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Abstract

Nonisothermal crystallization kinetics of ternary blends of the metallocence polyethylene (mPE), low-density polyethylene (LDPE) and
linear low-density polyethylene (LLDPE) were studied using DSC at various scanning rates. The Ozawa theory and a method developed by
Mo were employed to describe the nonisothermal crystallization process of the two selected ternary blends. The results speak that Mo method
is successful in describing the nonisothermal crystallization process of mPE/LLDPE/LDPE ternary blends, while Ozawa theory is not accurate
to interpret the whole process of nonisothermal crystallization. Each ternary blend in this study shows different crystallization and melting
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ehavior due to its different mPE content. The crystallinity of the ternary blends rises with increasing mPE content, and mPE im
rystallization of the blends at low temperature. The crystallization activation energy of the five ternary blends that had been calcu
yazovkin method was increased with mPE content, indicating that the more mPE in the blends, the easier the nucleus or micro

orm at the primary stage of nonisothermal crystallization. LLDPE and mPE may form mixed crystals due to none separated-p
bserved around the main melting or crystallization peak when the ternary blends were heating or cooling. The fixed small conten
ade little influence on the main crystallization behavior of the ternary blends and the crystallization behavior was mainly determi

ontent of mPE and LLDPE.
2005 Elsevier B.V. All rights reserved.

eywords:Metallocence polyethylene; Low-density polyethylene; Linear low-density polyethylene; Nonisothermal crystallization kinetics; Ternary

. Introduction

Global consumption of metallocence polyethylene (mPE)
esins has been virtually doubling every year since their com-
ercialization in 1995[1]. Due to its specific properties, such
s high mechanical and chemical resistance, puncturable-
esistance, transparence, etc., mPE has been widely used as
lm, molding products although its cost is higher than the
raditional polyethylene[2]. On the other hand, the poor melt
trength and high melting temperature cause it difficult to
rocessing mPE melt into high quality product due to its nar-
ow MWD and narrow component distribution[3,4], so that
ome traditional polyethylene as we have known, such as
DPE and LLDPE, are used to not only improve the rheol-
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ogy properties of mPE but also lower the cost of the fi
product[5,6]. In recent years, the world has shifted stron
towards mPE blends with traditional polyethylene in its
plication as food or non-food packaging film. As a result,
research in rheology and morphology of the blends of m
with traditional PE has attracted a good deal of attentio
a long time[7–15]. Some studies focus on the crystalliza
kinetics of the binary blends[8–11], while others attempt
delineate the conditions under which phase separation
melt will occur[12–15]. In general these studies indicate
branched polyethylenes improve the rheology or proces
ability of mPE, and phase separation may be found in
melt depended on the molecular weight of the compon
and the ratio of linear content to the branched compo
In the former research[5,16], a small content (<20 wt.%
LDPE will improve the rheology but lose little mechani
strength of the mPE/LDPE blends, and the crystalliza
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behavior of blends is determined mainly by the mPE compo-
nent.

Investigations of the kinetics of polymer crystallization are
significant both theoretically and practically. Polymers usu-
ally undergo a nonisothermal crystallization process in prod-
uct processing; therefore, a study on the nonisothermal crys-
tallization process of mPE/LLDPE/LDPE blends is mean-
ingful. However, so far, there is no report on the nonisother-
mal crystallization behaviors of mPE/LLDPE/LDPE ternary
blends.

In this study the Ozawa theory and a method developed
by Mo were employed to describe the nonisothermal crys-
tallization process of the mPE/LLDPE/LDPE blends at var-
ious cooling rates, and an advanced integral isoconversional
method developed by Vyazovkin was used to calculate the
activation energy of crystallization.

2. Theoretical background

The relative crystallinity (Xc(t)) as a function of tempera-
ture is defined as the following equation:

Xc(t) =
∫ t

t0
(dHc/dt) dt∫ t∞

t0
(dHc/dt) dt

= A0

A∞
(1)
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Ozawa extended the Avrami equation to the nonisothermal
condition. Assuming that the nonisothermal crystallization
process may be composed of infinitesimally small isothermal
crystallization steps, the following equation was derived:

1 − Xc(T ) = exp

[
−K(T )

|D|m
]

(5)

log[−ln(1 − Xc(T ))] = logK(T ) − m logD (6)

whereD is the cooling rate,K(T) a function related to the
overall crystallization rate that indicates how fast crystalliza-
tion proceeds, andmthe Ozawa exponent that depends on the
dimension of crystal growth. According to Ozawa’s theory,
the relative crystallinity,Xc(T), can be calculated from these
equations. By drawing the plot of log[−ln(1−Xc(T))] ver-
sus logD at a given temperature, we should obtain a series of
straight lines if the Ozawa analysis is valid, and the kinetic
parametersmandK(T) can be derived from the slope and the
intercept, respectively.

2.2. The theory of Mo[19]

Mo et al. proposed a different kinetic equation by com-
bining the Avrami and Ozawa equations. As the degree of
crystallinity was related to the cooling rateD and the crystal-
lization timet (or T), the relationship betweenD andt could
b ntly,
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c s are
s /20;
B po-
heret0 and t∞ are the time at which crystallization sta
nd ends, andA0 andA∞ the areas under the normalized D
urves.

The absolute crystallinity (Xc) is defined as:

c = �Hf

�H◦
f

× 100 (2)

here�Hf and�H◦
f are the melting enthalpies of sample a

00% crystallization sample (ca.�H◦
f = 279 J/g[13]), re-

pectively.�Hf is acquired by the integral area of a DSC h
ng curve, and the absolute crystallinity,Xc, is a decreasin
unction of the cooling rate. The half-time of crystallizat
t1/2) is the required time for 50% crystallization. Genera
he smaller the value oft1/2, the faster the crystallization ra
s.

.1. The Ozawa theory[17]

The Avrami theory[18] has been widely used for the
erpretation of the isothermal crystallization process:

− Xc(t) = exp(−Ztt
n) (3)

og[−ln(1 − Xc(t))] = n log t + log(−Zt) (4)

hereXc(t) is the relative degree of crystallinity at timet; the
xponentn is a mechanism constant with a value depen
n the type of nucleation and the growth dimension, an
arameterZt is a growth rate constant involving both nuc
tion and growth rate parameters.
e defined for a given degree of crystallinity. Conseque
new kinetic equation for nonisothermal crystallization
erived by combining Eqs.(4) and (6):

ogZt + n log t = logK(T ) − m logD (7)

ogD = logF (T ) − b log t (8)

here the parameterF(T) = [K(T)/Zt]1/m, the Avrami expo
entn is calculated using Ozawa’s method, andb the ratio
etween the Avrami and Ozawa exponents, i.e.b=n/m.F(T)
efers to the value of cooling rate chosen at unit crystal
ion time when the system amounted to a certain degr
rystallinity. The smaller the value ofF(T) is, the higher th
rystallization rate becomes. Therefore,F(T) has a definit
hysical and practical meaning.

. Experimental

.1. Materials and blends preparation

The sample mPE (D60) is supplied by Exxon Co.; LD
0274) and LLDPE (218W) are supplied by Qatar PE
hemical Co. Ltd. All samples are in sheet form and t
hysical characteristics are listed inTable 1.

The weight percentage of LDPE in ternary blends is
lly set as 20% in products, so in this research the weigh
entage of each component in mPE/LLDPE/LDPE blend
et as B1: 0/80/20; B2: 16/64/20; B3: 32/48/20; B4: 48/32
5: 64/16/20, respectively. The blends with various com
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nents are put into a Haake Rheomix internal mixer and then
the melting compounding is performed at 160◦C for 10 min;
the rotor speed is 60 rpm and the total mixing weight per
batch was 80 g.

3.2. Differential scanning calorimetry (DSC)

Nonisothermal crystallization behaviors of the ternary
blends are studied using a Perkin-Elmer DSC-7 and the
weights of all samples are approximately 6 mg. The DSC
is calibrated with indium prior to performing the experi-
ment. The samples are heated to 180◦C at a heating rate of
80◦C/min under a nitrogen atmosphere and held for 5 min to
remove previous thermal history. Nonisothermal crystalliza-
tion kinetics is investigated by cooling these samples from
180 to 25◦C at constant cooling rates of 2.5, 5, 10, 15, 20,
25◦C/min. These samples are first cooling from 180 to 25◦C
at constant cooling rate of 80◦C/min and then heated them
to 180◦C at a heating rate of 10◦C/min to record the melting
behavior.

4. Results and discussion

4.1. Crystallization behavior of the ternary blends
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Fig. 1. DSC crystallization curves of pure mPE, LLDPE and LDPE at the
cooling rate of 10◦C/min.

branches; while mPE has a much narrow MWD and lin-
ear molecular chains with a few even-distributed short-chain
branches. The melt-crystallization curves of the plain mPE,
LLDPE and LDPE at the same cooling rate are shown in
Fig. 1, and their physical parameters are listed inTable 1.
The plain mPE show a higher crystallization temperature
Tonset= 110.5◦C than that of LLDPE and LDPE (109.5 and
101.3◦C, respectively). When the melt is cooled to room tem-
perature at a given cooling rate, mPE and LLDPE show the
same crystallization peak temperature (Tp) at about 108◦C,
but the DSC analysis of mPE reveals two steps in the crys-
tallization process: a major and sharper exotherm at higher
temperature, and a broader and weaker transition from 100
to 80–90◦C. The pronounced peak at 108◦C is attributed to
the crystalline phase of long linear segments in mPE and the
unconspicuous peak at about 97◦C is attributed to the crys-
talline fraction of short-branched chains in mPE[25]. Plain
LDPE has a much lowerTp at about 97.8◦C. The reason

T
P

S Mw
b Mw/Mn Branch degreeb Melt point (◦C)

m 100700 2.3 16 122
L 101600 3.6 36 122
L 113200 11.0 49 114

T
P

D

Xc (%

44.5
42.4

1 40.7
1 39.3
2 39.0
2 38.3
Much of the work has been focused on the struct
rystallization property relations for different degree or t
f branching polyethylene[8–11,20–25]. It is generally b

ieved that the more and the longer the branched-chain
ower the crystallization temperature is. The comme
roducts LDPE, LLDPE and mPE have different struc
f molecular chains. The LDPE contains some short-c
ranches as well as a few long-chain branches and a
ider MWD. The LLDPE has a narrow MWD and more h
ogenous side branch length, typically with no long-ch

able 1
hysical properties of mPE, LLDPE and LDPE

ample Densitya (g/cm3) MI190/2160
a (g/10 min)

PE 0.942 0.8
LDPE 0.939 1.3
DPE 0.925 1.7
a Measured by�PRZ-400 FRI.
b Obtained from supplier.

able 2
arameters of B1 blends during nonisothermal crystallization process

(◦C/min) B1

Tonset(◦C) Tp1 (◦C) tc (s) t1/2 (s)

2.5 115 113 1962 468
5 113 111 938 222
0 111 109 444 93
5 110 107 271 57
0 109 106 191 48
5 109 105 144 39
B4

) Tonset(◦C) Tp1 (◦C) tc (s) t1/2 (s) Xc (%)

116 113 2034 502 45.1
114 111 942 233 42.9
112 108 467 112 42.7
110 106 279 74 42.1
109 105 200 58 41.6
108 104 145 43 39.7
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Fig. 2. DSC crystallization curves of (a) B1 and (b) B4 samples at various
cooling rates.

for this is that the long branch-chains in LDPE intertwine
together to form many tied points which lead to a slower ar-
raying of the molecular chains into folded state in the cooling
process.

Fig. 2(a) and (b) shows the crystallization behavior of B1
and B4 blends with different mPE content. The DSC pa-
rameters of B1 and B4 at various cooling rates are listed in
Table 2. For both B1 and B4, it is seen that the lower the
cooling rate, the earlier the crystallization starts; therefore,
Tp andTonsetshift to lower temperature, which is attributed
to the lower time scale that allows the polymer to crystallize
with increasing cooling rate, thus requiring a higher super-
cooling to initiate crystallization. When the specimens are
cooled fast, the motion of the PE molecular chains is not able
to follow the cooling temperature. Furthermore,tc andt1/2 are
gradually decreased with increasing cooling rate for both B1
and B4, indicating a higher cooling rate, a faster crystalliza-
tion rate. Meanwhile, the absolute crystallinity is gradually
decreased with increasing cooling rate for both B1 and B4,
but theXc value of B4 is slightly bigger than that of B1, in-

dicating that a higher crystallization ability of ternary blend
with more content of mPE.

In Fig. 2(a), for all the cooling rates, the DSC curves dis-
play two exotherms: a sharp peak at high temperature, and a
broader transition at lower temperature, which is more evi-
dent at high cooling rates. According to the temperature data
of the plain LDPE and LLDPE inFig. 1, the sharp peak at high
temperature is attributed to the crystalline phase of LLDPE
and the broader transition at lower temperatures is attributed
to the crystalline fraction of LDPE. While inFig. 2(b), the
exotherms at low temperature is only sharper, and there are no
changes in temperature. In the DSC curves of B4, the sharp
peak at high temperatures is attributed to the crystalline phase
of LLDPE and the long linear segments in mPE, while the
broader transition at lower temperatures is attributed to the
crystalline fraction of LDPE and the short-branched chains in
mPE. These results indicating that mPE increase the crystal-
lization of blends at low temperature. This result is also can
be observed inFig. 3, the DSC curves of blends with various
mPE content at a given cooling rate. It is clearly that the crys-
tallization peaks at lower temperature become sharper with
increasing mPE content; however, no separate peaks is ob-
served around 110◦C because mPE and LLDPE have nearly
the same crystallization peak temperature and some mixed
crystals might be formed in the ternary blends.

From DSC crystallization curves of the blends, the relative
c s is
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rystallinity as a function of temperature for ternary blend
hown inFig. 4(a) and (b). It can be seen that all these cu
ave similar sigmoidal shape, and the curvature of the u
art plot is observed to be level off due to the spherulite
ingement or crowding in the final stage of crystallization

his case, the values oftc andt1/2are increased with increasi
PE content (Table 2). These results indicate an increa

he whole crystallization time with increasing mPE con
nd mPE improves the crystallization ability of the blend

ow temperature that is much below the maximum crys
ization peak temperature.

ig. 3. DSC crystallization curves of five ternary blends at the cooling
f 25◦C/min.
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Fig. 4. Relative crystallinity vs. time for nonisothermal crystallization of (a)
B1 and (b) B4 samples.

4.2. Melting curves of ternary blends

Fig. 5 shows a series of DSC thermograms of different
ternary blends at a heating rate of 10◦C/min and the pa-

Fig. 5. DSC melting thermograms of five ternary blends at the heating rate
of 10◦C/min.

Table 3
Parameters of series ternary blends during the heating rate of 10◦C/min

Sample Tm1 (◦C) Tm2 (◦C) �Hf (J/g) Xc (%)

B1 121 109 126.4 45.3
B2 122 110 128.5 46.1
B3 122 110 129.7 46.5
B4 122 110 131.4 47.1
B5 122 110 133.6 47.9

rameters are listed inTable 3. It is clearly seen fromFig. 5
and Table 3that all endotherms exhibit two main melting
peaks: a major and sharper peak at higher temperature (Tm1),
and a broader and unconspicuous peak at lower tempera-
ture (Tm2). These two peaks all shift to higher temperature
with increasing mPE content. At this heating rate, the broader
peak may be contains the melting of small content LDPE
crystals, big content LLDPE and mPE crystals formed at
low temperature, therefore, its intensity increases with in-
creasing mPE content. There is only one peak observed in
the sharper melting peak at high temperature, which indi-
cating that the mixed crystals have been formed by mPE and
LLDPE. The melting enthalpy and crystallinity also rise with
increasing mPE content due to mPE’s high crystallization
ability.

4.3. Nonisothermal crystallization kinetics

According to Ozawa’s theory and plots of log[−ln(1−
Xt)] versus logD at a given temperature, we should obtain
a series of straight lines if Ozawa analysis is valid, and the
kinetic parametersmandK(T) can be derived from the slope
and the intercept, respectively. The results of Ozawa analysis
for B1 and B4 blends are shown inFig. 6(a) and (b). All lines
are not straight with the change of cooling rate especially at
t ◦ of
t and,
t rent
t more
t

crys-
t vari-
a the
p nd
t non-
i nds.
S as
p ined
a
c crys-
t ase
b the
c in-
c per-
a ture,
t e at
he high cooling rate above 20C/min, and the curvature
he plots increases with the cooling rate. On the other h
he curvatures of the lines show different tendency at diffe
emperature, in which the higher the temperature is, the
he curvature.

Therefore, the accurate analysis of nonisothermal
allization data could not be performed because the
tion in the slope with temperature. It means that
arameterm is not a constant during crystallization a
hat Ozawa’s approach is not suitable to describe the
sothermal crystallization process for the ternary ble
ajkiewicz et al.[26] report that the linear function
redicted by Ozawa is observed only for data obta
t relatively low cooling rates below 20◦C/min. The in-
reased cooling rate causes a decrease of absolute
allinity and an increase of the fraction of amorphous ph
etween spherulites (Table 2). In this research, it is
ooling rate above 20◦C/min that causes the curvature
reased much with cooling rate, especially at high tem
ture. This can be explained that, at a given tempera

he crystallization process at different cooling rate ar
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Fig. 6. Ozawa plots of log[−ln(1−Xt)] vs. logD for nonisothermal crystal-
lization of (a) B1 and (b) B4 samples.

different stages; that is, the lower cooling rate process is
toward the end of crystallization process, whereas at the
higher cooling rate, crystallization process is at an early
stage.

The method developed by Mo is also employed to describe
the nonisothermal crystallization. At a given crystallinity, the
plot of logDagainst logtwill give a straight line with an inter-
cept of logF(T) and a slope of−b. As shown inFig. 7(a) and
(b), plotting logD against logt of both B1 and B4 demon-
strates linear relationship at a givenXt, and the values of
F(T) andb are listed inTable 4. To each blend,F(T) values
are increased with the relative crystallinity, indicating a lower
crystallization rate is needed to reach the given crystallinity
within unit time. At a givenXt, F(T) values rise slightly with
increasing mPE content, indicating the more the mPE con-
tent, the lower the crystallization rate is. The parameterb is
decreased with increasingXt. Thus, these equations of Mo
method successfully describe the nonisothermal crystalliza-
tion process of the ternary blends on the whole crystallization
process.

Fig. 7. LogD vs. logt from the Mo equation for (a) B1 and (b) B4 samples.

Table 4
Nonisothermal crystallization parameters of blends at each given relative
crystallinity

Xt (%) 20 40 60 80 100

B1
b 1.03 0.92 0.91 0.89 0.88
logF(t) 0.88 1.08 1.30 1.50 1.75

B2
b 1.05 0.97 0.96 0.97 0.93
logF(t) 0.91 1.11 1.32 1.53 1.78

B3
b 1.0 0.94 0.93 0.92 0.91
logF(t) 0.94 1.13 1.31 1.50 1.77

B4
b 1.06 0.95 0.95 0.92 0.88
logF(t) 0.97 1.18 1.35 1.53 1.76

B5
b 1.06 0.95 0.94 0.92 0.87
logF(t) 0.96 1.17 1.34 1.52 1.75
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Fig. 8. Dependence of the activation energy on the crystallization conversion
extent of five ternary blends.

4.4. Crystallization activation energy

In order to obtain the reliable values of the effective activa-
tion energy on the melt-cooling process, an advanced isocon-
versional method developed by Vyazovkin[27–29]has been
used to evaluate the effective activation energies as shown in
Eq.(9):

Φ(Ea) =
n∑

i=1

n∑
j 	=i

J [Ea, Ti(ta)]

J [Ea, Tj(ta)]
(9)

where

J [Ea, Ti(ta)] ≡
∫ ta

ta−�a

exp

[ −Ea

RTi(t)

]
dt (10)

In Eq. (10)a varies froma to 1− �awith a step�a=m−1,
wheremis the number of intervals chosen for analysis and it is
set asm= 50 in this calculation.Fig. 8shows the dependence
of the activation energy on the extent of crystallization con-
version of five blends. To each blend, the activation energy
increases with the extent of the melt conversion, e.g. the acti-
vation energy increases from−504 to−40 kJ/mol for sample
B1, while it rises from−358 to 67 kJ/mol for sample B5. By
comparing the activation energy at the same extent of melt
conversion, e.g.a= 0.4, their values are−412 kJ/mol (B1),
−313 kJ/mol (B2),−279 kJ/mol (B3),−249 kJ/mol (B4) and
− lin-
e leate
a ore
m in
b y of
t

5

crip-
t E
d ates

and high temperature. While the theory developed by Mo
is successful in describing the nonisothermal crystallization
process of mPE/LLDPE/LDPE blends. The crystallization
peaks of the ternary blends become broader toward low crys-
tallization temperature with increasing mPE content, and
no separated-peaks is observed around 110◦C for mPE and
LLDPE may form into mixed crystals in the ternary blends.
The fixed small content of LDPE made little influence on the
predominant crystallization behavior of the blends, thus the
crystallization behavior of the ternary blends is mainly de-
termined by the content ratio of mPE to LLDPE. From the
results of activation energies of series ternary blends deter-
mined by Vyazovkin method, it can be seen that the crystal-
lization activation energy of the blends rises with increasing
mPE content, which indicating that the mPE improve the
crystallization ability of the blend.

In this research, however, the increasing of the mPE con-
tent in ternary blends does not cause sharp change in various
parameters of DSC curves due to the similarity of chemical
component of the three polymers possessing with only differ-
ent branch degree of molecular chains. But it is meaningful to
provide some information about the crystallization or melt-
ing behaviors of the blends with various mPE components
for their widely using in industrial application.
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225 kJ/mol (B5), respectively. The mPE has much long
ar segments in its molecular chains, and they can nuc
nd crystallize easily in blends than LLDPE, that is, the m
PE content, the more nucleus or microcrystallites form
lend. Therefore, mPE improve the crystallization abilit

he blend.

. Conclusions

The Ozawa analysis fails to provide an adequate des
ion of nonisothermal crystallization of mPE/LLDPE/LDP
ue to the deviation of plots especially at high cooling r
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