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ABSTRACT: The isothermal and nonisothermal crystallization behavior of high density polyethylene (HDPE) containing various zero,
one, and two dimensional (0-D, 1-D, and 2-D) carbon nanofillers were investigated by means of differential scanning calorimetry.
For a given temperature, the isothermal crystallization incubation time of HDPE became longer with the addition of lower dimen-
sional carbon nanofillers, and the isothermal crystallization rate got slower. The values of Avrami and Tobin exponents indicated that
the isothermal crystallization of HDPE followed two-dimensional crystal growth in the presence of 2-D and 1-D carbon nanofillers,
while exhibited three-dimensional heterogeneous crystal growth in the presence of 0-D carbon nanofillers. Contrary to the isothermal
study, the nonisothermal crystallization of HDPE was accelerated in the presence of lower dimensional nanofillers. The nonisothermal
crystallization data were finally analyzed using Ozawa and Mo methods. It was observed that only Mo approach could successfully
describe the nonisothermal crystallization process of HDPE and HDPE/carbon nanocomposites. © 2012 Wiley Periodicals, Inc. J. Appl.
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INTRODUCTION

Polymer nanocomposites are particle-filled polymers for which
at least one dimension of the dispersed particles is in the nano-
meter size range.! In virtue of the nanometer-size fillers, these
polymer nanocomposites exhibit prominently improved me-
chanical, thermal, optical, and physic-chemical properties, com-
paring with the pure polymer or conventional filler-reinforced
polymer composites.

The crystallization behavior of polymer matrix, which is of sig-
nificant importance for real industrial processing, could also be
influenced by the dispersed nanofillers and hence has aroused
wide attention of researchers. It was found that the layered sili-
cates,”” spherical silica,® and calcium carbonate’ played two
different roles during polymer crystallization: as heterogeneous
nucleating agent which promoted polymer crystallization and as
a hindrance which retarded polymer crystallization growth.
Generally, these effects are dependent on the content, the geom-
etry, and the dispersion state of the nanofillers in the polymer
as well as the crystallization temperature.

Among the nanofillers involved in recent studies, carbon nano-
structured material is a family which has received considerable
attention,'®™® due to their outstanding mechanical, electrical,
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thermal, and flame retardant properties. The entire range of
dimensionalities is represented in the nanocarbon world,"
including zero-dimensional (0-D) structures (e.g., fullerenes, di-
amond clusters), one-dimensional (1-D) structures (e.g., carbon
nanotubes), and two-dimensional (2-D) structures (e.g., graph-
ite sheets). The crystallization behavior of polymer/carbon
nanocomposites has also stimulated increasing research inter-
ests. It was found that the incorporation of single-walled carbon
nanotube (SWNT) into polypropylene'>>° accelerated the
nucleation and resulted in shorter crystallization time, the effect
being more appreciable at low nanotube content (5%). The
same phenomena were observed for polyethylene/SWNT nano-
composites fabricated via hot-coagulation method.”' The nucle-
ation effect of multiwalled carbon nanotube (MWNT) on the
crystallization of polymer was also reported. The crystallization
rate of polymer, including polyethylene,”>** polypropylene,****
polyamide 6,%° polyamide 1010,” and poly(epsilon-caprolac-
tone),”® was increased with the addition of MWNT. Recently,
Sui®® reported that diamine-modified MWNT reduced the over-
all crystallization rate of polyamide 6 matrix despite the hetero-
geneous nucleation effect. Similar results were also observed for
in situ polymerized high density polyethylene (HDPE)/MWNT
nanocomposites,”® in situ synthesized polyamide 6/foliated
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Table 1. Information of Various Carbon Nanofillers
Nanofillers Characteristics Supplier Structure
CB Particle diameter = 20 nm, specific surface Shandong Huaguang
area (SSA) = 890 m?/g Chemical Co. Ltd.
Diamond Particle diameter = 3-10 nm, SSA = 270-335 m?/g Heyuan Zhonglian
Nanotechnology Co. Ltd.
SWNT Diameter = 0.8-1.6 nm, length = 5-40 pm, Chengdu Organic Chemical Co. Ltd.
SSA = 407 m?/g
MWNT Outer diameter < 8 nm, inner diameter = 2-5 nm, Chengdu Organic Chemical Co. Ltd.
length = 10-30 um, SSA > 500 m?/g
Graphite LLayer thickness = 5-25 nm, lateral Xiamen Knano Graphene

dimension = 0.5-20pm, SSA = 40-60 m?/g

Technology Co. Ltd.

graphite nanocomposites,”’ and polyamide 6/graphite oxide
nanocomposites prepared by delamination/absorption.’” Appa-
rently, particular attention has been paid to polymer/1-D car-
bon nanotube composites, whereas few studies have been
devoted to the crystallization of polymer/0-D and polymer/2-D
carbon nanocomposites.”> Moreover, comprehensive study is
also scarce to understand the influence of nanofiller dimension-
ality on the crystallization kinetics of polymer nanocomposites.

With the above considerations in mind, the crystallization
behavior of HDPE containing various dimensional (0-D, 1-D,
and 2-D) carbon nanofillers, was investigated using differential
scanning calorimeter (DSC) under isothermal and nonisother-
mal conditions. Several theoretical models (Avrami, Tobin,
Ozawa, and Mo) were applied to describe the crystallization
process. The influence of the presence and the dimensionality of
the carbon nanofillers on the crystallization kinetics of HDPE
were discussed.

EXPERIMENTAL SECTION

Materials and Nanocomposite Preparation

Commercial HDPE (p = 0.949 g/cm3, melt flow index = 0.40
¢/10 min) without additives was kindly supplied by SINOPEC
Shanghai Petrochemical Co. Ltd. in the form of powder. The
carbon nanofillers used in this study were 0-D carbon black
(CB) and diamond, 1-D SWNT and MWNT, and 2-D foliated
graphite. Detailed information of these carbon nanofillers is
given in Table I.
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The HDPE nanocomposites containing 2 wt % of each carbon
nanofiller were prepared by melt-blending using a Bradender
Plastic-Corder W50EHT internal mixer at 190°C, 60 rpm for 10
min. Square plaques were then prepared for further testing by
compression-molding of the mixtures for 5 min at 180°C and
25 bar in a molding test press. Blank sample was obtained fol-
lowing the same procedures as a base of comparison.

Crystallization Study

The isothermal and nonisothermal crystallization study of
HDPE/carbon nanocomposites were carried out on a Perkin-
Elmer DSC-7 under nitrogen atmosphere. Sample of approxi-
mately 8 mg was used for each measurement. For isothermal
crystallization, the samples were first heated from 30°C to
160°C at a rate of 50°C/min, and then stayed there for 5 min to
erase any previous thermal history. After that, the samples were
rapidly cooled to the designated crystallization temperature and
kept at that temperature until the crystallization completed. To
insure the integrity of the isothermal crystallization process and
the reliability of the calculated kinetic data, proper temperatures
for isothermal crystallization should be selected. For this reason,
the isothermal crystallization measurements of each sample
were carried out at a temperature range of 120°C to 125°C.
Finally, the crystallization temperature of 122, 123, and 124°C
were chosen for HDPE and HDPE/graphite nanocomposite;
121, 122, and 123°C were chosen for HDPE/SWNT and HDPE/
MWNT nanocomposites; 120, 121, and 122°C were chosen for
HDPE/CB and HDPE/diamond nanocomposites.
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To examine nonisothermal crystallization, the samples were heated
from 30°C to 180°C, held for 5 min and then cooled to 30°C at con-
stant cooling rates of 5, 10, 15, and 20°C/min. The absolute crystal-
linity of HDPE is determined by the standard DSC scans: The sam-
ples were cooled from the melt (180°C) to 25°C at 10°C/min,
holding there for 5 min, and then heated to 180°C at 10°C/min.

Description of Theoretical Models

To analyze the crystallization data obtained from DSC, several
theoretical models (Avarami, Tobin, Ozawa and Mo) are used in
this study.

Generally, the classical Avarami equation®®*® is used to analyze

the isothermal crystallization kinetics of polymer materials:
X, =1 —exp[—(Kat)™] (1)

where X, is the relative crystallinity at time t. n, is the Avrami
exponent, which reveals the nucleation mechanism and growth
dimension, and K, is the Avrami crystallization rate constant.

As Avarami analysis is only appropriate to describe the early
stages of polymer crystallization, Tobin theory,’® which involved
phase-transformation kinetics with growth site impingement,
was thus proposed to improve the fitting results at the later
stages of crystallization:

(Kit)™

X =—t’l
T (K)™

(2)

where K, is the Tobin crystallization rate constant and #, is the
Tobin exponent governed by different types of nucleation and
growth mechanisms.

Considering the nonisothermal character of the process,
Ozawa® modified the Avrami equation by incorporating the
cooling rate factor (@) based on the mathematical derivation of
Evans.”® The Ozawa equation is as follows:

l—XT = exp[—KT/(I)'”] (3)

where Krand m are the Ozawa crystallization rate constant and
exponent, respectively. Equation (3) can be written as the dou-
ble logarithmic form:

log[—In(1 — X7)] = log Ky — mlog @ (4)

If Ozawa analysis is valid to describe the kinetics of nonisother-
mal crystallization, the plots of log [-In(1-X7)] against log ¢
should give a straight line, and the kinetic parameters m and Kp
can be derived from the slope and the intercept, respectively.

Combining the Avrami equation with the Ozawa equation, a
method modified by Mo and coworkers®® was also proposed to
describe the nonisothermal crystallization. The final modified
equation is:

log® =log F(T) — blog ¢ (5)

where the parameter F(T) refers to the value of cooling rate
required to reach a certain degree of crystallinity at unit crystal-
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lization time and b is the ratio between Avrami and Ozawa
exponents, that is, b = n/m. Thus, plotting log ¢ versus log t at
a given relative crystallinity yields a linear relationship between
log ¢ and log t. The values of b and F(T) can be estimated
from the slope and the intercept of the line.

RESULTS AND DISCUSSION

Isothermal Crystallization Analysis

Isothermal Crystallization Behavior. The typical isothermal
crystallization curves of HDPE and HDPE/carbon nanocompo-
sites at different crystallization temperatures (7,) are shown in
Figure 1. The crystallization behavior of the samples is strongly
affected by T, With the T, increased, the crystallization exother-
mic peaks become flatter and shift to a higher value, meanwhile
the time to complete crystallization is also increased. The rela-
tive crystallinity at time ¢ (X;) can be obtained from the area
under the exotherm up to time ¢, divided by the total exother-
mic peak area:

t dH,
X = bt (©)
Jo G de

where dH, is the enthalpy of crystallization released during an
infinitesimal time interval df. Thus the development of X, with
crystallization time for HDPE and HDPE/carbon nanocompo-
sites can be established as shown in Figure 2. The half time of
crystallization #;/,, at which X, = 0.5, can be determined from
these curves. The intersection of the time axis with the tangent
at the inflection point of the curve defines the incubation time,
t;. Generally, t;,, of a polymer is taken as a measure of the over-
all rate of crystallization, and #; is the time required before the
critical equilibrium nucleus dimension is established.*® The val-
ues of both t#;,, and t; for isothermal crystallization of HDPE
and the nanocomposites are listed in Table II. It can be seen
that #,,, and t; of all samples increase with increasing T.. The
increased t;,, indicates that the crystallization rate decreases
with increasing T,, which verifies that the crystallization takes
place by a nucleation-controlled mechanism. Meanwhile, the
increased t; suggests that longer time is needed to reach the crit-
ical equilibrium nucleus dimension under higher T. On the
other hand, for a given T, both t#;,, and t; increase progressively
with the addition of SWNT, MWNT, CB, and diamond, whereas
decreased slightly with the addition of graphite. That is, the 1-D
(SWNT and MWNT) and 0-D (CB and diamond) carbon nano-
fillers decelerate the isothermal crystallization process of HDPE.
This could be attributed to the small dimension and steric effect
of the carbon nanofillers. The lower dimensionality the carbon
nanofiller has, the longer incubation time it needs for the poly-
mer to reach the critical equilibrium nucleus dimension. For
HDPE/graphite nanocomposites, the continuum plane of rela-
tively large graphite sheet can easily absorb the HDPE chains
and lead HDPE to crystallize, hence, less incubation time is
needed and the crystallization is slightly promoted.

The Avrami and Tobin Methods. To analyze the isothermal
crystallization kinetics, Avrami equation is firstly used. The val-
ues of K, and n, can be obtained by fitting X, to eq. (1). The
fitting profiles are presented in Figure 3(a). It is observed that
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Figure 1. DSC curves of isothermal crystallization of HDPE and HDPE/ ;: ..-'
carbon nanocomposites at different crystallization temperatures: (a) 0.0 B T T T T
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HDPE/Graphite; (b) HDPE/SWNT; (c¢) HDPE/CB. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

there is a good consistency between the data and the model

when X, is below 0.80. The derivation of Avrami plot at the
later stage of crystallization has also been found by Huang’ in

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.38581

WILEYONLINELIBRARY.COM/APP

Time (min)

Figure 2. Development of relative crystallinity (X,) with crystallization
time for isothermal crystallization of (a) HDPE/Graphite; (b) HDPE/
SWNT; (c¢) HDPE/CB. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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Table II. Kinetic Parameters of Avrami and Tobin Models
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Avrami Tobin

T. (°C) Ky (min?) Na R? K¢ (min~?%) ne R? t; t1jo
HDPE

122 0.462 1.87 0.9965 0.571 2.98 0.9989 0.68 1.75

123 0.166 1.50 0.9967 0.183 2.28 0.9971 1.60 5.87

124 0.099 221 0.9913 0.107 2.43 0.9952 3.29 7.44
HDPE/Graphite

122 0.492 1.98 0.9974 0.595 3.12 0.9990 0.63 1.68

123 0.188 1.65 0.9985 0.206 2.49 0.9993 1.55 4.80

124 0.156 2.22 0.9970 0.163 2.49 0.9969 1.76 6.06
HDPE/SWNT

121 0.776 1.89 0.9905 0.935 2.94 0.9983 0.45 1.05

122 0.354 1.98 0.9961 0.425 311 0.9992 0.98 233

123 0.125 2.06 0.9974 0.144 2.91 0.9995 2.54 6.93
HDPE/MWNT

121 0.674 1.94 0.9914 0.806 3.01 0.9983 0.54 1.21

122 0.294 212 0.9974 0.346 3.8 0.9992 1.21 2.88

123 0.133 2.52 0.9985 0.151 3.26 0.9997 2.80 6.65
HDPE/CB

120 0.616 2.70 0.9928 0.702 3.99 0.9985 0.81 1.41

121 0.316 2.65 0.9963 0.353 3.95 0.9993 1.42 2.81

122 0.103 311 0.9970 0.116 4.34 0.9998 4.53 8.65
HDPE/Diamond

120 0.553 2.33 0.9862 0.641 3.39 0.9953 0.84 1.52

121 0.283 2.78 0.9938 0.320 4.16 0.9969 1.75 3.09

122 0.108 272 0.9949 0.121 4.39 0.9998 4.46 8.23

profiles are presented in Figure 3(b). It is obvious that Tobin
equation is more effective than Avrami equation.

The values of K obtained from Avrami and Tobin models are
summarized in Table II. As expected, the crystallization rate
constant K of HDPE varies with the addition of different kinds
of carbon nanofillers. For each sample, the value of K decreases
with increasing T.. For a given T, studied here, the values of K
are in the following order: HDPE/graphite ~ HDPE > HDPE/
SWNT ~ HDPE/MWNT > HDPE/CB ~ HDPE/diamond. As
higher K is always corresponding to lower f,,,, suggesting faster
crystallization, the values of K here are in accordance with the
results discussed above. That means, the isothermal crystalliza-
tion rate of HDPE keeps constant (or increases slightly) with
the addition of 2-D carbon nanofiller (graphite), while decreases
successively with 1-D (SWNT and MWNT) and 0-D (CB and
diamond) carbon nanofillers.

The values of n for Avrami and Tobin models are also obtained
and listed in Table II. The average value of n, is close to 2 for
pure HDPE. With the addition of graphite, SWNT, or MWNT,
the value of n, is only slightly higher and remains close to 2,
indicating the simultaneous occurrence of two-dimensional
crystal growths with heterogeneous nucleation.” The n, values
of HDPE/CB and HDPE/diamond nanocomposites are much
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higher than that of pure HDPE and are close to 3, implying a
crystallization process with three-dimensional heterogeneous
crystal growth.'®** The value of n, generally approximately to
1, + 1,% also increases successively for HDPE with 2-D, 1-D,
and 0-D carbon nanofillers, ranging from 2.49 to 4.39. The
increased n, and n, could be attributed to a change from instan-
taneous nucleation to sporadic nucleation. It seems that the
crystallization of HDPE follows the two-dimensional lamellar
crystal growths in the presence of 1-D or 2-D carbon nanofil-
lers, while shows the three-dimensional spherical crystal growth
with heterogeneous nucleation in the presence of 0-D carbon
nanofillers. The schematic diagram of crystal growth of HDPE
in the presence of various dimensional carbon nanofillers is
proposed in Figure 4. In the presence of graphite or nanotubes,
the HDPE chains firstly root on the surface of graphite sheet or
nanotubes and then crystallize along the surface, similarly to
that of HDPE/MWNT composites described by Kim.® While
with the addition of 0-D carbon nanofillers, the crystallites pre-
fer to grow in all directions and form the spherulites.

Nonisothermal Crystallization Analysis

Nonisothermal Crystallization Behavior. Standard DSC scans
were recorded to determine the absolute crystallinity (X,) of the
samples. The melting peak temperature (T,,), the crystallization
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Figure 3. Fitting profiles of relative crystallinity curves for HDPE nano-
composites using (a) Avrami model and (b) Tobin model. T, of 122°C is
chosen for all the samples as an example. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

peak temperature (T,), the degree of supercooling (AT, defined
as the difference between T, and T.),*! and the melting en-
thalpy (AH,,) were thus obtained. The absolute crystallinity of
PE can be calculated by the following equation:

X.=AH,,/(wAH) (7)
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where AH? = 290 J/g is the heat of fusion for PE with 100%
crystallinity,*** and w is the weight fraction of PE in the com-
posites. The values of T,,, T, AT, AH,,, and X, are tabulated in
Table III. There is no significant difference in AT, between dif-
ferent samples. The crystallinity of HDPE exhibits a slight
increase with the addition of graphite, SWNT or MWNT,
whereas a slight decrease in crystallinity is observed with the
addition of CB or diamond. Generally, with the nanofillers
incorporated, the crystallinity of polymer can be either
increased or decreased. On one hand, the carbon nanofillers
could act as a nucleating agent resulting in an increased crystal-
linity. On the other hand, the nanofillers could also confine the
crystallization since the crystallization of polymer could be re-
stricted to a microenvironment surrounded by the nanofiller,*!
which would lead to a decreased crystallinity. Hence, the
decreased crystallinity of HDPE in the presence of CB or dia-
mond might be due to the fact that the carbon nanofillers cre-
ate a large interface between the PE molecules that surround
the nanofillers. The interface region forms an amorphous phase,
interferes with crystal growth and eventually limiting the overall
degree of crystallinity.’>** While, the slight increased crystallin-
ity of HDPE with graphite, SWNT, or MWNT, could be attrib-
uted to the special structure of graphite sheet with continuum
plane, which can easily absorb the HDPE chains and promote
the crystallization along the surface, as presented in Figure 4.

The DSC curves of nonisothermal crystallization for HDPE and
HDPE/carbon nanocomposites at different cooling rates (5, 10,
15, and 20°C/min) are shown in Figure 5. The nonisothermal
crystallization parameters, such as the onset temperature of
crystallization Type» the crystallization peak temperature T,
and the enthalpy of crystallization AH, have been determined
from the DSC curves and the values are listed in Table IV. AH,
Tonsers and Tpeqi all decrease with increasing cooling rate. At the
high cooling rates, there was less time for the polymer chains to
align themselves and hence, the crystallization was initiated at a
later stage, leading to lower T and Tpea. Meanwhile, the
macromolecular chains do not have sufficient time to relax at
the interface between amorphous and crystalline domain and
thus, obtained a relatively low degree of crystallinity (corre-
sponding to low AH,).** For a given cooling rate, it is observed
that the incorporation of SWNT, MWNT, CB, or diamond in
HDPE leads to a successive decrease in Tonsee and Tpear, While
the presence of graphite does not cause significant change in
Tonset and Tpear. The result is consistent with that of isothermal

é\\'\‘n Vo
e ol
-f,’;;’j'g'%‘;
NS

SWNT/MWNT CB/Diamond

Graphite

Figure 4. Schematic diagram of crystal growth of HDPE in the presence of various dimensional carbon nanofillers. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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Table III. The Crystallization and Melting Parameters of HDPE Extracted
from Standard DSC Scans

ARTICLE -

Table IV. The Nonisothermal Parameters of HDPE Determined from DSC
Exotherms

Samples To(CC) Tm(C) AT (°C) AH, (g X (%)
HDPE 1164 1311 14.7 18199 628
HDPE/Graphite 116.6 130.8 14.2 181.04 63.7
HDPE/SWNT 116.5 1314 14.9 178.85 629
HDPE/MWNT 116.0 1315 15.5 180.31 634
HDPE/CB 1149 130.8 159 171.40 60.3
HDPE/ 1152 130.8 15.6 176.63 621
Diamond

crystallization studied above. With the addition of lower dimen-
sional carbon nanofillers, the incubation time to reach the criti-
cal equilibrium nucleus dimension becomes longer and the mo-
lecular motion is retarded, thus Tone: and Tpe. decrease. The
unchanged Tinee¢ and Ty of HDPE/graphite nanocomposite
are due to the nucleating effect of the incorporated graphite
which exceeds the steric effects at the beginning of nonisother-
mal crystallization.

The X, of nonisothermal crystallization can also be obtained by
eq. (6). X; of HDPE as a function of temperature is shown in
Figure 6 as an example. The crystallization time ¢ can be calcu-
lated by eq. (8):

Tonset =T
=0 D (8)
)

where T is the temperature at time ¢ and @ is the cooling rate.
Thus, the half crystallization time #,/, for nonisothermal crystal-
lization can also be obtained (Table IV). The half crystallization
time t,,, of HDPE is in a descending order with the addition of
2-D, 1-D, and 0-D carbon nanofillers. The overall nonisother-
mal crystallization of HDPE is accelerated in the presence of 0-
D carbon nanofillers and decelerated in the presence of 2-D

350
4 HDPE/Diamond
300 ¢
2504 HDPE/CB
] 4
200 1
JHDPE/MWNT
150
THDPE/SWNT ::E i 3 z
100 4

1
50 4HDPE/Graphite _"‘:-:_ E% 9
A 1
09 HDPE

-50 rr«l1l 17T+ttt 71 3
90 95 100 105 1o 115 120 125 130 135

Temperature ('C)

Heat Flow Endo Up (mW)

Figure 5. DSC curves of nonisothermal crystallization of HDPE and
HDPE/carbon nanocomposites at different cooling rates: (1) 5°C/min, (2)
10°C/min, (3)15°C/min, (4) 20°C/min. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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¢ Tonset T AH, tijz
Samples Cl/min)  (°C) (C) W9 (min)
HDPE ) 1238 1195 19516 1.15
10 1211 1164 19126 064
5 120.5 1153 19086 0.49
20 1191 1130 17883 041
HDPE/Graphite 5 123.7 1192 189.02 117
10 1220 1166 18896 0.72
15 121.7 1152 186.38 0.56
20 120.2 1129 17467 047
HDPE/SWNT 5 1225 118.7 18438 1.03
10 121.0 1165 18232 0.65
5 1196 1142 180.28 0.50
20 118.8 112.7 17201 042
HDPE/MWNT 5 1219 1183 188.06 1.01
10 120.5 116.0 19081 061
15 1189 1141 186.14 044
20 1175 1122 17407 0.39
HDPE/CB 5 1199 1170 18381 0.71
10 118.4 1149 18252 0.44
15 1170 1129 18192 0.35
20 1156 1110 170.76 031
HDPE/Diamond 5 119.7 1170 183.56 0.65
10 1185 1152 183.30 0.45
5 117.3 1133 182.78 0.36
20 1156 1111 17099 0.30

graphite. The order of the nonisothermal crystallization rate is
contrary to that of the isothermal crystallization rate, which can
be discussed by the effects of the isothermal and nonisothermal

process on the crystallization behavior. Generally, the
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Figure 6. Development of relative crystallinity (X,) with temperature for
nonisothermal crystallization of HDPE. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 7. Ozawa plots for nonisothermal crystallization of HDPE. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

crystallization rate is controlled by the nucleation and the crys-
tal growth. For the isothermal study, as the crystallization was
carried out under higher temperatures (>120°C), the polymeric
segments is flexible and can be easily transport to the growing
crystal surface. Hence, the crystallization takes place by a nucle-
ation-controlled mechanism, and the crystallization rate is
mostly determined by the process of nucleation. Due to the
nucleating effect of graphite, the isothermal crystallization of
HDPE/graphite is thus accelerated. For the nonisothermal study,
the crystallization was carried out under lower temperature
(from 123°C to room temperature), in this situation, the crystal
growth dominates the crystallization rate. The presence of nano-
fillers would hinder the crystal growth, the effect being more
significant when the size of the nanofillers is larger. Hence, the
crystallization rate of HDPE/graphite is the most hindered due
to the largest dimension of the graphite. Besides the reasons
mentioned above, it is worth noticing that, for a given cooling
rate, the nonisothermal crystallization of HDPE/CB and HDPE/
diamond nanocomposites takes place under a relatively low
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Figure 8. Plots of log ¢ versus log ¢ for HDPE.
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temperature region in contrast to that of other samples. In the
relatively low temperatures the crystallization is greatly acceler-
ated (as revealed in the isothermal crystallization), thus the
overall crystallization rate increases (i.e., t;, decreases). While
for HDPE/graphite, the situation is just the reverse leading to
the lowest crystallization.

The Ozawa and Mo Methods. The nonisothermal crystalliza-
tion behavior was analyzed by both Ozawa and Mo methods.
The Ozawa plots of HDPE are shown in Figure 7 as an example.
The Ozawa plots of pure HDPE and HDPE nanocomposites
deviate from linearity when cooling rate varies from 5°C/min to
20°C/min, which suggests that the Ozawa equation is not
appropriate to describe the nonisothermal crystallization of
HDPE and HDPE/carbon nanocomposites. The Ozawa method
ignores the secondary crystallization and the dependence of fold
length on crystallization temperature,*’ whereas for semicrystal-
line polymer like polyethylene, a large portion of crystallinity is
attributed to the secondary crystallization.

The Mo model [eq. (5)] is hence used to analyze the noniso-
thermal crystallization behavior of HDPE. The relationships
between log ¢ and log t at different X, for pure HDPE are show
in Figure 8 as an example. The values of b and F(T) for all the
composites are listed in Table V. The small variation in the
value of b for each sample and the clear linear relation between
log ¢ and log t indicate that the Mo method is applicable to
describe the nonisothermal behavior of HDPE and HDPE/car-
bon nanocomposites. The values of b are comparable to those
of PE/clay nanocomposite.*® The value of F(T) increases with
increasing X, for all the samples. At a given X,, the values of
F(T) for HDPE/graphite nanocomposite are a bit higher than
those obtained from pure HDPE. In contrast, the values of F(T)
for the nanocomposites with SWNT, MWNT, CB, and diamond
are all lower than those for pure HDPE and are in a descending
order. The lower values of F(T) reflect that the corresponding
nanocomposites can achieve the same degree of crystallinity
faster than pure HDPE. The results imply faster kinetics of non-
isothermal crystallization for HDPE in the presence of 1-D and

Table V. The Values of b and F(T) versus Relative Crystallinity

X (%) 20 40 60 80
HDPE B 1.21 1.32 1.34 131
F(T) 3.64 4.94 7.16 12.52
HDPE/Graphite B 1.50 1.51 1.49 1.44
F(T) 3.52 522 7.73 13.66
HDPE/SWNT B 1.39 1.48 1.47 1.30
F(T) 3.14 4.36 6.70 12.95
HDPE/MWNT B 1.32 1.39 1.39 1.37
F(T) 2.98 418 6.15 11.08
HDPE/CB B 1.44 1.61 1.75 1.56
F(T) 1.78 2.31 3.20 7.81
HDPE/Diamond B iL.59 1.73 1.85 1.82
F(T) 1.47 2.02 2.94 7.10
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0-D nanofillers, which are in agreement with the values of t;,,
studied above.

Activation Energy. The activation energy AE for the transport
of the macromolecular segments to the growing surface can be
evaluated from Kissinger method:*’

din(@/T _AE
di/T) R

)

where R is the universal gas constant. The plots of In(¢/T}) ver-
sus 1/T, based on the Kissinger method are shown in Figure 9.
The slopes of the lines drawn through these plots equal —AE/R,
and thus the activation energy AE can be determined. The
results of AE are listed in Table VI. It is observed that the pres-
ence of carbon nanofillers in HDPE only cause a slight increase
in the value of activation energy. The results suggest that the
difference in crystallization kinetics of HDPE caused by various
dimensional carbon nanofillers is largely related to the initiation
of the nucleation process (including incubation and nucleation)
rather than the growth process.

CONCLUSION

The influence of various carbon nanofillers on the isothermal
and nonisothermal crystallization kinetics of HDPE was studied
using DSC method. It was observed that carbon nanofillers with
different dimensionality affect the crystallization behavior
variously.

For isothermal studies at a given crystallization temperature, the
crystallization rate of the nanocomposites follows the order:
HDPE/2-D carbon > HDPE/1-D carbon > HDPE/0-D carbon,
and the crystallization incubation time is in reverse order. The
values of Avrami and Tobin exponents were obtained for the
isothermal crystallization process. The process of crystal growth
was two-dimensional heterogeneous in HDPE containing 1-D
or 2-D carbon nanofillers and was three-dimensional heteroge-
neous in HDPE containing 0-D carbon nanofillers.
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Figure 9. Kissinger plots of HDPE and HDPE/carbon nanocomposites.
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Table VI. Activation Energy of HDPE and HDPE/Carbon
Nanocomposites based on Kissinger Method

Material —AE (kJ/mol)
HDPE 284.2
HDPE/Graphite 286.0
HDPE/SWNT 289.8
HDPE/MWNT 290.9
HDPE/CB 291.9
HDPE/Diamond 295.9

For nonisothermal studies, the overall rate of crystallization at a
given cooling rate is in the order: HDPE/0-D carbon > HDPE/
1-D carbon > HDPE/2-D carbon. The difference in the crystal-
lization rate order between isothermal and the nonisothermal
crystallization is caused by the difference in the crystallization
mechanisms. The nonisothermal crystallization kinetics is inves-
tigated according to both Ozawa model and Mo model. Only
the Mo method describes the nonisothermal crystallization
behavior of HDPE and HDPE/carbon nanocomposites satisfac-
torily. The activation energy for the transport of crystalline
units determined by Kissinger method does not vary much with
the addition of carbon nanofillers.
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