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Abstract In this study, non-isothermal crystallization of
neat high density polyethylene (HDPE) and HDPE/titanium
dioxide (TiO,) composite was studied using differential
scanning calorimetry. Non-isothermal kinetic parameters were
determined by Jeziorny approach and Mo’s method. Polarized
optical microscopy and wide angle X-ray diffraction were
applied to observe the crystal morphology and investigate the
crystal structure, respectively. It was found TiO, particles
could act as nucleating agent during the crystallization process
and accelerate the crystallization rate. The Avrami index
indicated nucleating type and growth of spherulite of HDPE
was relatively simple. The result of activation energy indicated
it was more and more difficult for the polymer chains to
crystallize into the crystal lattice as the crystallization pro-
gressed. HDPE/TiO, composites exhibited lower AE values,
suggesting TiO, particle could make the crystallization of
HDPE easier. HDPE/TiO, composites had much smaller
spherulite size than that of neat HDPE. HDPE formed more
perfect crystal when TiO, particles were added into its matrix
without changing the original crystal structure of HDPE.

Keywords Non-isothermal crystallization - High density
polyethylene - Titanium dioxide - Composite - Kinetics
Introduction

High density polyethylene (HDPE) is a widely used com-
mercial polymer in industrial field because of its wonderful
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physical and superior mechanical properties [1]. Inorganic
fillers are often added into polymer matrix to improve its
mechanical, thermal, optical, magnetic, electrical, surface
wear properties [2—4]. Since commercial production of
titanium dioxide (TiO,) appeared in the early twentieth
century, it has been widely applied in many fields as gas
sensor, white pigment, optical coating, solar cells, etc.
[5, 6]. These applications can be divided into “energy” and
“environmental” categories, which are largely depended
on the perfect properties of TiO, itself [6]. In the energy-
saving field, it can be used as a passive cooling material
due to its exceptional optical properties. First, this wide-
gap semiconductor does not absorb either in visible or in
the IR regions. Second, TiO, has high reflective index 2.57
for anatase and 2.74 for rutile crystal structure, preferable
for solar reflectance [7]. Therefore, TiO, can be added into
HDPE matrix for passive cooling purpose. This kind of
material can be fabricated into polymeric shadow net to
cover the building roof, tent for rescue, and artificial turf
covered on the football playground.

In case of semi-crystalline polymer-like HDPE, the
overall properties depend largely on the morphology, the
crystalline structure, and the degree of crystallinity [8, 9]. It
is significant to understand the kinetic parameters affecting
the crystallization process for optimization of the processing
condition and the properties of final products [10]. The
crystallization process can be carried out under isothermal
and non-isothermal crystallization [11]. In general, investi-
gation of isothermal crystallization is idealized, problems
related to the cooling rates and thermal gradients within the
samples are ignored [12, 13]. Non-isothermal crystallization
condition is much closer to the real industrial processing
condition [14]. Some researchers evaluate the non-isother-
mal crystallization process by dividing the process into a
sequence of infinitesimally small isothermal stages.
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Therefore, the non-isothermal crystallization could be
modeled by modification of the Avrami equation [15-17].
Although some literatures have reported the study on
HDPE/TiO, composite [18-20], studies related with its
non-isothermal crystallization are rarely reported in the
literatures. Thus, it is reasonable and interesting to deter-
mine the non-isothermal crystallization behavior of HDPE/
TiO, composites. In this study, HDPE was blended with
different crystal forms of TiO,. The non-isothermal crys-
tallization process was characterized by differential scan-
ning calorimetry measurement (DSC). Two equations
(Jeziorny theory and Mo’s method) were applied to
describe the crystallization kinetics. Friedman equation
was also used to calculate the effective activation energy.
Polarized optical microscopy (POM) and wide angle X-ray
diffraction (WAXD) were applied to observe crystal mor-
phology and crystal structure of HDPE, respectively.

Experimental
Materials

High density polyethylene (HDPE 4902T, 0.950 g cm™>,
0.225 g/10 min under the pressure of 5 kg at 190 °C) was
supplied from Sinopec Yangzi Petrochemical Company
Limited, China. Three types of TiO, were applied in this
investigation. Micro anatase TiO, (purity 96.5 %, average
particle size 320 nm) was obtained from Nanjing Titanium
Company, China. Micro rutile TiO, (purity 93.0 %, aver-
age particle size 405 nm) was purchased from DuPont
Company, USA. Nano mixed crystals TiO, (purity 97.8 %,
average particle size 20 nm, rutile/anatase = 20/80) was
supplied by Evonik Degussa Corporation, Germany.

Preparation of the HDPE/TiO, composites

The melt blending of HDPE/TiO, was prepared with a
torque rtheogoniometer (Kechuang machinery XSS-300) at
150 °C and 60 rpm for 6 min. All blends were added with
3 mass% loading of TiO,.

DSC measurements

Non-isothermal crystallization of all samples were con-
ducted with DSC using a Q200 thermal analysis apparatus
(TA Instruments, America). For measurement, samples
(~ 10 mg) were cut off and sealed into aluminum pans. To
prevent thermal degradation of all samples, dry nitrogen
gas was applied with a flux of 50 mL min~' during the
scanning. All samples were heated from room temperature
to 165 °C at a rate of 40 °C min_l, and maintained at this
temperature for 2 min to eliminate the former thermal
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history. The non-isothermal crystallization process of
composites was run at a series of cooling rates (2.5, 5, 10,
20 °C min~ ") to obtain the crystallization curves from 165
to 40 °C, respectively. The crystallinity Xpsc was calcu-
lated by the following equation:

Xpsc = [AH/(AH; - ¢)] x 100% (1)

where AH was enthalpy of each sample measured by DSC,
AHf =277.1] g~ ! is the melting enthalpy of fusion for a
100 % crystalline of polyethylene (PE), ¢ is the mass
fraction of HDPE in the composites. The half-time crys-
tallization (#1,,) calculated from the DSC curve was used to
characterize the crystallization process.

Polarized optical microscopy (POM) observation

To observe the crystal morphology, polarized microscopy
was applied under polarized light in the dark background
using a polarizing microscope (Olympus BX 51, Japan)
equipped with a temperature controller (Linkam THMS
600, England). Extremely thin sample slices (ca. 0.02 mm)
were heated up to 165 °C, and were held on this temper-
ature for 3 min to eliminate all the thermal history.
Then, samples were cooled to the room temperature at a
slow rate of 5 °C min~"'. Photograph of full-grown spher-
ulite was taken when the crystallization was completely
accomplished.

Wide angle X-ray diffraction (WAXD) analysis

The crystal structure was investigated by XRD-6000 dif-
fractometer (Shimadzu, Japan) using nickel-filtered Cu Ko
source. The scanning velocity was 5° min~' ranging from
10 to 60° at a voltage of 40 kV and a filament current of
30 mA under ambient temperature. The interplanar dis-
tance (d value) and crystal thickness L were calculated
using Bragg equation and Scherrer equation, respectively.
The overall degree of the crystallinity was measured as
reported in literature [21].

Results and discussion
Non-isothermal crystallization behavior

Figure 1 shows the crystallization curves for neat HDPE
and HDPE/TiO, composites at four different cooling rates
(2.5, 5, 10, 20 °C min_l). As shown in Fig. 1, all samples
display the same tendency: the crystallization peaks shift to
lower temperature as the cooling rate increases. Moreover,
the faster the cooling rate is, the lower the crystallization
temperature occurs. This indicates that fast cooling rate has
a retardation effect on the nucleation and crystal growth



Non-isothermal crystallization kinetics

65

[22-24]. Some kinetic parameters obtained from the DSC
curves are listed in Table 1. At a given cooling rate, it is
suggested that HDPE had lower onset crystallization tem-
perature (T¢"), crystallization enthalpy (AH.), and broader
temperature range than those of all HDPE/TiO, composites.
These suggest the addition of TiO, particles accelerate the
crystallization rate remarkably, and TiO, could lead to more
perfect crystallization than the neat HDPE. The half-time
crystallization #,,, decreases when TiO, particles are added
into the HDPE matrix. At this low content, TiO, can act as
nucleating agent during the non-isothermal crystallization
process, therefore accelerate the crystallization [25]. The
crystallization enthalpy (AH.) appears a maximum value
when the cooling rate is 5 °C min~'. This cooling rate is
regarded as the optimal crystallization rate for nucleation and
lamellae growth. There is insufficient time for nucleation at
higher crystallization rate. Polymer chains are lack of driving
force for lamellae growth at lower crystallization rate [21].
All TiO, particles have the lower values of half-time crys-
tallization in comparison with neat HDPE indicating they
have the best nucleation effect on the HDPE matrix and
accelerate the crystallization rate most obviously [25].
Based on the Avrami equation, the relative degree of
crystallinity (X,) as a function of temperature (7) and time

Table 1 Crystallization parameters obtained from DSC curves
directly at various cooling rates and non-isothermal crystallization
kinetic parameters determined from Jeziorny theory

Samples D/ T AH./ tp! n Zy Z
°C min~' °C Jg! S

HDPE 2.5 120.6 187.1 63.8 23 0.7 09

5 119.5 1922 445 22 1.7 1.1

10 1182 1823 306 2.0 3.1 1.1

20 116.5 173.5 229 20 57 1.1

HDPFE/anatase 2.5 121.0 196.0 503 22 1.0 1.0

5 119.9 202.0 313 1.8 25 12

10 118.7 191.6 205 1.6 41 1.2

20 117.1 182.2 145 14 56 1.1

HDPE/rutile 2.5 121.1  197.7 51.1 22 1.0 1.0

5 1204 2040 321 22 32 13

10 118.8 195.1 217 19 47 12

20 117.3 1854 158 1.7 6.6 1.1

HDPE/mixed 2.5 120.9 190.9 508 2.1 1.1 1.0

crystals 5 119.9 198.4 321 19 25 12

10 118.7 190.1 213 1.6 42 1.2

20 117.2 182.2 157 1.6 64 1.1

D cooling rate, T¢" onset crystallization temperature, AH, crystalli-
zation enthalpy

Fig. 1 DSC cooling curves of
neat HDPE and HDPE/TiO,
composites during non-
isothermal crystallization at S o
different cooling rates 2 =
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(f) can be calculated as the ratio of the areas of crystalli-
zation peak as following form:

X, = / (dH,/dT) x dT / /(dHC/dT)xdT 2)

where Ty and T are the initial and final crystallization
temperature at time f, respectively. dH. is the enthalpy of
crystallization released during an infinitesimal temperature
interval. In the non-isothermal crystallization process,
crystallization time ¢ can be calculated by the following
formulation, in which D refers to the cooling rate

t=|T—Tl/D (3)

The plots of relative X, against crystallization time ¢ for
neat HDPE and HDPE/TiO, composites are shown in
Fig. 2. Because nucleation occurs from the melt and slows
down as the crystallization progresses, all curves display
approximately the S shape [25]. All curves end up with a
flat line because of the spherulite impingement. As cooling
rate increases, the time for crystallization accomplishment
becomes shorter and shorter [26, 27].

Jeziorny theory

The widely used Avrami equation for isothermal crystal-
lization was described as follows [12]:

1 — Xi=exp(—Za")

where Z, represents the crystallization rate constant; n is an
Avrami index containing information about the nucleation
mechanism and crystal growth dimension. Based on the
assumption that the crystallization temperature is constant,
using the double-logarithmic form of Eq. (4), the function
is given as follows:

log[—In(1 — X;)] =log Z, + nlogt (5)

By plotting log[—In( 1 — X;)] versus log ¢ for each
cooling rate, all data can be fitted into a straight line, from
which Z; and n can be calculated as the intercept and slope,
respectively. Considering the practical non-isothermal
crystallization circumstance, Jeziorny suggested that the
parameter, Z,, should be corrected as follows [28]:

logZ. =logZ,/D (6)

Figure 3 shows the plots of log [—In(l — X,)] against
log ¢t. Each curve shows a good linear relationship and
shifts to shorter time with the increasing cooling rate. All
fitting lines are approximately parallel to each other
indicating the crystallization mechanism and crystal
growth geometries of samples are similar to each other
[23]. Kinetic parameters determined by Jeziorny theory are
summarized in Table 1. The value of n is dependent on the
crystallization mechanisms [29]. In other polymer system,
the n value was larger than 4, because of its complicated
nucleation type and growth form of spherulite [21, 23, 30].
This phenomenon is not observed in this study indicating
nucleating type and growth of spherulite of HDPE is

Fig. 2 The degree of 100 4 SrTLLLE 100 4 L
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relatively simple [1]. All samples exhibit almost the same
value of n, suggesting that TiO, particles had no effect on
the crystallization mechanism of HDPE. Z. values
represent the crystallization rate [21]. Considering the
heterogeneous nucleation effect of TiO,, Z. value of
HDPE/TiO, composites is, as expected, a little higher than
neat HDPE, indicating TiO, particles favor the overall
crystallization process. This result is in accordance with the
result of half crystallization time (#,,,). It is found the linear
trend is lost in the latter stage of crystallization. In some
researches [21, 31], the Jeziorny curves were divided into
two linear sections (the primary and the second
crystallization stage). In this study, latter nonlinear stage
is due to the secondary crystallization, but it proceeds at a
much slower rate after the impingement of adjacent
spherulites. Phenomenon above was observed prevalently
in literatures [14, 30].

Mo’s method

In order to describe the non-isothermal crystallization
process more precisely, Mo and coworkers [8, 17] have
proposed a convenient method by combining the expanded
Avrami equation and the Ozawa [28] equation:

logD = log Fr — alogt (7)
in which, Fr = [Kr/Z] 1/m stands for the value of cooling rate

chosen at unit crystallization time when the measured system
amounts to a defined degree of crystallinity, o« = n/m is the

ratio of Avrami exponent n to the Ozawa exponent m.
Figure 4 illustrates the plotting of log D against logz. As can
be seen, there is a good linear relationship between log D and
log .

Values of Fr and o calculated from the intercept and
slope of the plots are listed in Table 2. Values of Fr and o
increase gradually with the increase of relative crystallin-
ity, indicating the crystallization becomes more difficult as
the crystallization progresses. In comparison with the neat
HDPE, HDPE/TiO, composites have lower values of Fr.
Fr is related to the cooling rate needed to reach a given
crystallinity in a unit time [32]. From this point of view,
HDPE/TiO, composites have higher crystallization rate
than that of neat HDPE. In other words, TiO, acts as a
nucleating agent during the crystallization stage therefore it
enhances the overall crystallization rate. All the results
indicate that Mo’s analysis is suitable to investigate the
non-isothermal crystallization process in this study.

Crystallization activation energy

Methods mentioned above have not been proposed for
calculating activation energy (AE) for the non-isothermal
crystallization process. Kissinger, Vyazovkin, and Fried-
man [33, 34] put forward different mathematical model to
evaluate the AE value. In this article, the differential iso-
conversional mathematical method of Friedman is applied
to estimate activation energy. Activation energy is calcu-
lated for every degree of crystallinity from [35]:

Fig. 3 Plots of log(—In(1 —
X)) versus log ¢ for non-

HDPE

isothermal crystallization of
neat HDPE and HDPE/TiO, _—_—
composites >|<“ |

E

T -2

o0

2

HDPE/rutile

log[-In(1-X t)]

.
HDPE/anatase
0
S T,
T _*>
ot &
- Bt —
m 2.5 °C min~ T 217 - m2.5°C min
® 5°Cmin™! g ® 5°Cmin”!
A 10°C min~! -3 1 A 10 °C min™!
% 20 °C min ! % 20 °C min~!
v . —4 T T T T T
0.0 0.5 20 -15 -1.0  -05 0.0 0.5
log(1)
[ 17
HDPE/mixed crystals
01

log[—ln(l—Xl)]

B 2.5°C min”! 24 A m2.5°C min”!
/ o
® 5°Cmin! / ® 5°Cmin
L 10°C min~! -3 1 e A 10°C min~!
% 20 °C min~! % 20 °C min™!
0.0 0.5 20 -15 -10 -05 0.0 0.5

@ Springer



68

S. Wang, J. Zhang

-08 -06 -04 02 0.0 0.2

Fig. 4 Plots of log D versus log 1.4 14
t from the Mo’s method for non- e u X =20% ® X =20%
isothermal crystallization of 1.2 4 ® X =40% 1.2 - ® X =40%
neat HDPE and HDPE/TiO, A X =60 % A X =60 %
composites _ 10+ o\ * X =80%| 1.0 * X, =80 %
> S ——
& 08+ EXTE
0.6 4 0.6 1
041 uppE : \\ 04 1 HDPE/anatase
-08 -06 -04 -02 0.0 0.2 -08 -06 -04 -02 0.0 0.2
log(?) log(#)
1.4 1.4 -
\.\ N B X, =20% - . "X =20%
1.2 | ®X,=40% 124 ® X, =40%
AX,=60 % A X, =60 %
~ 10 *X,=80% __ 101 * X =80 %
% 03 3
2 08+
0.6 L
4 0.6 A
0.4
1 HDPE/rutile 0.4 1 HDPE/mixed crystals :
0.0 0.2

-08 -06 04

Table 2 Non-isothermal crystallization kinetic parameters obtained
from Mo’s method

Samples X/ % 20 40 60 80
HDPE Fr 1.03 2.09 3.44 5.75
a 1.89 1.99 2.04 2.26
HDPE/anatase Fr 0.90 1.41 2.29 3.96
a 1.35 1.55 1.66 1.85
HDPE/rutile Fr 0.63 1.19 2.20 4.08
a 1.72 1.86 1.88 2.03
HDPE/mixed crystals Fr 0.63 1.15 2.05 3.77
a 1.64 1.78 1.85 1.94
In(dX,/df)y = C — AE/(R-T) (8)

where C is an arbitrary pre-exponential factor, AE stands
for activation energy at a given relative crystallinity X;. R is
the universal gas constant (8.314 J mol ™! K™1). T refers to
a series of temperatures related to a given crystallinity X, at
different cooling rates D. dX,/dt is the instantaneous crys-
tallization rate as a function of time at a given relative
crystallinity X;. The correlated crystallization temperature
T at a specific X can be chosen by selecting appropriate
relative degrees of crystallinity (i.e., 10-90 %). By plotting
the In (dX/df)x, against 1/7, the crystallization activation
energy AE can be calculated from the slope of the straight
line. The activation energy AE versus the relative degree of
crystallinity is plotted in Fig. 5.
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Fig. 5 Non-isothermal crystallization activation energy of neat
HDPE and HDPE/TiO, composites

The AE values increases with the increase in the relative
degrees of crystallinity for neat HDPE and HDPE/TiO,
composites. These results suggest that it was more difficult
to crystallize as the crystallization progresses [30, 36]. It is
interesting to find that HDPE/TiO, composites exhibits
lower AE values, suggesting TiO, particle could make the
crystallization of HDPE easier [10]. This could also be
verified by the results of the half crystallization time (7).
TiO, accelerates the crystallization process of HDPE act-
ing as a nucleating agent [37]. HDPE blended with anatase
TiO, has the lowest value of AE, which indicates that
anatase TiO, is the most nucleating agent of HDPE matrix.
As the relative degree of crystallinity increased to 90 %, all
samples show similar AE values. The crystallization
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process can be divided into nucleation and crystal growth
stages. TiO, particle acts as the nucleating agents to make
the initial stage of crystallization easier. However, TiO,
has less effect in the crystal stage when the formation of
nuclei is completed. Therefore, TiO, has no superior in the
crystallization at the last crystallization stage.

Crystal morphology based on POM analysis The crystal
morphology is shown in Fig. 6. The neat HDPE exhibits
larger spherulite size than in HDPE/TiO, composites. This
can be judged by the amount of light spots in the field of
view. Compared with the neat HDPE, HDPE/TiO, com-
posites have higher density of nuclei, and smaller spheru-
lite size. The larger number of nuclei might originate from
TiO, particles in the polymer matrix, indicating that the
TiO, has a nucleating effect on HDPE matrix. After the
formation of nuclei, the crystal trend to grow on these
nuclei to form smaller spherulites [38]. Similar morphol-
ogy behavior was observed in other HDPE systems
[37-39]. The crystal morphology is also in accordance with
the conclusion deduced by DSC measurement.

Crystal structure based on WAXD analysis The WAXD
is conducted to investigate the crystal structure of neat
HDPE and HDPE/TiO, composites. In Fig. 7, two obvious
diffractive peaks about 22.0°, 22.4° are corresponding to
typical crystal plane (110), (200) of orthorhombic phase,
respectively [16]. The interplanar distance (d value) rep-
resents lattice parameters [40], which proves that lattice

Fig. 6 Crystal morphology of
neat HDPE and HDPE/TiO,
composites

.

parameter is not affected by TiO, particles (Table 3).
Moreover, the diffractive peaks do not shift with the
addition of TiO,. This clearly indicates the unchanged
crystal structure of HDPE, i.e., addition of TiO, did not
exert an effect on the crystalline structure of the HDPE,
suggesting the occurrence of no molecular level interaction
[16]. Lamellar thickness (L) increases with the addition of
TiO, particles, implying TiO, leads the formation of more
perfect crystals. This behavior can be related to the non-
isothermal crystallization model discussed previously. This
can be attributed to the fact that TiO, particles act as the
heterogeneous nucleating agent inducing HDPE to form
some perfect and stable crystals. The degree of crystallinity

3 HDPE

Z\' v A

g L HDPE/antase

=

— s HDPE/rutile
HDPE/mixed crystals

10 20 30 40 50 60
20/°

Fig. 7 WAXD patterns of HDPE and HDPE/TiO, composites
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Table 3 WAXD parameters of neat HDPE and HDPE/TiO,
composites

Samples hkI  20/° d/A LIA  The degree of

crystallinity/%

Xpsc  Xwaxp

HDPE 110 22.0 4.0 1669 616 83.0
200 243 3.7 1520

HDPE/anatase 110 221 40 1945 563 64.0
200 245 3.6 1629

HDPE/rutile 110 221 4.0 1954 574 577
200 245 3.6 1747

HDPE/mixed crystals 110 22.1 4.0 186.2 540 604
200 245 3.6 1682

of HDPE measured by DSC (Xpsc) and WAXD (Xwaxp)
are also listed in Table 3. The degree of crystallinity cal-
culated by WAXD shows the same tendency with the result
determined by DSC. However, Xwaxp is a little higher
than Xpgc. This may be attributed to the technique of
measurement. Some amorphous parts might be calculated
into the crystal region by WAXD measurement. TiO,
particle causes a decrease in the degree of crystallinity,
demonstrating that TiO, has a hindering effect on the
degree of crystallinity. Some previous researchers have
already reported the inorganic fillers suppressed the degree
of crystallinity [41, 42].

Conclusions

In this research, DSC is carried out to investigate the non-
isothermal crystallization kinetics of HDPE and HDPE/TiO,
composites. TiO, accelerates the crystallization rate and has
a nucleation effect on HDPE. The most suitable rate is
5°C min~"' for the crystallization of HDPE matrix. Both
Jeziorny and Mo’s method are able to profile the non-iso-
thermal crystallization kinetics of HDPE and HDPE/TiO,
composites satisfactorily. Both Jeziorny and Mo’s method
exhibit that the TiO, particle acts as a nucleation agent in
HDPE matrix and enhances the overall crystallization rate.
Anatase TiO, accelerates the crystallization rate most
obviously, and rutile TiO, has the best nucleation effect. The
result of activation energy indicates that it becomes more and
more difficult for the polymer chains to crystallize into
crystal lattice as the crystallization progresses. TiO, particle
makes the crystallization an easier process of HDPE with
lower activation energy. The POM analysis also proves that
TiO, promotes the crystallization by acting as the nucleating
agent. HDPE formed more perfect crystal when TiO, parti-
cles were added into its matrix without changing the original
crystal structure of HDPE.
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