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ABSTRACT: Melting behavior, nonisothermal crystalliza-
tion and isothermal crystallization kinetics of polypropylene
(PP) with metallocene-catalyzed linear low density polyeth-
ylene (mLLDPE) were studied by differential scanning calo-
rimetry (DSC). The results show that PP and mLLDPE were
partially miscible. The Avrami analysis was applied to ana-
lyze the nonisothermal and isothermal crystallization
kinetics of the blends, the Mo Z.S. method was used to take
a comparison in nonisothermal kinetics. Values of Avrami
exponent indicate the crystallization nucleations of both
pure PP and PP in the blends were heterogeneous, the
growth of spherulites is tridimensional and the spherulites
in the blends were more perfect than that in pure PP. The
crystallization activation energy was estimated by Kissinger

method and Arrhenius equation and the two methods draw
similar results. The mLLDPE increased the crystallization
rate of PP in nonisothermal crystallization process and
decreased it in isothermal process. The results from noniso-
thermal crystallization and isothermal crystallization
kinetics were not consistent because the two processes were
completely different. Addition of minor mLLDPE phase
favors to increase the overall crystallinity of PP, showing
the mLLDPE entered the PP crystals. © 2008 Wiley Periodi-
cals, Inc. ] Appl Polym Sci 109: 1515-1523, 2008
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INTRODUCTION

Polypropylene (PP) is one of the most widely used
polyolefin polymers, but its application in some
fields are limited due to its low fracture toughness
especially at low temperature and a high notch sen-
sitivity at room temperature. Compounding PP with
a dispersed elastomeric phase [e.g., ethylene—propyl-
ene-diene rubber (EPDM)] is widely practiced,'”
because the rubber can increase the overall tough-
ness of the PP matrix.® But the addition of elasto-
mers often takes negative effects on some properties
of EP, such as stiffness, hardness,” and processibil-
ity.

The development of metallocene catalysts has led
to production of numerous new polyolefinic materi-
als, both in polyolefin elastomers and nonelastomers.
Metallocene-catalyzed linear low density polyethyl-
ene (mLLDPE) is a kind of nonelastomeric material,
due to it’s low crystallinity, without double bond in
molecular chain, good properties of thermal stability
and aging resistance, mLLDPE can endow with
higher impact strength as a modifier of PP without
loss much of stiffness and processibility.” In addi-
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tion, mLLDPE is granular form, its processing tech-
nology when blending with PP, such as extrusion
and injection molding, etc., is convenient.

The physical properties of semicrystalline poly-
meric materials strongly depend on their crystalliza-
tion and microstructure, so investigations of the
crystallization behavior and crystallization kinetics
of polymer blends are significant both theoretically
and practically. The isothermal crystallization behav-
ior can give useful parameters showing the grow
mechanism of the spherulites, and the nonisothermal
crystallization kinetics is increasing technological im-
portant because these conditions are close to practi-
cal industrial conditions. Therefore, it is highly
desired to investigate the crystallization behavior
and crystallization kinetics of PP/mLLDPE blends to
optimize their blends composition.

In this study, the melting, crystallization behav-
iors, isothermal and nonisothermal crystallization
kinetics were investigated with differential scanning
calorimeter (DSC). The Avrami equation was applied
to describe the isothermal crystallization kinetics,
and the Avrami equation modified by Jeziorny,
Ozawa model and the method developed by Mo
were employed to describe the nonisothermal crys-
tallization process of the PP/mLLDPE blends. The
Kissinger equation and Arrhenius relation were
applied to calculate the activation energy of these
blends while crystallizing.
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Figure 1 DSC melting curves of PP/mLLDPE blends at a
heating rate of 10°C/min.

EXPERIMENTAL
Materials and sample preparation

The PP[Type K8303, melting flow index (230°C/
2.16 kg) = 1.9 g/10 min] used in this study is a kind
of propylene impact copolymer with 8% weight con-
tent of ethylene as a comonomer, supplied by Yan-
shan Petrochemical, China; The mLLDPE[type
ECD342, melting flowing index (190°C/2.16 kg) =
1.0 g/10 min] sample obtained from Exxon Mobil
Petrochemical.

Blends samples were prepared by melt-blending in
a twin screw extruder, the temperature of each part
were between 180 and 220°C. The weight ratios of
mLLDPE in the blends were 0, 10, 20, 40, and 100%.

Thermal analysis

A Perkin-Elmer DSC-7 apparatus was used to record
the heat flow of the blends. All the operations were car-
ried out under a nitrogen environment. The tempera-
ture and melting enthalpy was calibrated with stand-
ard indium. Sample weights were set about 8 mg.

For melting and crystallization behaviors, samples
were heated from room temperature to 200°C at a
heating rate of 10°C/min and the temperature was
held at 200°C for 1 min to erase thermal history.
And then the melted samples were cooled to 50°C
with a cooling rate of 10°C/min. As for nonisother-
mal crystallization, samples were heated to 200°C
and held for 1 min, then cooled down to 50°C at var-
ious constant cooling rates: 2.5, 5, 7.5, 10, and 15°C/
min. As for isothermal crystallization kinetics, sam-
ples were cooled from 200°C down to the required
crystallization temperature (122-130°C) with a cool-
ing rate of 150°C/min and hold for 30 min to record
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the heat flow. The half-time of crystallization (t;,)
defined as the time taken for 50% crystallinity.

RESULTS AND DISCUSSION

Melting and crystallization behavior
of PP/mLldpe blends

Figure 1 shows the heat flow of pure polymers and
their blends at a heating rate of 10°C/min. Both the
pure PP and pure mLLDPE showed two peaks in
melting process. These were because the PP was
made in sequential reactors and some PE segments
exist in its EPR phase; and the mLLDPE is the
copolymer of ethylene and other kinds of a-olefins.
The two heat flow peak of PP were 114.0 and
165.5°C separately, the 114.0°C should be the melting
point of PE segments. The two heat flow peaks of
mLLDPE are 109.3 and 117.5°C separately. The melt-
ing temperature of PP(T,,;) main heat flow decreases
with mLLDPE content increasing(see Table I), how-
ever, the melting peak of mLLDPE(T,;) also
decreases with the increasing of PP content. This ob-
servation indicates that there is some interaction
between PP and mLLDPE, which is attributed to
partial miscibility between molecules of PP and
mLLDPE. The main heat flow peak of mLLDPE
decreases shows that the main interaction of PP and
mLLDPE chains exists in mLLDPE and PE segments
of PP. The melting temperature (T,) of PP in the
blends are between 160 and 165°C indicates that PP,
both in the pure state and in the blends, exhibits
only a crystal.'!!

The crystallization behavior were also performed
by DSC at a cooling rate of 10°C/min. Figure 2
shows the crystallization exotherms of PP/mLLDPE
blends compared with pure polymers respectively.
All DSC traces show two crystallization peaks
including those of pure polymers, indicate that these
systems of blends exist two crystallizable compo-
nents. The two exotherm peak of mLLDPE are 103
and 67°C separately and the 67°C should be the
crystallization temperature of branches. The two exo-
thermal peak of PP are 115.7 and 93.5°C, and there
are PE segments in the PP matrix can be affirmed.
The effect of mLLDPE on PP crystallizing is much
similar to that of heating process, the crystallization

TABLE I
Melting Temperature (T,,) and Crystallization
Temperature (T,) of PP/mLLDPE Blends

Sample
(PP/mLLDPE) Ty (C)  Twa Q) T () T (O
00/0 114.0 165.5 93.5 115.7
90/10 114.3 164.8 99.8 116.0
80/20 115.5 164.5 101.5 114.0
60/40 116.3 163.5 103.0 114.0
0/100 117.5 103.0
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Figure 2 DSC nonisothermal crystallization curves of PP/
mLLDPE blends at a cooling rate of 10°C/min.

temperature of PP matrix decrease with mLLDPE
content increase, and the crystallization temperature
of mLLDPE decrease with PP content increasing,
also the interaction mainly exists in mLLDPE and PE
segment in PP matrix.

As an example, Figure 3 shows the typical crystal-
lization exotherms for PP in the PP/(20%) mLLDPE
blend at various cooling rates. The crystallization
peak temperature (T,) for pure polymers and their
blends is clearly shifted to lower temperatures as the
cooling rate increasing (see Table III). The decrease
of T, with a faster cooling rate is due to the crystalli-
zation rate is lower than the experimental cooling
rate.'? At a slower cooling rate, PP molecules have
enough time to form the necessary nuclei for crystal-
lization and, therefore, come to a higher T,

For all the samples, sample crystallinity (Xpp) is
defined as:

 AHc

Xpp = —<
PP AHO

1)

where AH(C) = 187.7 (J/g), which is the 100% crystal-
lization enthalpy of PP."® About 187.7 (J/g) is the
100% crystallization enthalpy of PP,"> AH, is the crys-
tallization enthalpy of PP in the pure PP or the PP/
mLLDPE blends. The Xpp values of isothermal and
nonisothermal crystallization processes were listed in
Tables II and Table III seperately. The Xpp of PP/
mLLDPE is higher than that of pure PP, showing the
mLLDPE chains entered the PP crystals. This is
another proof showing miscibility of PP and mLLDPE.

Isothermal crystallization kinetics

Up to date, several analytical methods have been
developed to describe the crystallization kinetic of
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polymers: (i) Avrami analysis,'"* (ii) Ozawa analy-
sis,”?! (iii) Ziabicki analysis,”*** and (iv) others,***"
such as Mo Z.S. analysis. In this article, the Avrami
analysis was used to describe the crystallization
kinetics of PP/mLLDPE blends and Mo Z.S. analysis
was taken as a contrastive stud;i.

The Avrami equation'*'*'?***° has been widely
used to describe isothermal crystallization kinetics of
polymers:

1—X; = exp(—kt") (2)

where X; is the relative crystallinity, k is the growth
rate constant and 7 is the Avrami exponent. Here,
the value of Avrami exponent n depends on the
nucleation mechanism and growth dimension; the
parameter k is a function of the nucleation and
the growth rate. The relative crystallinity X; as a
function of crystallization time is defined as:

OH"”

(dH /dt)dt
Xp=F— 3)
[(dH /dt)dt

0

where dH/dt is the rate of heat evolution; ty and t.
were the time at which crystallization starts and
ends, respectively.

Figure 4 shows the DSC traces for PP/mLLDPE
blend that had been isothermally crystallized at dif-
ferent temperatures. And Figure 5 shows the relative
crystallinity of PP/(20%) mLLDPE blends at various
crystallization temperatures. All curves in Figure 5
show a sigmoidal shape. The plot of X; versus t
shifts to the right with the crystallization tempera-
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Figure 3 DSC nonisothermal crystallization curves for PP
in the PP/(20%) mLLDPE blends at various cooling rates.
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TABLE II
Isothermal Crystallization Parameters of PP/mLLDPE Blends at Different Crystallization Temperatures

Sample mLLDPE (%) T (°O) n log k t1/2 (min) Xpp (%) E, (kJ/mol)
0 122 2.33 —0.090 0.93 36.548 —251.4
124 244 —0.625 1.54 39.478
126 2.28 -1.10 2.61 41.609
128 2.18 —1.60 4.71 42.355
130 2.15 —2.10 8.15 40.224
122 2.35 —0.139 1.03 41.156
124 2.54 —0.782 1.77 42.888
20 126 2.82 —1.49 2.99 43.147 —332.3
128 2.95 —2.17 4.81 44.286
130 3.05 —2.85 7.65 44153
122 2.54 —0.481 1.35 44.575
124 2.61 —1.02 2.15 44752
40 126 2.79 -1.70 3.60 46.351 —313.2
128 2.89 —2.34 5.75 45.818
130 2.99 —3.01 9.02 43.776

ture increases, showing the decrease of crystalliza-
tion rate, indicating the crystallization is enhanced
as temperature decreases, the crystallization half-
time f;,, can be calculated directly from the relative
crystallinity versus time plot. That is also because of
the strong temperature dependence of the nucleation
and the growth parameters.*
Rewritten eq. (2) in a double logarithm form:

log[—In(1 — X;)] = log(k) + nlog(t) 4)

then, the Avrami parameters can be estimated from
the slope and intercept of log[—In(1 — X;)] versus
logt according to eq. (4). Figure 6 shows the plot of
log[—In(1 — X;)] versus logt for isothermal crystalli-
zation of PP/(20%)mLLDPE blends. Each curve
shows good linear relationship indicating that the
Avrami equation can properly describe the isother-
mal crystallization behavior of these samples. All
lines in Figure 6 are straight and almost paralleled

to each other, shifting to less time with decreasing
temperature. The Avrami parameters estimated from
the plot of log[—In(1 — X;)] versus logt are listed in
Table II.

The n values of PP increase and then decrease
with increasing of crystallization temperature within
2.15-2.44, and that of the PP/mLLDPE blends
increase with increasing of crystallization tempera-
ture from 2.35-3.05. The differences between pure
PP and PP/mLLDPE blends are the dilution effect
and high mobility of mLLDPE at crystallization tem-
peratures help PP to form compact crystals or spher-
ulites. The values of Avrami parameters showed the
nucleation mechanism of both PP and PP/mLLDPE
blends are heterogeneous, and the increasing of
Avrami parameters means more perfection of the
spherulites. The crystallinity of PP/mLLDPE blends
are higher than pure PP, shows the mLLDPE chains
enter to the PP crystals.

In Table II, the crystallinity of the both PP and
PP/mLLDPE blends increase and then decrease with

TABLE III
Nonisothermal Crystallization Parameters of PP/mLLDPE Blends at Different Cooling Rates
Sample mLLDPE (%) D (°C/min) n log k' t1/2 (min) T, (°C) Xpp (%)
0 25 5.64 —-1.29 35 121.7 44.0
5.0 5.60 —0.34 1.87 119.0 43.5
7.5 5.65 —0.12 1.37 117.3 43.2
10 5.39 —0.027 1.05 115.7 43.0
15 4.60 0.045 0.66 113.3 42.0
25 4.88 -1.05 3.23 121.3 46.1
5.0 5.52 —0.36 1.98 117.5 453
20 7.5 6.40 —0.17 1.52 115.3 45.0
10 6.33 —0.067 1.13 114.0 443
15 5.75 0.044 0.72 111.8 43.0
25 4.87 —1.03 3.15 121.0 47.6
5.0 5.47 —0.32 1.83 117.3 46.9
40 7.5 6.07 —0.11 1.30 115.3 46.0
10 6.39 —0.014 1.0 114.0 45.0
15 6.00 0.062 0.66 112.0 43.7

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 DSC isothermal crystallization curves for PP in the PP/mLLDPE blends at various crystallization temperatures

(a, 00/0; b, 200/0; C, 400/0).

increasing of crystallization temperature. These
results show that the mobility of PP chains increase
but crystallization rate decrease with increasing tem-
perature. At high temperatures, the mobility of PP
chains is too high to crystallize and the crystallinity
decrease.

However, the crystallization rate is dependent on
the blend composition and temperature. On one
hand, for the pure PP, the crystallization rate con-
stant (k') decreases with increasing temperature, and
the crystallization half-time (t; /») increases (see Table
II). Similar trends in both the k' and t;,, are
observed for the PP/(20%)mLLDPE and PP/
(40%)mLLDPE blends. On the other hand, at the
same temperature, the k' slightly decreases with the
mLLDPE content increase, and the t;,, adversely
affected because the mLLDPE lengthened the dis-
tance from the chains to growing crystal.

Nonisothermal crystallization kinetics

The Avrami equation can be modified to describe
nonisothermal crystallization."”~'®?'** For noniso-
thermal crystallization at a chosen cooling rate, the

relative crystallinity X; is a function of crystallization
temperature. That is, eq. (3) can be rewritten as fol-
lows:

(dH /dT)dT

X )

ot g =~

(dH /dT)dT

where T is the crystallization temperature, Ty and T..
represents the onset and end temperature of crystal-
lization, respectively.

As an example, Figure 7 shows the relative crystal-
linity of PP in the PP/(20%)mLLDPE blends at vari-
ous cooling rates. All curves in Figure 7 show a
reversed sigmoidal shape, indicating a fast primary
process during the initial stages and slower second-
ary process during the later stages. The plot of X;
versus T shifts to the low temperature region as the
cooling rate increases. The lower cooling rate pro-
vides more fluidity and diffusivity for the molecules
due to relative lower viscosity and more time to
crystallize, thus inducing higher crystallinity and

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 Plot of relative crystallinity X; versus crystalliza-
tion time t for PP in the PP/(20%) mLLDPE blends at vari-
ous crystallization temperatures.

more perfect crystallization at lower cooling rates, as
shown in Table III.

The crystallization temperature can be converted
to crystallization time t using a equation.”**

To—T

=2 _—

= ©)
where D is the cooling rate. Using eq. (5) the tem-
perature axis in Figure 7 can be transformed into
time scale, as shown in Figure 8. The sigmoidal
shape of the curves suggests the modified Avrami
analysis is applicable for nonisothermal crystalliza-
tion of PP/mLLDPE blends. Meanwhile, the crystal-
lization half-time t; ,, can be calculated directly from
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ous cooling rates.

Figure 9 shows the Avrami plot of log[—In(1 —
X;)] versus logt for nonisothermal crystallization of
PP/(20%) mLLDPE blends. All lines in Figure 9 are
straight and almost paralleled implies that the nucle-
ation mechanism and crystal growth geometries are
similar, although the cooling rates are different. The
Avrami parameters are estimated from the plot of
log[—In(I — X;)] versus logt, and the values are
listed in Table III. Regardless of the cooling rates,
the Avrami exponent n for the pure PP is in the
range of 4.60-5.65, compare to the literature data
under nonisothermal conditions.>* The Avrami expo-
nents for the PP/mLLDPE blends are in the rage of
4.87-6.40, regardless of the blend composition and
cooling rates, suggesting the mLLDPE help PP form

the relative crystallinity versus time plot,"”"*® as
shown in Table III.
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Figure 8 Plot of relative crystallinity X; versus crystalliza-
tion time t for PP in the PP/(20%) mLLDPE at various

Figure 6 Avrami plot of PP in the PP/(20%) mLLDPE
cooling rates.

blends at various crystallization temperatures.
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more perfect spherulites, and this result consistent
with isothermal crystallization process. But the
Avrami exponents deduced from nonisothermal
crystallization are not exact because the tempera-
tures of nonisothermal crystallization are changing
continuously, and the crystallization rate constant k
for nonisothermal crystallization should be corrected
as follows™: logk’ = logk/D.

As a result, the crystallization rate (k') increase
with cooling rate, and the crystallization half-time
(t1,2) decreased (see Table III). The k' and the f;,,
changed a little with the mLLDPE content increasing
compare with isothermal crystallization, because the
mLLDPE acts as a diluter and lengthened the dis-
tance at the same time, and the two effects are con-
tradict.

For comparison, a new simple method which is
proposed by Mo and coworkers,** is employed as
follows:

log D =1logF(T) — alogt (7)

where F(T) = [K(T)/k]"/™ refers to the cooling rate
value which must be chosen within unit crystalliza-
tion time when the measured system amounts to a
certain relative crystallinity, then the F(T) value has
a definite physical and practical meaning, that is, at
a certain relative crystallinity, a high value of F(T)
means a high cooling rate is needed to reach this X,
in a unit time, which reflects the difficulty of its crys-
tallization process; a is the ratio of the Avrami expo-
nent n to the Ozawa exponent m(z = n/m). Accord-
ing to eq. (7), F(T) and a can be determined from the
slope and intercept of logarithm plot of cooling rate
versus time at different relative crystallinity (X, )of
20, 30,40, 50, and 60%, respectively. Figure 10
presents the result of PP/(20%)mLLDPE blends.
Good fitness of the lines shows the new method is
successful for describing the nonisothermal crystalli-

1521

zation process of PP/mLLDPE blends. The values of
F(T) and a for all the samples are listed in Table IV
The F(T) values increase with the relative crystallin-
ity for the same blend. However, at the same relative
crystallinity, the values of F(T) of PP are lower than
that of PP/mLLDPE blends, implying the faster crys-
tallization of PP than that of PP/mLLDPE blends.
This conclusion is not well consistent with the
results obtained from modified Avrami analysis,
because the addition of mLLDPE obviously lowered
the crystallization temperatures of the blends, and
the crystallization rates are not only determined by
crystallization rate, but also temperature. The values
of a are almost a constant for a given composition at
different relative crystallinity, and the a values of
PP/(20%)mLLDPE are larger than that of others,
indicating that the interaction between PP and
mLLDPE is most obvious and a certain mass ratio.

The effect of mLLDPE on PP are not the same in
isothermal and nonisothermal crystallization kinetics.
At high temperatures (isothermal processes), the
mLLDPE lengthens the distances of PP chains to
nuclei and then decreases the crystallization rate.
But at lower temperatures (nonisothermal processes),
the mLLDPE increases the mobility of PP chains and
then increases crystallization rate.

Activation energy for crystallization

The activation energy for isothermal crystallization
can be approximately described by the Arrhenius

equation. 52610
E
K/ =k exp | — —2 8
0eXP\ ~ 1T (8)
2.8 4
e " 20%
® 30%
244 A 40%
e v 50%
+ B0%
20+ nshye
Q
E
16~ e ATe
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e hAywe
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Figure 10 Mo plot for PP in the PP/(20%)mLLDPE
blends at different relative crystallinity.
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TABLE IV
Nonisothermal Crystallization Parameters of PP/mLLDPE
Blends at Different Relative Crystallinity

Sample E

a
(mLLDPE%) X; (%) F(t) a (kJ/mol)

0 20 341 1.093 —300.6
30 3.78 1.081
40 410 1.086
50 437 1.092
60 462 1.094
20 371 1.246

30 417 1.222 —2455
40 450 1.218
20 50 488 1.224
60 5.13 1.205
20 3.81 1.093

30 427 1.087 —258.7
40 455 1.074
40 50 4.86 1.085
60 5.18 1.094

The slope of the Arrhenius plot of (1/n)Ink versus
1/T. determines E,/R, as shown in Figure 11. The
value of the activation energy is found to be —251.4
kJ/mol for PP melt crystallization, —332.3 and
—313.2 kJ/mol for PP/(20%)mLLDPE and PP/
(40%)mLLDPE separately (Table II).

For nonisothermal crystallization, the crystalliza-
tion activation energy E, can be estimated from the
variation of crystallization peak temperature T, with
cooling rate D by the Kissinger approach.”

dIn(D/T,*)]  E,

d1/T,) ~ R ©)

where R is the universal gas constant.

1/ (nk)

3
0.00246

T T T
0.00250 0.00252 0.00254

1T
[

T
0.00248

Figure 11 Arrhenius plot of (1/n)lnk versus 1/T, of PP/
mLLDPE blends for isothermal crystallization at different
mLLDPE content.
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Figure 12 Kissinger plot of In(D/T}) versus 1/T, of PP/
mLLDPE blends for nonisothermal crystallization at differ-
ent mLLDPE content.

The Kissinger plot, that is the plot of In(D/T))
versus 1/T, for PP/mLLDPE blends, is shown in
Figure 12. The E, is estimated to be —300.6 kJ/mol
for pure PP, —2455 kJ/mol for the PP/
(20%)mLLDPE blends and —258.7 kJ/mol for PP/
(40%)mLLDPE blends (See Table 1V).

The E, values ranges are close to each other, show-
ing the Kissinger approach and Arrhenius equation
have the similar effect in evaluating E, values.

CONCLUSIONS

The melting behaviors and crystallization kinetics of
PP/mLLDPE were investigated with DSC. The result
showed that there are interactions between PP and
mLLDPE chains mainly exist in mLLDPE and PE
segment in PP matrix. The crystallinity of the blends
increase with the increasing of mLLDPE content
showing mLLDPE entered the PP crystal. The crys-
tallization kinetics of the blends was investigated
fairly well by both Avrami and Mo Z.S. analysis.
The values of the Avrami exponent derived from
isothermal crystallization show the nucleation mech-
anism are heterogeneous. The values of the Avrami
exponent of PP are lower than that of PP/mLLDPE
blends shows mLLDPE help PP to form perfect
spherulites. At the same cooling rate, crystallization
rate increased with increasing mLLDPE content. But
at the same temperature, the crystallization rate
decreased with increasing mLLDPE content, because
the mLLDPE shifts the crystallization temperature to
lower temperature. The crystallization activation
energy derived from Kissinger analysis and Arrhe-
nius equation are close showing the two methods
have the similar effect in evaluating E, values.
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