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Differential Scanning Calorimetric Studies of Non-isothermal
Crystallization of HDPE and HDPE/CaCO; Composites

Supreya Trivijitkasem'", Thanate Sukkamart? and Phanom Kadrun'!

ABSTRACT

Crystallization of high density polyethylene (HDPE) and HDPE/CaCOj; composites (10, 20
and 30% wt, CaCOs) was investigated by differential scanning calorimetry (DSC) under non-isothermal

conditions. The Avrami method modified by Jeziorny and a method developed by Liu ez al. were employed

to describe the non-isothermal crystallization process of the samples. The results showed that the Avrami

exponent n decreased from 3.0 to 2.4 with an increase in the cooling rate from 5°C/min to 40°C/min,

while the crystal growth constant Z, was nearly constant (~1.1) at a 10°C /min — 40°C/min cooling rate
for all systems. The value of F(T) showed that the crystallization rate of the HDPE/10% CaCO; composite
was the slowest at a given cooling rate. Moreover, the activation energy determined from the Kissinger

method indicated little difference in the values of the activation energy for all systems, except the 30%

CaCOj system which showed a slightly higher activation energy.
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INTRODUCTION

High density polyethylene (HDPE) is a
polymeric material which is used in a wide range
of applications. The synthesis of pure polymeric
materials involves high cost and in addition, the
products are manufactured to withstand
environmental degradation, which leads to an
increase in the amount of plastic waste. A common
way to reduce the cost of processing and to
accelerate the degradation of plastic waste is to
include additives in the polymeric matrix.

Characterizing the thermal properties of
polymeric materials provides useful information
for the processing stage and aids in the prediction
of some of the features of the material. Non-
isothermal crystallization behavior is one of the

thermal properties that can be characterized,
because industrial processing techniques are
generally carried out under non-isothermal
conditions.

Non-isothermal crystallization features
of HDPE and its blends with a variety of additives
have been extensively carried out by many
researchers (Fonseca and Harrison, 1998; Salazar
et al., 2002; Krumme et al., 2004; Zhang et al.,
2006). Various theoretical methods have been
employed to determine the non-isothermal
crystallization kinetics. Mehta et al. (2004) used
a classical Johnson-Mehl-Avrami (JMA) model to
investigate the non-isothermal crystallization
kinetics of Ag-doped chalcogenide glasses. Wang
et al. (2006) employed the Jeziorny method
derived from Avrami analysis and a method
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developed by Liu to describe the non-isothermal
crystallization process of organic-inorganic hybrid
materials. In this work, the melting behavior of
typical commercially-available HDPE and HDPE/
CaCO5; composites were studied by differential
scanning calorimetry (DSC) and the non-
isothermal kinetics were analyzed using the
Jeziorny model and the Liu model.

MATERIALS AND METHODS

Commercial-grade raw material HDPE/
x CaCO; (x=0, 10,20 and 30% wt) was supplied
by Thantawan Industry, Nakhon Pathom. A Perkin-
Elmer DSC7 was used to measure the non-
isothermal crystallization kinetics in the cooling
mode of the molten state. The temperature and
energy readings were calibrated with indium. The
measurements were carried out in a nitrogen
atmosphere with a 20 ml/min flow rate. The
samples were weighed and then placed in sealed
aluminum crucibles of 50 ul at 30°C for 2 min.
The non-isothermal melt crystallization was
initiated by rapidly heating first at a rate of 100°
C/min to 180°C and then kept at 180°C for 10
min in the crucible to eliminate any previous
thermal history. The samples were then cooled at
five constant rates of 5, 10, 20, 30 and 40°C/min.
The exothermic crystallization was then recorded
as a function of temperature.

RESULTS AND DISCUSSION

Crystallization behavior

The typical DSC curves of heat flow as
a function of temperature at the five different
cooling rates for the HDPE and the HDPE/CaCO;
composites are shown in Figure 1. Table 1 presents,
the non-isothermal crystallization parameters
determined from the DSC curves; the onset
crystallization temperature 7,; the end of
crystallization temperature 7, the exothermic peak
temperature 7, and the crystallization enthalpy
AH.. The parameters T, T, and T}, all decreased as

the cooling rate increased. It was also evident that
the addition of CaCO5 in HDPE did not cause any
significant change in the non-isothermal
crystallization temperatures. The crystallization
enthalpy AH,. increased with an increase in the
cooling rate and a decrease in the CaCOj; content.

The relative degree of crystallinity X(7)
as a function of temperature is defined by equation
I:

T T,
X(T)= [ (dH, /dT)dT | [ (dH, | dT)dT
Ty Ty

Equation 1

where:

dH/dT is the heat flow rate.

In the non-isothermal crystallization
process, the time ¢ is related to the temperature 7'
and the cooling rate ¢ by equation 2.

t=(To-1/¢

The relative crystallinity X(¢) as a

Equation 2

function of time 7 developed from equations 1
and 2 for HDPE and the HDPE/CaCOj; composites
are shown in Figure 2. The results show that the
crystallization time reduced gradually with the
increasing cooling rate. The half times ¢,/, for the
non-isothermal crystallization can be obtained
from Figure 2 and are presented in Table 1.

Non-isothermal crystallization kinetics

The time-dependent relative crystallinity
function X(?) for the non-isothermal crystallization
process can be adopted from the Avrami equation
(Xu et al., 2003; Xu et al., 2004) and are derived
in equation 3:

X(t) =1 —exp(—Z1") Equation 3
where:

Z, is the Avrami rate constant involving
the nucleation and growth parameter,

t is the crystallization time,

n is the Avrami exponent which depends
on the nucleation and growth mechanism.

By rearranging equation 3 and taking
the double logarithm, the following relation in
equation 4 is obtained:
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Figure 1 DSC curves of the non-isothermal crystallization of HDPE and the HDPE/CaCO; composites
at 5, 10, 20, 30 and 40°C/min cooling rates.

Table 1 Non-isothermal parameters for HDPE and the HDPE/CaCO; composites determined from
DSC exotherms.

HDPE:CaCO; ¢ T, T, T, AH, 1 n Z.

(Wt %) (°C/min)  (°C) (°C) (°C) d/g)  (min)

100;0 5 1202 1173 1113 1385 1.29 3.00 1.25
10 1180 1139 1074 1428  0.77 2.70 1.04
20 1148 1085 976  150.1  0.57 2.70 1.06
30 111.8 1042 904 1532  0.44 2.64 1.06
40 1089  99.7 80.1 1543 039 2.44 1.05

90;10 5 1200 1172 1122 1360 131 3.30 1.29
10 1177 1137 1048 1409  0.83 2.64 1.01
20 1144 1086 966 1423  0.50 2.48 1.07
30 111.6 1037  89.0 1435 045 2.58 1.06
40 1089  99.7 88.5 1440 035 242 1.06

80;20 5 119.6 1160  111.0 1183 1.22 3.17 1.22
10 1175 1141 1064 1194  0.73 2.80 1.05
20 1142 1085 975 1243 051 2.57 1.07
30 1115 1058 932 1265 033 2.64 1.09
40 1085 99.9 85.2 1277 032 2.23 1.05

70:30 5 1194 1174 1123 912 1.06 3.44 1.12
10 1173 1144 1078 957 0.68 3.44 1.10
20 1142 1097 994 1043 045 2.67 1.09
30 1114 1065 939 1062 035 2.62 1.08
40 1085 1027 899 111.8 027 2.50 1.08
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Figure 2 Plots of ) (¢) versus ¢ during the non-isothermal crystallization process for HDPE and the

HDPE/CaCOj; composites.

log {—In[1 - X(#)]} =nlog t + log Z,
Equation 4

In the non-isothermal process, Jeziorny
adopted the crystal growth rate constant Z; in
equation 4 by Z,, using equation 5:

logZ.=logZ,/ ¢ Equation 5

The Avrami plots of log{-In[1-X(7)]}
against log 7 (min) for each cooling rate are shown
in Figure 3. The results show a straight line at X(?)
below 60%. The parameters n and Z, can be
evaluated from the slope and the intercept of the
Avrami plot. The two parameters n and Z,. obtained
from the Avrami plots and the Jeziorny method
are also listed in Table 1.

For X(t) below about 60%, the Avrami
exponent n decreased with an increase in the
cooling rate. At the 5°C/min cooling rate, the
exponent n of HDPE was less than that of the
HDPE/CaCOj; composites. The crystal growth
constant Z. was nearly unchanged at a cooling rate
of 10-40°C/min; but at a 5°C/min cooling rate,

the value of Z. dramatically increased. The value
of n decreased from 3.0 to 2.4, and Z. decreased
from 1.2 to 1.0 for HDPE, while n decreased from
3.4t02.2 and Z, decreased from 1.3 to 1.0 for the
HDPE/CaCO;5; composites as the cooling rate
increased from 5°C/min to 40°C/min.

Combined Avrami equation and Ozawa
equation

In order to describe exactly the whole
non-isothermal crystallization process, a method
developed by Liu and co-workers was employed
(Qiao et al., 2000; Joshi and Butola, 2004). The
kinetic equation for the non-isothermal
crystallization behavior for a given degree of
crystallinity can be expressed by equation 6:

log Z,+ nlog t=1log K(T) —m log ¢

Equation 6

where:

K(T) is a cooling function depending on
the nucleation mechanism, nucleation rate and the
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Figure 3 Plots of log{-In[1-x(t)]} versus log 7 during the non-isothermal crystallization process.

growth rate of the crystal,

m is the Ozawa exponent.

Rearranging equation 6 produces
equation 7:

log¢ = logF(T) —alogt Equation 7
where:

F(T) = [K(T)/Z,]""

the parameter F(T) refers to the cooling
rate which is chosen at the unit crystallization time
when the measured system reaches a certain degree
of crystallinity,

a = n/m, is the ratio of the Avrami
exponent n to the Ozawa exponent m.

A plot of log ¢ versus log ¢ should give a
straight line with an intercept of log F(7) and a
slope of a. The plots of log ¢ versus log ¢t for HDPE
and the HDPE/CaCO; composites are presented
in Figure 4 and show a near-linear relationship
between log ¢ and log . The values of @ and F(T)
listed in Table 2 indicate both a and F(T) increase

uniformly with an increase in the relative degree

of crystallinity. At a given relative crystallinity
X(t), the value of a decreases with an increase in
the CaCOj; content. The value of F(T) ranged from
2.70 to 14.71 for HDPE and from 2.87 to 14.78
the HDPE/CaCO;
crystallization rate increases as the value of F(T)

for composites. The
decreases, indicating that the crystallization rate
for HDPE and the HDPE/CaCOj; composites was
faster at the beginning and slowed down at the
end of crystallization.

Crystallization activation energy

Kissinger described the crystallization
activation energy AE of the non-isothermal
crystallization process using equation 8:

{d[ln(¢ / sz)]} /d(1/T,)=-AE/| R

Equation 8
where:
R is the gas constant,
T, is the crystallization peak temperature.
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Figure 5 Plots of In (¢/Tp?) versus 1/T,, for HDPE and the HDPE/CaCO; composites.

Plots of In (¢/T,?) against (1/T,) for
HDPE and the HDPE/CaCO; composites are
shown in Figure 5. The crystallization activation

energy AE determined from the slope of the line is
also listed in Table 2, which shows that the value
of AE is nearly constant for HDPE and the HDPE/

781

CaCO3; composites up to 20% CaCOs, but

increases slightly for the 30% CaCOj5 system.

CONCLUSIONS

The non-isothermal crystallization
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Table 2 Non-isothermal crystallization kinetic parameters for HDPE and the HDPE/CaCO; composites.

HDPE : x(t) a F(T) AE HDPE : x(t) a F(T) AE
CaCO4 (kJ/mol) CaCOs (kJ/mol)
100:0 0.1 1.58 270 1475 80:20 0.1 1.31 3.05 1521
0.2 1.65 3.64 0.2 1.38 3.83
0.3 1.70 4.67 0.3 1.44 4.64
0.4 1.73 5.84 0.4 1.47 5.61
0.5 1.75 7.23 0.5 1.49 6.67
0.6 1.76 8.96 0.6 1.51 7.99
0.7 1.77  11.29 0.7 1.52 9.73
0.8 1.74  14.71 0.8 1.55 12.48
90:10 0.1 1.38 3.29 1469 70:30 0.1 1.35 2.87 1775
0.2 1.46 4.18 0.2 1.40 344
0.3 1.52 5.14 0.3 1.46 4.03
0.4 1.57 6.25 0.4 1.51 4.71
0.5 1.60 7.56 0.5 1.55 5.53
0.6 1.62 9.20 0.6 1.58 6.55
0.7 1.63  11.39 0.7 1.60 7.88
0.8 1.61 1478 0.8 1.61 9.91

kinetics of HDPE and the HDPE/CaCO;
composites (10, 20 and 30% wt, CaCO3) were
investigated using a differential scanning
calorimetry (DSC) technique. The melt was cooled
at 5 cooling rates: 5, 10, 20, 30 and 40°C/min.
The Jeziorny model modified from the Avrami
method was used for the investigation of non-
isothermal crystallization. The results showed that
for a relative degree of crystallinity of less than
60%, the Avrami exponent n decreased with an
increase in the cooling rate. While the crystal
growth constant Z., was nearly unchanged for both
HDPE and the HDPE/CaCO; composites, at a 10-
40°C/min cooling rate and at a cooling rate of 5°
C/min, the value of Z. dramatically increased. The
value of Z, decreased from 1.2 to 1.0 for HDPE
and 1.3 to 1.0 for the HDPE/CaCO3; composites
as the cooling rate increased from 5°C/min to 40°
C/min.

The combined Avrami-Ozawa model
developed by Liu ef al. was employed to describe
the crystallization behavior of HDPE and the
HDPE/CaCO; composites. The results showed that

both a and F(T) increased systematically with an
increase in the relative crystallinity. At a given
relative crystallinity, the value of a decreased with
an increase in the CaCOj; content, but the value of
F(T) was highest for 10% CaCO; and then
decreased as the CaCOj5 content increased. Thus,
the crystallization rate for HDPE/10% CaCO; was
the slowest at a given cooling rate. The activation
energy determined from the Kissinger method
indicated little difference in the values of the
activation energy for all systems, except the 30%
CaCO; system which showed a slightly higher
activation energy.
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