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ABSTRACT: In this article, the influence of rosin-type
clarifying agent Nu-(K � Na) and low density polyethylene
(LDPE) on the crystallization process of polypropylene (PP)
from the melt state was studied by differential scanning
calorimeter and polarization microscope, and the effect of
rosin-type clarifying agent Nu-(K � Na) on the compatibil-
ity of PP and LDPE was also investigated by dynamic me-
chanical analysis and scanning electron microscope. It was
found that Nu-(K � Na) decreased the fold surface energy
and promoted the nucleation and crystallization of PP. With
the cooperation of LDPE and Nu-(K � Na) in PP, the chain
fold free energy of PP was further decreased substantially,

the crystallization rate of PP was increased more markedly,
and the spherulites of PP became much smaller and dis-
persed more uniformly. At the same time, Nu-(K � Na)
improved the compatibility of PP and LDPE, and the LDPE
was dispersed in PP more uniformly. Thus, the light scat-
tering originating from the spherulites of PP and the LDPE
disperse phase was reduced to great extent, and the trans-
parency of PP was improved evidently. © 2005 Wiley Period-
icals, Inc. J Appl Polym Sci 99: 1568–1575, 2006
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INTRODUCTION

In the last few years, a new kind of rosin-type clarify-
ing agent for polypropylene (PP), which can greatly
improve the transparency of PP, was reported in sev-
eral patents.1–3 Rather than the conventional clarifying
agents widely used before, these clarifying agents had
some advantages, such as low production cost, high
nucleating efficiency, and without irritative odor.1–3 In
our earlier works,4–6 the effects of rosin-type clarify-
ing agent on PP crystallization had been studied, and
it was found that rosin-type clarifying agent acceler-
ated the overall crystallization rate of PP, diminished
the size of spherulites, and improved the transparency
of PP to a certain extent. Further research found that
the nucleating efficiency of rosin-type nucleating
agent could be improved greatly when a small
amount of low density polyethylene (LDPE) (3%) was
added to PP.7 The cooperative effect of LDPE and
rosin-type clarifying agent made the crystallization
rate of PP increase greatly, the spherulites of PP be-
came much smaller and dispersed more uniformly,
and the transparency of PP was further improved

evidently. To get better transparency of PP in former
works, the content of rosin-type clarifying agent in PP
must be above 5%, which is much higher than the
loading of other clarifying agents, such as dibenzyli-
dene sorbitol (DBS).8

To further decrease the loading of rosin-type clari-
fying agent in PP, a new kind of rosin-type clarifying
agent for PP, the cocrystal of dehydroabietic acid,
potassium dehydroabietate, and sodium dehydroabi-
etate (Nu-(K � Na)), was prepared.9 In this study, it
was found that when 3% LDPE and 0.3% Nu-(K � Na)
was added to PP at the same time, the transparency of
PP improved substantially. PP/LDPE blends, espe-
cially their compatibility and morphology, have been
studied extensively,10–15 but only a few studies have
been reported on the effects of clarifying agent on the
crystallization and compatibility of PP and LDPE. In
this article, the effects of rosin-type clarifying agent on
the crystallization and compatibility of PP and LDPE
were studied detailedly. The crystal structure of PP
was also investigated.

EXPERIMENTAL

Materials

Isotactic PP (grade F401, melt index 2.5 g/10 min) and
LDPE (grade 1C7A, melt index 7 g/10 min) were
supplied by Beijng Yansan Petroleum and Chemical
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Corp (Beijing, China). Dehydroabietic acid was sepa-
rated from disproportionated rosin (Wuzhou Rosin
Plant, Guangxi, China), according to the usual proce-
dure,16 and the structure of dehydroabietic acid was
shown in Figure 1.

Preparation

Rosin-type cocrystal clarifying agent was prepared by
the reaction of 1 mol dehydroabietic acid with 0.25
mol potassium hydroxide and 0.15 mol sodium dehy-
droabietate in ethanol, according to our previous re-
search,9 and then grinded into powder with a nominal
particle size of 65 �m and marked as Nu-(K � Na).

PP, Nu-(K � Na), and LDPE were blended as fol-
lows: 100/0/0, 100/0/3, 100/0.3/0, 100/0.3/3, 100/
0.3/5, 100/0.3/10, 100/0.3/15, and 100/0.3/20 (wt %),
respectively. The composites were mixed in a �30
twin-screw extruder (SHJ-30, Light Industry Machin-
ery Mold Factory, Shanghai, China). The nucleated PP
samples were dried and then injection-molded into 1
mm thick sheet in an injection-molding machine (SZ-
160/68 NB, Rubber Plastics Machinery Plant, Liuzhou,
China) at 230°C.

Measurements

Haze measurement

Transparency was measured by a WGT-S hazemeter
(Precision & Scientific Instrument Co. Ltd., Shanghai,
China), according to National Standard Testing Meth-
ods GB 2410–80, and the lower the haze, the higher is
the transparency.

Differential scanning calorimeter (DSC)

A Perkin–Elmer differential scanning calorimeter,
DSC-7, interfaced with a BBC-Master computer via
analogue to digital converter, was used to detect the
thermal transition and to monitor the rate of heat flow
from samples during crystallization. The instrument
was calibrated by indium before the measurements.

Each sample (5� 2 mg) was placed in a DSC pan and
rapidly heated at a rate of 80°C/min to 230°C for 10
min to remove all the memory of previous thermal
and mechanical history.

To detect the crystallization temperatures of PP
samples, this treatment was followed by cooling at a
rate of 10°C/min to room temperature for complete
crystallization.

In the experiments performed to study kinetics of
isothermal crystallization, the samples were submitted
to the same thermal treatment in melt state and then
cooled at a rate of 200°C/min to the appropriate crys-
tallizing temperature. The rate of heat flow during the
development of crystalline phase against time was
recorded up to vanishing thermal effect and analyzed
according to the usual procedure to give the relative
degree of crystallinity as a function of time.

Polarization microscope

Each PP sample (0.1 g) was placed on a hot-stage and
melted at 230°C. Each PP sample was pressed between
glass slides and cover slips and kept there for 10 min
to remove all the memory of previous thermal and
mechanical history, and then quickly transferred to
another hot-stage and kept at a constant temperature
of 130°C for 1 h. After that, they were quenched in
liquid nitrogen. The thickness of PP samples was
about 20 �m. The morphology of sperulites was ob-
served by a polarization microscope (Leica MPS30,
Germany).

Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) measurements
were performed with a Perkin–Elmer DMA-7. The
instrument was calibrated by indium before the mea-
surements. The experiments were carried out using
the three-point-blending geometry over a temperature
range of �150 to 200°C at a rate 5°C/min under ni-
trogen flow. All the samples were analyzed at a con-
stant frequency of 1 Hz, a dynamic force 30 mN, and
a static force 33 mN. The rectangular specimen dimen-
sions were 15 � 2 � 2 mm3.

Scanning electron microscope

The morphology of the fractured surfaces of the spec-
imens was investigated with a scanning electron mi-
croscope (Hitachi S-530, Japan). The specimens were
fractured after cooling in liquid nitrogen, and the frac-
tured surfaces were sputter-coated with gold under
argon atmosphere. The electron micrographs were
taken using an acceleration voltage of 15.0 kV.

Figure 1 Structure of dehydroabietic acid.
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RESULTS AND DISCUSSION

Transparency of PP samples

Table I lists the haze values of the PP composites. The
haze value of pure PP is 70%, and its transparency is
the worst among all PP samples. The haze value of
PP/Nu-(K � Na) (100:0.3) was decreased to 40%.
When 0.3% Nu-(K � Na) and 3% LDPE were added to
PP at the same time, the haze value of PP was further
decreased to 27%. With more LDPE added, however,
the haze values of the blends increased gradually. The
PP/Nu-(K � Na)/LDPE (100:0.3:3) ternary blend ex-
hibits the best transparency among all PP samples.

Transparency of the PP/Nu-(K � Na)/LDPE ter-
nary blends was determined by two main factors: one
was the spherulite size of PP particle, and the other
was the size of the LDPE, which was related to its
compatibility with PP. The effects of Nu-(K � Na) on
the crystallization and compatibility of PP and LDPE
were studied by the next experiments.

Nonisothermal crystallization of PP samples

Figure 2 shows DSC cooling curves of PP samples at a
cooling rate of 10°C/min. An exothermic peak occurs
at Tc � 111.7, 111.9, 121.4, and 126.8°C for PP/Nu-(K
� Na)/LDPE (100/0/0), (100/0/3), (100/0.3/0), and
(100/0.3/3), respectively. The dominative crystalliza-
tion process of pure PP was homogeneous nucleation,
the intense thermal motion of molecular chain seg-
ment made it difficult to form stable crystal nuclei at
high temperature, and so its crystallization tempera-
ture was very low. The addition of 3% LDPE only
slightly affected the Tc of PP. With 0.3% Nu-(K � Na)
added, the Tc of PP/Nu-(K � Na) was increased 9.7°C
compared with pure PP, this demonstrates that Nu-(K
� Na) is an effective nucleating agent, and it increased
the crystallization rate of PP obviously. When both 3%
LDPE and 0.3% Nu-(K � Na) were added to PP, the
increase in Tc of PP was 15.1°C compared with pure
PP and its exothermic peak became much sharper than
that of the others. This might be that the nucleating
efficiency was increased evidently with the help of
LDPE.

Isothermal crystallization of PP samples

Isothermal crystallization of polymers can be de-
scribed by Avrami equation. The relative degree of
crystallinity � at time t is given by17

� �
XC�t�
XC�	�

� �
0

tdH�t�
dt dt��

0

	dH�t�
dt dt (1)

where XC(t) and XC(	) are the absolute degrees of
crystallinity at time t and the completing crystalliza-
tion time respectively, dH(t)/dt is the rate of heat flow
in the process of isothermal crystallization at time t.
Time t was measured from the moment when the
sample was cooled to the appropriate crystallization
temperature. � can also be obtained from the expres-
sion17,18

1 � � � exp� � Ktn� (2)

ln(�ln�1 � ��) � n ln t � ln K (3)

where n is Avrami exponent, which is determined by
the mode of crystal nucleation and the crystal growth
geometry in actual circumstance, and K is the rate
constant, which is also a function of nucleation and
growth of crystals. The plot of ln(�ln (1��)) against ln
t is a straight line, whose slope is n and its intercept on
ordinate is ln K.

When � � 0.5 in formula (3), it gives out the data of
crystallization half-time t1/2, which is the time taken
for 50% of the total crystallization to occur:

t1/2 � � ln 2
K �

1
n

(4)

The lowest temperature for isothermal crystalliza-
tion was chosen to be above the highest temperature at
which the LDPE was able to crystallize. Results of t1/2,
n, and K of PP samples are listed in Table II.

Figure 2 DSC curves of PP samples.

TABLE I
Haze Values of PP/Nu-(K � Na)/LDPE Blends

Nu-(K � Na) (%)

LDPE (%)

0 3 5 10 15 20

0 70 60 — — — —
0.3 40 27 30 34 37 39
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In the ideal state of heterogeneous nucleation of PP
crystallization,17 n should be exactly 3. In the actual
process of crystal growth, the real circumstance cannot
satisfy the ideal state that the Avrami equation supposes
it to have. In addition, the practical measurement is
determined by both the temperature and the thermal
history of crystal growth.18 In Table II, the rate constant
K decreases as temperature increases. Temperatures at
which isothermal crystallization was conducted are
higher than that of the maximum rate of crystallization.
Consequently, the higher the temperature of isothermal
crystallization, the larger is the distance from the tem-
perature of the maximum rate of crystallization and the
lower is the rate of crystallization.

Figure 3 shows the crystallization half-time t1/2 ver-
sus temperature. The rate of crystallization of poly-
mers can be estimated by the crystallization half-time,
when the crystallization temperature is the same. The
samples that need a smaller t1/2 have a faster rate of
crystallization, if they crystallize at the same crystalli-
zation temperature. When Tc is 129°C, for PP/Nu-(K
� Na)/LDPE (100/0/0), (100/0/3), (100/0.3/0), and
(100/0.3/3), t1/2 is 620, 605, 63, and 18 s, respectively.
The addition of 3% LDPE only slightly affected the t1/2
of PP. The t1/2 of PP/Nu-(K � Na)/LDPE (100/0.3/0)
was obviously reduced, this indicates that Nu-(K
� Na) had good nucleating ability and increased the
crystallization rate of PP. When both 0.3% Nu-(K
� Na) and 3% LDPE were added, t1/2 was further
reduced. This also proves that the nucleating effi-
ciency of Nu-(K � Na) was increased evidently with
the help of LDPE.

In addition, we could obtain more information from
the curves of the crystallization half-time versus crys-
tallization temperature for PP samples (Fig. 3) As
could be observed, within the range of crystallization

temperature studied, the two blends PP/Nu-(K
� Na)/LDPE (100/0.3/0), (100/0.3/3), their crystalli-
zation rates (t1/2) are not sensitive to temperature.
This is helpful to erase the effect of different temper-
atures on the crystallization process and achieve a
uniform structure and stable size products, especially
in the thick parts. But the pure PP and PP blend
without Nu-(K � Na) has the sensitive regions within
the temperature range that had been studied here.

According to Hoffman nucleation theory of isother-
mal crystallization, the dependence of growth rate G
on crystallization temperature Tc and on supercooling
degree 
T � T0

m�Tc is described by the following
equation:19–22

G � G0 exp� �
U*

R�Tc � T	�exp� �
Kg

fTc
T� (4)

From Avrami equation, it can be shown that23

G�K1/n (5)

By combining eqs. (4) and (5), and after some rear-
rangement, it gives

U*
R�TC � T	�

�
1
n ln K� �

Kg
fTc
T (6)

where

Kg � �
4��eb0Tm

0

Kb
Hm
0 (7)

Here G0 is the pre-exponential factor containing
quantities not strongly dependent on the temperature;
U* is the activation energy of polymer segments trans-

Figure 3 Curves of half-time of isothermal crystallization
(t1/2) versus temperature.

TABLE II
Kinetic Parameters of the PP Blends

PP/Nu-(K � Na)/LDPE
(Wt%) Tc (°C) K (s�n) n t1/2 (s)

100/0/0 123 0.38 � 10�3 1.51 126
125 0.10 � 10�3 1.62 2044
127 0.16 � 10�4 1.78 344
129 0.20 � 10�4 1.92 620

100/0/3 123 0.12 � 10�4 2.28 101
125 0.18 � 10�5 2.38 179
127 0.72 � 10�7 2.67 328
129 0.28 � 10�8 2.92 605

100/0.3/0 127 0.50 � 10�2 1.31 40
129 0.13 � 10�2 1.47 63
131 0.32 � 10�3 1.59 110
133 0.71 � 10�5 2.07 213

100/0.3/3 129 0.10 � 10�1 1.32 18
131 0.36 � 10�2 1.58 25
133 0.15 � 10�3 2.06 48
135 0.91 � 10�6 2.62 141
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porting to the crystal front through the subcooled
melt; R is the gas constant; T	 is the theoretical tem-
perature at which all motion associated with viscous
flow ceases; b0 is the monolayer thickness;� and �e are
the lateral and fold surface energies of the developing
crystals in PP bulk respectively, Tc is the crystalliza-
tion temperature; T0

m is the equilibrium melting tem-
perature; and 
H0

m is the heat of fusion per unit mass.
Equations (4)–(7) are used for crystallization occur-

ring in regimes I and III. From eq. (6), the plot of 1/n
ln K � U*/(R(Tc�T	)) against (fTc
T)�1 is a straight
line whose slope gives the value of Kg (Fig. 4), so the
values of �e can be defined from formal eq. (7), and the
following stand values were employed24:

U* � 6270 J/mol, T	 � Tg � 30 � 239.6 K, T0
m � 481

K, f � 2Tc/(T0
m � Tc), b0 � 6056 � 10�10 m, � � 8.79

� 10�3 J/m2, H0
m � 134 J/cm3, Kb � 1.35 � 10�16

J/(mol K).
The values of Kg and �e are calculated from Figure 4

and listed in Table III.
As shown, for PP/Nu-(K � Na)/LDPE (100/0/0),

(100/0/3), (100/0.3/0), and (100/0.3/3), the fold sur-
face energy is 0.188, 0.167, 0.159, and 0.131 J/m2, re-
spectively. Feng et al.8 studied the kinetics of DBS on
PP crystallization, and found that fold surface energy,
�e, decreased in nucleated PP also. Obviously, the
addition of Nu-(K � Na), LDPE, or both, could de-
crease the fold surface energy of PP blends, and the
rate of crystal nucleation are increased markedly. Es-
pecially, 0.3% Nu-(K � Na) cooperating with 3%
LDPE shows the most efficient nucleating ability.

It is well known that the overall crystallization rate
of polymers is determined by both the rate of crystal
nucleation and the rate of crystal growth. When nu-
cleating agents are added into polymers, some of them
will become the crystalline nuclei, from which the
crystals start developing. The spherulite will continue

growing until it impinges on another spherulite and
then stops augmentation. The �e of PP/Nu-(K � Na)/
LDPE (100/0.3/3) is the lowest among the PP blends,
it has the fastest rate of crystal nucleation, a larger
number of nuclei should be produced in PP/Nu-(K
� Na)/LDPE (100/0.3/3) ternary blends, and more
spherulites would be formed in PP/Nu-(K � Na)/
LDPE ternary blends during crystallization, but they
did not grow large enough to overlap. So, the size of
spherulites in ternary blends should be the smallest
among the PP blends, and PP/Nu-(K � Na)/LDPE
(100/0.3/3) ternary blends exhibited the best transpar-
ency.

Spherulitic morphologies of PP samples

The PLM photographs of PP samples are showed in
Figure 5. For pure PP, as could be seen in Figure 5, the
average diameter of spherulites is 200 �m and the
spherulite interfaces are very clear. Addition of only
3% LDPE reduces the spherulites size to 100 �m evi-
dently, but the interfaces are still easy to be discerned.
When 0.3% Nu-(K � Na) was added, the spherulites
size of PP is decreased to 50 �m, because Nu-(K � Na)
was a good nucleating agent for PP. When LDPE and
Nu-(K � Na) were added to PP at the same time, the
spherulites became further smaller and the boundaries
became rough in the whole fields. This also proves
that Nu-(K � Na) produced more heterogeneous nu-
clei in PP/Nu-(K � Na)/LDPE ternary blends during
crystallization. Thus, the light scattering on the inter-
face of spherulites were reduced markedly, and the
transparency of PP was increased obviously.

Compatibility of PP samples

DMA is performed for the blends to obtain informa-
tion on molecular chain motions and mechanical prop-
erties. Identification of the glass transition tempera-
ture (Tg) is one of the most common uses of DMA and
generally Tg is related to the motion of the main chain
and the relaxation of segments.25

Figure 6 shows the tan� versus temperature curves
for PP/Nu-(K � Na)/LDPE blends of different com-
positions. As could be seen, the Tg of pure PP is 14°C.
The crystalline polymers have multiple transitions
arising from relaxations associated with the amor-

TABLE III
Values of Kg and �e

PP/Nu-(K � Na)/LDPE Kg (� 106k2) �e (J/m2)

100/0/0 1.15 0.188
100/0/3 1.03 0.167
100/0.3/0 0.98 0.159
100/0.3/3 0.81 0.131

Figure 4 Curves of 1/n ln K � U*/�R�TC � T	�� versus
� fTc
T��1.
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phous phase, the crystalline phase, or both. More of-
ten, the �-transitions is considered as Tg of PE than the
	-transitions. The Tg of LDPE is in the temperature
regions of approximately �10°C.26–28 The 	-transi-

tions of LDPE in Figure 6 is in the temperature regions
of approximately �130°C, but the �-transitions is
hardly detectable in Figure 6. When 3% LDPE is
added to PP, the Tg of PP is reduced to 9°C, which
indicated that the Tg of PP shifted to the Tg of LDPE,
and that PP and LDPE have part compatibility with
this content of LDPE. When 0.3% Nu-(K � Na) and 3%
LDPE were added, the Tg of PP shifted to lower tem-
perature and the relaxation peak of PP became
broader. This indicates that the compatibility of PP
and LDPE was further improved by Nu-(K � Na), i.e.,
Nu-(K � Na) acted as a nucleating agent as well as a
compatibilizer in the blends.

The scanning electron microscope micrographs of
the morphologies of PP blend fracture surfaces are
presented in Figure 7. Introducing 3% LDPE to PP,
LDPE particles with about 0.3 �m (300 nm) in size
are observed clearly within a continuous matrix of
PP, though there was a little compatibility in the
blend. With the addition of 0.3% Nu-(K � Na) in PP,
no noticeable change appears compared with that of
pure PP. When 3% LDPE and 0.3% Nu-(K � Na)
were added to PP at the same time, LDPE particles
could not be observed directly, this also proves that

Figure 5 PLM micrographs of PP/Nu-(K � Na)/LDPE blends.

Figure 6 The tan� versus temperature for PP/Nu-(K
� Na)/LDPE blends.
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Nu-(K � Na) improved the compatibility of PP and
LDPE, and the LDPE was dispersed in PP more
uniformly. In fact, we do not expect the blend to be
a truly homogeneous or a single state, but a state
with particles sizes below the critical size for light

scattering.29 Under this condition, the light scatter-
ing originating from the decrease of LDPE disperse
phase would be reduced to great extent. So the
transparency of this ternary blend was improved
remarkably.

Figure 7 SEM micrographs of PP/Nu-(K � Na)/LDPE blends.
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However, the compatible range of the PP and the
LDPE was limited. As shown in Figure 7, with the
content of LDPE increasing, the PP blend fracture
surfaces morphologies had changed markedly. When
5% LDPE was added to PP, the LDPE disperse phase
with the average size of 0.5 �m is easy to be observed.
The reason may be that the more addition of LDPE
was not compatible with PP any more, and the excess
fractions except 3% became a disperse phase in the
blend. When 20% LDPE was added to PP, the size and
number of disperse phase increased greatly, the light
was scattered severely on the interface of two phases,
and so the transparency of PP was reduced gradually.

CONCLUSIONS

The rosin-type clarifying agent Nu-(K � Na) substan-
tially improves the transparency and crystallization
temperatures of PP and decreases the size of spheru-
lites also. When a small amount of LDPE (3%) was
added to PP, the nucleating efficiency of Nu-(K � Na)
was further improved. Thus, the crystallization rate of
PP increased greatly, the spherulites of PP became
much smaller and dispersed more uniformly, and the
transparency of PP was improved evidently. Kinetics
analysis of PP isothermal crystallization proves that
Nu-(K � Na) decreases the fold surface energy and
promotes the nucleation and crystallization of PP.
With the cooperation of LDPE and Nu-(K � Na) in PP,
the chain fold free energy of PP was further decreased
substantially, and a larger number of nuclei should be
produced in PP/Nu-(K � Na)/LDPE (100/0.3/3) ter-
nary blends during crystallization; thus, the crystalli-
zation rate were increased markedly.

The DMA and SEM results proves that Nu-(K � Na)
improved the compatibility of PP and LDPE, and the
LDPE was dispersed in PP more uniformly. Thus, the
light scattering originating from the LDPE disperse
phase was reduced to great extent, and this was also of
benefit to the transparency of PP.
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