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SYNOPSIS

The rheological properties and crystallization characteristics of low ethylene content poly-
propylene (EPM) with and without Yittrium oxide (Y,0;) as a filler was investigated by
cone-plate viscometer and differential scanning calorimetry. Yittrium oxide had a profound
effect on the viscosities of the systems. To determine the nonisothermal crystallization
rate of the materials, a new estimation method was used. From the results, we can conclude
that Y,O; acts as a nucleating agent, which increased the crystallization rate of the EPM.

€: 1996 John Wiley & Sons, Inc.

INTRODUCTION

Random and block propylene copolymer with low
ethylene content are commercially important since
they improve toughness of polypropylene (PP)
without seriously detracting from the other desirable
properties.' ™ Because of the existence of ethylene
sequences, the structural regularity of copolymer
chain decreases and their crystallization behavior
changed. Generally, the decrease of overall crystal-
lization rate of copolymer may affect mechanical
properties. Therefore, the addition of nucleating
agents to these modified PPs to increase the crys-
tallization rate is necessary.

Yittrium oxide used as a nucleating agent has
been reported.*” Yittrium oxide has a profound effect
on the resulted polymer materials. Unlike other nu-
cleating agents, the addition of yittrium oxide pro-
duced an increase in flexrual modulus and Izod im-
pact strength, and other nucleating agents showed
decrease in Izod impact strength.® In the meantime,
the addition of 1-5% yittrium oxide improved the
thermostability of PP and low ethylene content
polypropylene (EPM) significantly, the decompo-
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sition temperature of PP and EPM increased about
30-40°C.° The kinetics of crystallization in poly-
propylene filled with Y,O4 have been studied, mainly
with regard to the isothermal process.*” However,
practical processes such as extrusion and injection
molding usually proceed under dynamic noniso-
thermal crystallization conditions. To reach the op-
timum conditions in an industrial process and to
obtain products with better properties, it is necessary
to estimate the rate of crystallization in the noni-
sothermal process.

In the present work, rheological measurements
were carried out to confirm the effect of Y,04 filler
on the viscosities of the EPM. A method to estimate
the nonisothermal crystallization rate proposed by
Khanna” and Zhang et al.® was used to study the
crystallization characteristics of EPM with and
without Y,04.

EXPERIMENTAL

Materials

The EPM used in this work was obtained from
Liaoning Panjin Gas Chemical Plant (China), its
trade name is P340, and the melt flow index (MI)
is 1.0 g/ 10 min. Yittrium oxide was supplied by the
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Table I The Composition of Y,0; Filled EPM

Code Y,0; Content (%)
A 0.2
B 1.0
C 1.5
D 3.0
E 5.0

fifth laboratory in our institute; its particle diameter
is in the range of 0.5-0.6 um. The compositions of
Y,0; filled with EPM are listed in Table 1. The mix-
tures were prepared by a Brabender single-screw ex-
truder (L/D = 20) at 185-195°C.

Measurement of Melt Viscosities

The melt viscosity of the materials were measured
with a cone-plate viscometer (Contraves Rheomat
120). The diameter of the cone-plate was 20 mm
and cone angle was 0.5°. The experiments were car-
ried out under a nitrogen atmosphere.

Measurement of Nonisothermal Crystallization
Rate

Dynamic crystallization was performed in a Perkin—
Elmer DSC-2C calorimeter with about 11.0-mg
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Figure 2 Shear stress versus shear rate for different
compositions. (1) Y,O05/EPM = 0/100; (2) Y,O,/EPM = 5/
100; (3) Y;0,/EPM = 3/100; (4) Y;0,/EPM = 1/100.

samples. The samples were first heated to 500 K for
10 min to remove the thermal history. The noniso-
thermal crystallization thermograms were obtained
by cooling the sample at various cooling rates from
5 to 40 K /min.

Wide-Angle X-Ray Diffraction (WAXD)
Measurements

Sheets of 2.0 mm thickness, obtained by compres-
sion molding at 190°C, were used in the X-ray ex-
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Figure 1 The dependence of viscosity of rare earth filled on temperature (fixed shear
rate 1 S71). (1) Y,05/EPM = 0/100; (2) Y,0;/EPM = 5/100; (3) Y,03/EPM = 3/100; (4)

Y,0,/EPM = 1/100.
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Table II Newtonian Index (n) for Investigated Systems

Code EPM A B C D E
EPM content (%) 100 100 100 100 100 100
Y,05 content (%) 0 0.2 0.5 1 3 5
n 0.66 0.67 0.67 0.68 0.89 0.70

periments. WAXD profiles were carried out by a
PW1700 differactometer (CuKa, nickel-filtered ra-
diation).

Methods to Estimate the Crystallization Rate

Supercooling (AT = T,, — T.) may be a measurement
of a polymer’s crystallinity, i.e., the smaller the AT,
the higher the overall crystallization rate. Khanna’
introduced a new parameter for characterizing the
crystallization rate, i.e., a “crystallization rate coef-
ficient” (CRC), defined as A3/ AT, (8 is the cooling
rate), which can be obtained from the slope of the
line of cooling rate plotted against T,. Zhang et al.?
proposed a new approach to determine the relative
crystallization rate, and they obtained the half crys-
tallization time as follows:

tijg = (T — T1y2) /B (1)

where T3, is the initial crystallization temperature,
T,,; is the temperature where the 50% area under
the peak has been shown in this nonisothermal pro-
cess. When the crystallization exothermic peak is
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Figure3 The relationship of viscosity and composition
for Y,0; filled EPM systems at different shear rates. (1)
r=018%2)r=108%4%@3)r=108".

symmetric, the disparity between T',, and T. is
negligible and T',,, can be replaced by T:

tijp = (T —T.)/B (2)

The reciprocal of t,,, is plotted against the cooling
rate, and a straight line is obtained. The slope of
this line (which may be defined as a crystallization
rate parameter [CRP]) corresponds to the crystal-
lization rate of polymer. The faster the crystalliza-
tion rate of a polymer, the higher the slope. Thus,
the slope can be considered as a parameter to rep-
resent the relative crystallization rate.

RESULTS AND DISCUSSION

Rheological Behaviors

As we very well know, increasing the temperature
of a molten polymer decreases its viscosity, but the
effect is vastly different for different polymers. There
have been many theoretical and empirical equations
proposed for characterizing the change in viscosity
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Figure 4 Plot of 1/¢,,, against the cooling rate of EPM
with and without Y,0;. (1) Y,03/EPM = 0/100; (2) Y,04/
EPM = 0.2/100; (3) Y,03:/EPM = 1.5/100; (4) Y,O3;/EPM
= 3.0/100.
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Table III CRC and CRP Values
of Various Samples

Code EPM A C D
CRC 2.023 2.029 2.732 2.976
CRP 0.0439 0.0781 0.0881 0.0949

with temperature, but perhaps the most useful for-
mula is that proposed by Arrhenius, which says that

n = A exp(E/RT) (3)

where 7 is the viscosity, E the activation energy for
viscous flow, and A is the constant. Figure 1 shows
the variation in the viscosity at 1.5 ™' shear rate for
EPM with different Y,O4 contents plotted against
the reciprocal of the absolute temperature. From the
slope of the line of the Log of viscosities versus the
reciprocal of the absolute temperature, we obtained
the activation energy of filled EPM: 2.36, 2.33, 2.35,
and 2.22 kJ /mol, for filler contents, respectively. It
is seen that the activation energy for viscous flow
with different Y,0; contents changed only a little,
the activation energy for viscous flow of EPM is not
dependent on the content of Y,0j3.

The Logs of the shear stress of the polymers are
plotted as a function of Log shear rate at 240°C in
Figure 2. In this plots, they give approximately
straight lines. The curves for the EPM and Y,04
filled EPM may be expressed by the equation pro-
posed by Ostwald and Dewaele:

7=Kr" (4)

where 7 is the shear stress, r is the shear rate, and
K and n are constants. The exponent n in the equa-
tion can be used as a measure of deviation from
Newtonian flow. We can obtain the n value by the
slope of Log r versus Log 7. The calculated n value
of various Y,0, contents are listed in Table II. It is
seen that the n value in all cases was below 1 and
increased with the increase of Y,0O; content. Using
the n value as a guide, we see that Y,0; filled EPM
are more Newtonian-like than plain EPM.

The composition dependence of viscosities for
Y.0; filled EPM is reported in Figure 3. It shows
viscosity as a function of composition for several
shear rates. The viscosities of Y0, filled EPMs were
all lower than that of EPM within the scope of the
investigated compositions. In the beginning, the
viscosities decreased with augmentation of Y,0;

Cooling rate (K/min)

concentrations, and then a minimum viscosity at
the critical Y,0; content was observed. After this
critical content was exceeded, the viscosity increased
with increasing filler concentration. The composi-
tion dependence of viscosities for yittrium oxide
filled EPM reported here is different from usual in-
organic fillers. Usual inorganic fillers, such as
CaCOQy, carbon black, etc.,*!? often showed increase
in viscosity with increase of the filler content in the
polymer.

Crystallization Characteristics

The line of the reciprocal of ¢, ,, against cooling rate
is shown in Figure 4. According to the method pro-
posed by Zhang et al.,® CRP is obtained from the
line of the reciprocal of t,,, plotted against the cool-
ing rate. The results obtained from differential
scanning calorimetry are summarized in Table III.
From the results of CRP, we find that the CRP val-
ues of EPM with Y,0; are higher than the value of
EPM without Y;0;. In PP homopolymer, the Y03
used in our experiment was shown to be a highly
efficient nucleating agent,*® and it increases the
crystallization rate. The higher CRP values in EPM
with higher Y,0; contents confirm the expected
trend.

According to the treatment proposed by Khanna,’
the cooling rate is plotted against T,, as shown in
Figure 5, and the slope of the line is the cooling rate
coefficient CRC (Table IIT). From the results, we
find that the CRC value of EPM with Y,03 is higher
than the CRC value of EPM without Y,04. As in-
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Figure 5 Plot of the cooling rate against T, of EPM
with and without Y,0s. (1) Y,03/EPM = 0/100; (2) Y04/
EPM = 0.2/100; (3) Y,03/EPM = 1.5/100; (4) Y,0;/EPM
= 3.0/100.
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Table IV The Comparison of Yittrium Oxide With Other Nucleating Agents

Nucleating Agents Yittrium Oxide Talc Sodium Benzoate
Particle diameter (um) 0.60 0.58 0.60
EPM content (wt %) 100 100 100
Filler content (wt %) 1 1 1

CRC 2.732 2.055 2.432

CRP 0.0881 0.0545 0.0678

dicated by Khanna, the higher the value of CRC,
the higher the crystallization rate. For our investi-
gation, copolymers with Y,05 were consistent with
the higher crystallization rate. Thus, using CRC to
characterize the crystallization behavior of polymers
in our case is reasonable.

To make a comparison with other nucleating
agents, we used talc and sodium benzoate as refer-
ences. As reported in the literature, ''*? talc and so-
dium benzoate are effective nucleating agents of PP
homopolymer and EPM copolymer. The calculated
CRC and CRP were listed in Table IV. From the
results, we found yittrium oxide is a more effective
nucleating agent for EPM crystallization than talc
and sodium benzoate.

WAXD patterns for EPM and filled EPM are
shown in Figure 6, where the intensities in arbitrary
unites are plotted against the diffraction angle. The
diffractograms show that the addition of filler into
EPM leads to some changes in the crystal structure
of EPM. The intensity of the peak at 23 = 16.1,
which corresponds to the (300) diffraction peak of
B-form (hexagonal phase), decreases markedly with

Intensity

20(deg)
Figure 6 WAXD patterns for EPM and Y,0; filled
EPM. (1) Y,O04;/EPM = 0/100; (2) Y,0,/EPM = 0.2/100;
(3) Y,05;/EPM = 1.5/100; (4) Y,03/EPM = 3.0/100.

the increase of the filler contents. The relative
amount of the 3-form is usually described in terms
of the K value, which is defined as

K- H(300)
T H(300) + H(100) + H(040) + H(130)

where H(110), H(040), and H(130) are the heights
of three strong equatorial a-form peaks (110), (040)
and (130), and H(300) is the height of the strong
single g-form peak (300). Using this equation, we
obtained the K values of pure EPM and filled EPM
with different filler contents as follows: 28.3%,
23.4%,12.1%, 1.79%, for filler contents, respectively.

It may be concluded that, by addition of rare earth
into EPM copolymer, the proportion of the mono-
clinic (a-form) and hexagonal (8-form) phases is
modified in the EPM. The proportion of these two
forms usually depends on the molding conditions
and the nucleation process. From our experiments,
the molding conditions were the same for all spec-
imens. Therefore, it can be suggested that the filler
shows some effect on the nucleation of «- and -
EPM phases.

CONCLUSIONS

The viscosity measurements show that the melt flow
behavior of Y,0; filled EPM is different from that
of plain EPM. The addition of Y;O; has some effect
on the viscosity of the system. Crystallization char-
acteristics indicate the filler acts as a nucleating
agent, increasing crystallization rate of the inves-
tigated polymer, and changing 8 crystal form con-
tent.
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