of poly-

towards carbon



mer crystallization are theoretically and practically
important. Because of simplicity in interpretation and
fitting the data with the existed theories most of the
experiments are conducted in isothermal conditions.
However, in practice, polymers are usually produced
and processed in non-isothermal conditions such as
injection moulding or extrusion. As the physical and
mechanical properties of polymers are strongly depend-
ent on morphology and the extent of the crystallinity
formed during such processing conditions, it is very
important to extend our knowledge on the non-isother-
mal crystallization kinetics of polymer materials [22].

There are a few published papers about the non-
isothermal crystallization kinetics of polypropylene/
CNT nanocomposites, however, most of them have
been focused on the kinetics of isothermal crystalliza-
tion [23-26] and in some of them non-isothermal crys-
tallization kinetics was also examined for the materi-
als crystallized under just one cooling rate [26,27]. In
these papers the analysis was carried out using only
Avrami equation, except Leelapornpisit et al. [28]
who used Mo model to analyze the non-isothermal
crystallization of the materials.

In this paper, a comprehensive study has been
made on the non-isothermal crystallization kinetics of
polypropylene and the one containing single-walled
carbon nanotubes (SWNTs). The Avrami_and Mo
models are applied to deal with the experimental data
obtained using the differential scanning calorimetry
(DSC) technique. The activation  energies for non-
isothermal crystallization process have been calculat-
ed for the two materials according to the Kissinger
proposed equation. At the end, the-kinetic crystalliz-
ability has been calculated for the two materials by a
method proposed by Jeziorny and also the kinetics of
non-isothermal crystallization has also been analyzed
using the equation proposed by Lauritzen and
Hoffman. To the best of our knowledge nobody has
yet reported the two latter models to study the non-
isothermal kinetics of polymer filled CNT nanocom-
posites.

EXPERIMENTAL

Materials
PP homopolymer was supplied by Bandar Imam

Petrochemical Co., Iran, as the grade Poliran P10800.
The melt flow index and density were 8 g/10 min and
0.902 g/cm3, respectively. The SWNTs were obtained
from Research Institute of Petroleum Industry (RIPI),
Iran, with the maximum length of 10 um. It was pre-
pared by using a chemical vapour deposition (CVD)
process via methane as a carbon source, cobalt and
molybdenum as a catalyst system and reaction tem-
perature range 800-1000°C.

Composite Preparation

SWNTs were dried under vacuum at 80°C for 12 h to
remove any moisture before mixing with other ingre-
dients. The mixing of the components was performed
in an internal mixer (Haake Rheomix; HBI SYS90)
with rotor speed of 120 rpm and at 180°C. PP granules
and SWNTs (0:5 wt%) were all dry blended first and
then introduced into the mixer and mixing continued
for 10 min. The mixture was compression moulded
after mixing was finished. Square plaque (0.5 mm
thick) of the mixture was prepared in a Toyoseiki
Mini Test Hydraulic Press (Japan) at 190°C and 10
MPa for 5 min. Then the sheets were directly
quenched in water at room temperature.

Thermal Analysis

Thermal analysis was carried out using a Perkin-
Elmer DSC (model Pyris 1) interfaced to a personal
computer. The temperature scale of the calorimeter
was calibrated by indium. All samples were weighed
(5+0.2 mg) and each sample was enclosed in an alu-
minium pan. An empty aluminium pan was also used
as a reference. The samples were first heated to 210°C
and to ensure complete melting, the samples were
kept at this temperature for 5 min. After this period,
each sample was cooled to 50°C at the cooling rates of
2.5, 5, 10, 20, and 40 K.min-!. The non-isothermal
crystallization exotherms were recorded for further
analysis.

RESULTS AND DISCUSSION

Crystallization Behaviour of PP and PP/SWNT

The crystallization exotherms of PP and PP contain-
ing 0.5 wt% of SWNTs (PP/SWNT) for non-iosther-
mal crystallization from the melt at different cooling
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Figure 1. DSC non-isothermal crystallization curves of: (a)
PP and (b) PP/SWNT.

rates are shown in Figures 1a and 1b, respectively. It
is obvious that the exothermic trace has become wider
and the peak temperature (Tp) shifted to lower tem-
perature for PP and PP/SWNT when the cooling rate
increased. When the cooling rate is low, the molecu-
lar chains of PP have sufficient time to overcome the
nucleation energy barrier and consequently make a
more perfect crystal and show a higher T, [29].

It can also be seen that at the same cooling rate the
T, of PP/SWNT nanocomposite is higher than that of
the pristine polymer (Figure 2). This can be related to
the heterogeneous nucleation effect of the SWNTs on
PP chain segments crystallization. Aggregates and the
solid surfaces of SWNTSs and also the other impurities
can serve as nuclei on which the PP chains can easily
be absorbed and lead to PP crystallization more quick-
ly at higher temperature.

Nucleation efficiency (NE) for a given polymer
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Figure 2. Variation of peak crystallization temperature ver-
sus cooling rate for PP and PP/SWNT.

has been defined by Fillon et al. as follows [30]:

NE = Jau=Ter g
TC2max_TC1 (1)

where T is the crystallization temperature of poly-
mer without any nucleating agent, Ty, 1s the peak
crystallization temperature of polymer containing
nucleating agent and Tcp.x 1S the optimum self-
nucleation temperature which has been reported to be
164.5°C for PP [29]. According to the two extreme
cooling rates of 2.5 and 40 K.min"!, the calculated NE
for PP/SWNT was between 19.4% and 16.4%. This
implies that SWNTs can play the role of nucleating
agent in PP.

Non-isothermal Crystallization Kinetics

Modified Avrami Analysis

Avrami equation which is widely used to analyze the
isothermal crystallization of polymers is expressed as
follows [31-34]:

—In(1-X,)=7t" ()

where Z is the composite rate constant incorporating
both nucleation and growth, X is the relative degree
of crystallinity and n is the Avrami exponent which
depends on nucleation mechanism and growth dimen-
sion [35]. Using eqn (2) in double-logarithm form,
eqn (3) may be written as follows:

log(—In(1-X,))=logZ+nlogt (3)
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By plotting log(-In(1-X,)) against log t for each cool-
ing rate, the two adjustable parameters of Z and n can
be obtained. X, as a function of time, can be calcu-
lated using the following equation [36-38]:

jdH dt
dt
X, = )
Id—H dt
dt

fy

where t; and t,, are the starting and the ending times
of crystallization, respectively and dH/dt is the rate of
heat evolution. The modified form of Avrami equa-
tion can be used for analyzing non-isothermal crystal-
lization. In this case X is a function of crystallization
temperature and is defined as follows [39]:

[ )
dH

where T and T, indicate the crystallization temper-
atures at the starting and ending points, respectively.

According to Jeziorny [40] at a constant cooling
rate Z should be corrected using the cooling rate

employed during non-isothermal- crystallization
experiment as follows:

logZ

logZ. = (6)
where Z,, is the corrected composite rate constant and
¢ = dT/dt is the cooling rate.

The relation between crystallization time and tem-

perature during the mnon-isothermal crystallization
process is given by:

- %)
®

where T is the temperature at time t [39].

The variations of X as a function of temperature
for PP and PP/SWNT at various cooling rates are pre-
sented in Figures 3a and 3b, respectively. All the
curves show the same inversed sigmoidal shape,
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Figure 3. Relative crystallinity against the crystallization
temperature at various cooling rates for: (a) PP and (b)
PP/SWNT.

signifying that the shifts observed are only related to
the delay effect of cooling rate on crystallization [41].
Figures 4a and 4b can be plotted if the temperature
scale is converted into a time scale using eqn (7). It is
clearly observed that the time which is required for
the completion of crystallization decreased as the
cooling rate increased. It is also quite clear that at a
given cooling rate, the crystallization time of
PP/SWNT is shorter than that of the PP itself.
Figures 5a and 5b show the plots of log(-In(1-X,))
against log t for PP and PP/SWNT at different
cooling rates. Each curve consists of two parts with
different slopes in which the first part with larger
slope is related to primary crystallization process and
the second part with smaller slope is attributed to the
secondary crystallization process [42]. It is note-
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Figure 4. Relative crystallinity against crystallization.time at
various cooling rates for: (a) PP and (b) PP/SWNT.

worthy that in non-isothermal crystallization Z and n
cannot have the same physical significance as they
have in isothermal crystallization [29,41,43] and the
values of n show more divergence for the former than
the values obtained.for the latter [41,44]. This is
because the temperature in non-isothermal crystalliza-
tion condition changes continuously and it has a seri-
ous effect on the rates of spherulite growth and nucle-
ation which are both temperature dependent. Thus,
from the first linear part of the plot, the values of
parameters of crystallization half-life (t;,,), n and Z
were determined at different cooling rates.

The results obtained from the Avrami plots and the
Jeziorny method are tabulated in Table 1. It can be
seen that the relative degree of crystallinity formed at
the end of primary crystallization process (Xpg)
shifts to the lower values for the two materials as the
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Figure 5. Plots of log(-In(1-X;)) against log t for crystalliza-
tion of: (a) PP and (b) PP/SWNT.

cooling rate increases. However, the amount of shift is
more pronounced for the PP/SWNT, implying that
secondary crystallization process is more significant
for PP/SWNT than that of PP itself.

The Avrami exponent varied from 3.70 to 5.48 for
PP and from 4.19 to 6.13 for PP/SWNT. As it can be
seen, t;,, value decreases and Z value increases with
increasing cooling rate indicating that the polymer has
crystallized faster when the cooling rate is increased.
However, at the same cooling rate, for PP/SWNT the
value of t| , is lower and the value of Z is higher com-
pared to these values of the pristine polymer. Z is
also increased with cooling rate as expected and it is
higher in values for the nanocomposite in comparison
with PP alone. These are consistent with the fact that
the crystallization rate of PP/SWNT is higher than
that of the pristine polymer.
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Table 1. Non-isothermal crystallization kinetics parameters of PP and PP/SWNT nanocomposite at
different cooling rates.

Sample ® t2 n Z (A Z, Xp o
(Kmin-1) (min) (min-n) '

25 3.07 5.12 2.25 0.087 0.97

5 1.63 5.48 48 0.545 0.94

PP 10 0.96 4.79 860 0.985 0.92
20 0.50 4.56 16539 1.151 0.85

40 0.32 3.70 47998 1.096 0.80

25 2.31 5.27 8.32 0.147 0.92

5 1.35 6.13 110 0.643 0.87

PP/SWNT 10 0.70 4.36 3245 1.125 0.85
20 0.46 4.18 16442 1.150 0.72

40 0.27 4.19 177272 1.138 0.62

Mo Model Analysis logp =log F(T )—a logt (11)

Assuming that non-isothermal crystallization process
can be composed of infinitesimally small isothermal
crystallization steps, Ozawa [45] modified the Avrami
equation by taking into account the effect of cooling
rate on the crystallization process from the melt to the
glassy state. He replaced t in eqn (2) with T/p as fol-
lows:

I—X,:exp[LfnT)] (®)
%

or

log[—In(1-X,)] =log K(T )-mlog¢ 9)

where m is the Ozawa exponent that depends on the
dimension of the crystal.growth and K(T) is defined
as a cooling function.

Mo et al. [46,47] proposed another model for non-
isothermal crystallization based on Avrami and
Ozawa equations. For the same system, at a certain
degree of crystallinity and crystallization time, the
right hand sides of eqns (3) and (9) should be equal.
Therefore, a new equation is obtained for non-isother-
mal crystallization such as:

logZ +nlogt=1ogK(T)—mlogo (10)

By rearranging the equation we have:

where o = n/m, the ratio of Avrami to Ozawa expo-
nent;and F(T) = [K(T)/Z]/m. F(T) indicates the value
of cooling rate which has to be chosen at unit crystal-
lization time when the measured system amounts to a
certain degree of crystallinity. According to eqn (11) a
straight line is obtained by plotting log ¢ against log t
for a certain relative degree of crystallinity.

Figures 6a and 6b show the analysis for PP and
PP/SWNT, respectively, at several X, values of 20%,
40%, 60% and 80%. It can be seen that the plots pro-
duce a series of straight lines for the two materials at
a given X,. This clearly shows that the Mo method is
successful in describing the non-isothermal process of
PP and PP/SWNT. The values of a can be calculated
from the slope and that of F(T) from the intercept of
the lines.

The values of a and F(T) calculated for the two
materials are listed in Table 2. The value of o varies
from 1.20 to 1.34 for PP and from 1.29 to 1.50 for
PP/SWNT. It is observed that the value of F(T) sys-
tematically increases with X, but at the same X; value,
PP reveals a higher F(T) value comparing to the value
obtained for PP/SWNT. Since F(T) reflects the diffi-
culty of crystallization process [34] the smaller values
determined for PP/SWNT is in agreement with faster
crystallization rate of nanocomposite compared to
that of the PP itself. This is consistent with Avrami

(W#Z2 |ranian Polymer Journal / Volume 18 Number 2 (2009)
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Figure 6. Plots of In ¢ as a function‘of In t at several
relative crystallinities for: (a) PP and (b) PP/SWNT.

analysis results and also with our previous observa-
tion that SWNTs act as nucleating agents.

The Kinetic Crystallizability

Based on Ziabicki'sitheory [48], Jeziorny [40] derived
an equation to calculate a parameter known as the
kinetic crystallizability, G, in order to characterize the
non-isothermal crystallization kinetics of poly(ethyl-
ene terephthalate). The expression of this parameter is
given as follows:

t

max

i—ljdt
T 05 D 1
G=()K, —=~1064-— =
iz’ Ko g o (12)
J.—dt
dt

where D is the half-width of the crystallization peak

Table 2. Non-isothermal crystallization kinetics parameters
of PP and PP/SWNT nanocomposite at different relative
crystallinities.

Sample X (%) o F(T)

20 1.20 7.48

PP 40 1.256 9.14

60 1.29 10.67

80 1.34 12.69

20 1.29 5.78

PP/SWNT 40 1.35 7.15

60 1.42 8.53

80 1.50 10.53
and K, ... is the ratio of relative crystallinity from the
time that crystallization begins, t;, up to the time cor-
responding to maximum crystallization rate, t,,,., and

from the latter to the point that crystallization ends, tg,
divided by t,,,. The kinetic crystallizability charac-
terizes the degree of crystallinity obtained when a
polymer is cooled from its melting temperature to its
glass transition temperature at unit cooling rate [49].
Therefore, G similar to Z should be corrected by con-
sidering the influence of ¢ as follows:

G
G =—
< (13)

The parameters characterizing the non-isothermal
kinetic crystallizabilities of PP and the nanocompos-
ite are listed in Table 3. The results show that the
value of G, is not dependent on cooling rate for the
two materials at all cooling rates studied. The average
G, values of 1.247 for PP and 1.158 for the nanocom-
posite also reveal that this parameter is not influenced
much by the presence of CNTs in PP.

Activation Energy of Crystallization
The Kissinger method can often be used to estimate
the activation energy in various cooling rates [50];

din(-?5))
Ipy” _-AE (14)
1 R
()

where AE is the activation energy of crystallization

Iranian Polymer Journal / Volume 18 Number 2 (2009) 173



Table 3. Kinetic crystallizability of PP and PP/SWNT at different cooling rates.

Sample ¢ > Kmax © Ge
(Kmin-1) (K) (min-1) (Kmin-1)

25 3.022 1.008 3.243 1.297

5 3.702 1.566 6.171 1.234

PP 10 4.927 2.308 12.105 1.210
20 6.920 3.392 24.986 1.249

40 10.531 4.448 49.862 1.247

25 2.351 1.096 2.743 1.097

PP/SWNT 5 2.905 1.793 5.544 1.109
10 4.764 2.299 11.659 1.166

20 7.606 3.136 25.390 1.270

40 9.763 4.409 45.820 1.146

and R is the universal gas constant.

Figure 7 shows the plots of 1n((p/Tp2) against l/Tp
from which the activation energy of non-isothermal
melt crystallizations of PP and PP/SWNT were
detemined from the slope of each line. The AE value
was calculated to be 226 and 262 kJmol-! for PP and
PP/SWNT, respectively. It is observed that the addi-
tion of SWNTSs unexpectedly increased the AE value.
This phenomenon has also been reported for PP
nucleated with sodium benzoate [51], «rosin-based
nucleating agents [52], and even poly(trimethylene
terephthalate) (PTT)/clay [53] and polyethylene (PE)/
clay nanocomposites [29]. The higher AE for
PP/SWNT reveals that the introducing of SWNTs to
PP makes the transportation of PP chains segments to
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Figure 7. Plots of In((p/sz) against 1/T, for PP and
PP/SWNT.

the " growing crystal surface more difficult [54].
However, apart from the higher activation energy
obtained for PP/SWNT, the other kinetics data such as
typ and Z (and Z,) clearly showed that the addition of
SWNTs could enhance the rate of PP crystallization.

It has been proposed for polymer/clay nanocom-
posites that because of the existence of pre-existed
silicate staking nuclei, the chains which are located in
the neighbourhood of the stakes may aggregate
instead of folding through a reptation tube in the pres-
ence of clay. It means that the rate of aggregation of
chains, close to nanoclay is much higher than that of
chain folding [55]. In the case of PP/SWNT, it has
been suggested that the increase of PP viscosity after
SWNTs introduction depresses the rearrangement of
PP molecular chains [28]. Thus, the value of activa-
tion energy is higher for the nanocomposite than that
of PP.

Analysis of Crystallization Kinetics According to
Lauritzen-Hoffman Expression

Based on the Turnbull and Fisher equation [56],
Hoffman et al. proposed an expression for the analyz-
ing of the temperature dependence linear growth rate
[57-61] as follows:

—AE K, (15)
RT 1) P A

g =g, exp(

where g is the growth rate, g, is a temperature inde-



pendent pre-exponential parameter, AE is the energy
barrier for transport of material across the crystal-lig-
uid interface, T, is the temperature below which
motions cease and is taken as T,, =T, - 30K, R is the
universal gas constant, f which is obtained from
£=2T /(T,0+T,) expression is a correction factor that
accounts for the change of the enthalpy of fusion,
AHg, with temperature, T, is crystallization tempera-
ture and AT = T,.0 - T, is the degree of undercooling
in which T, 0 is the equilibrium melting temperature,
and K, is the nucleation constant which is expressed
as follows:

_nboo T,
¢ kAH , (16)

where n is a parameter which depends on the crystal-
lization regime according to Lauritzen-Hoffman
theory, o and o, are the lateral and end surface free
energies of the growing crystal, respectively, by, is the
molecular thickness, and k is the Boltzmann constant.
o can also be estimated as follows:

o =a(awh,)”AH, 17)

where o was empirically obtained to be 0.1 and ayb,,
represents the cross-sectional area of the polymer
chain [62].

Assuming that the three-dimensional crystal
growth has linear relationship ‘with time; the overall
kinetic parameter K which is considered to be equiv-
alent to Z_ can be expressed as follows [63].

K=CDg'N 8)

where N is the nucleation density. The result of com-
bining eqns (15) and (18) will be the following equa-
tion:

1 AE K

“InK+———— =4 ——
3 R(T.-T,) fT.AT (19)

where, A = In g, + 1/3In 4nN/3. The plots of 1/3In K
+ AE/R(T-T,,) against 1/fT AT for PP and PP/SWNT
are shown in Figure 8. The values of K, can directly
be calculated from the slope of the lines. Therefore,
the value of 6, can simply be estimated by using eqns

6.0

(®)PP
(O) PPISWNT
~ 56
Ly
Qo
£ 5
=
g
& a8 °
£
©
= 44
40 . . . . . :
34 36 38 40 42 44 46 48

108/T, AT (K2)

Figure 8. The plots of 1/3InK + AE/R(T.-T,,) against 1/fT AT
for PP and PP/SWNT nanocomposite.

(16) and (17).

In‘order to calculate the K, and o, the values of a,
by, Tg, AE and TmO were taken to be 5.49x10-10 m,
6.26x10-10 m', 269.6 K, 6280 Jmol-! [64] and 460 K
[65], respectively. The o, decreased from 29 mJ/m?2
for the pristine polymer to 19 mJ/m2 for PP/SWNT
nanocomposite. This means that the addition of
SWNTs to PP depresses the chain folding barrier,
thus, increases the rate of crystallization of PP
[13,63,66]. This is consistent with what we have
reported earlier.

CONCLUSION

The study of non-isothermal crystallization kinetics of
PP and PP/SWNT was carried out by DSC.
Calculation of nucleation efficiency showed that
SWNTs could serve as nuclei and increase the hetero-
geneous nucleation in PP. The results obtained from
Avrami analysis indicated that at the same cooling
rate, PP/SWNT has lower value of t;, and higher
value of Z (and Z ) compared to the pristine polymer.
These were in agreement with faster crystallization
rate of PP/SWNT than that of the PP itself. Mo
method was found to be a suitable and convenient
method to deal with the non-isothermal crystallization
of PP and the nanocomposite. This method also
proved that the faster crystallization of nanocompos-
ite compared to PP is consistent with the results
obtained by the Avrami analysis. The activation ener-
gy of melt crystallization for the PP and PP/SWNT

Iranian Polymer Journal / Volume 18 Number 2 (2009) 175



was determined to be 226 and 262 kJmol-!, respec-
tively. The unexpected higher amount of activation
value for the nanocomposite could be attributed to the
higher viscosity of the nanocomposite than to that of
the pristine polymer. The reduction of o, in the
nanocomposite compared to PP alone was also consis-
tent with the higher rate of crystallization of PP in the
nanocomposite.
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