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SYNOPSIS 

A study has been made of the crystallization behavior of polypropylene (PP) filled with 
rare earth oxides under isothermal conditions. These rare earth oxides include lanthanum 
oxide ( La,O,) , yttrium oxide (Y203) ,  and a mixture of rare earth oxides containing 70% 
Y203  ( Yzo3-0.70). A differential scanning calorimeter was used to monitor the energetics 
of the crystallization process from the melt. During isothermal crystallization, dependence 
of the relative degree of crystallinity on time was described by the Avrami equation. It has 
been shown that the addition of any of the three rare earth oxides causes a considerable 
increase in the overall crystallization rate of PP but does not influence the mechanism of 
nucleation and growth of the PP crystals. The analysis of kinetic data according to nucleation 
theories shows that the increase in crystallization rate of PP in the composites is due to 
the decrease in surface energy of the extremity surfaces. The relative contents of the p- 
form in the composites are somewhat higher than that in the plain PP. However, the 
contents of the p-form in the plain PP and the composites are all very low relative to those 
of the a-form and the influence of the formation of the p-form on the crystallization kinetics 
can be neglected. 0 1993 John Wiley & Sons, Inc. 

INTRODUCTION 

Polypropylene (PP) is one of the world's major 
plastics. Many studies have been done toward im- 
proving its performance by blending with other 
polymers or inorganic fillers. The original purpose 
of adding inorganic fillers to polymers was primarily 
one of cost reduction. However, in recent years, fill- 
ers increasingly have come to play a functional role, 
such as improving the stiffness or surface finish of 
a polymer. An inorganic filler can change the char- 
acteristics of a polymer in two ways: First, the prop- 
erties of particles themselves such as size, shape, 
and modulus can have a profound effect, especially 
upon mechanical properties. Second, the particles 
may cause a change in the micromorphology of the 
polymer, which may then give rise to differences in 
observed bulk properties. For example, the surface 
of the filler may act as a nucleator for semicrystalline 
polymer and may thereby alter the amount or type 
of crystallinity. The minerals used as fillers in poly- 
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propylene (PP) are principally talc and calcium 
carbonate and, to a lesser extent, mica and wollas- 
t ~ n i t e . ' - ~  However, little attention has been paid to 
rare earth compounds used as fillers in polymers. 
As rare earth minerals are abundant in China, in- 
vestigation of PP composites containing rare earth 
compounds is of practical significance. 

In this paper, we present some results of our in- 
vestigation on rare earth oxide-filled PP. These rare 
earth oxides include lanthanum oxide ( La203), yt- 
trium oxide ( Y203), and a mixture of rare earth ox- 
ides containing 70% Y203 ( Y203-o.70). Since these 
fillers can act as nucleators of PP and, hence, affect 
its crystallization behavior, which eventually deter- 
mines the mechanical properties and processing be- 
havior of the related composites, our attention was 
paid to the crystallization behavior of the filled PP 
and the influence of these rare earth oxides on the 
crystallization of PP. 

EXPERIMENTAL 

The sample of PP, PP1300, was commercially ob- 
tained from Yanshan Petrochemical Co., Beijing, 

2111 



2112 LIU ET AL. 

China. It had a melt index of 1.2 g/10 min (ASTM 
D1238) and a density of 0.91 g/cm3 at 25°C. The 
rare earth oxides used were Laz03, Yz03,  and a mix- 
ture containing 70 wt% YzO3 and other rare earth 
oxides. They were prepared in this laboratory and 
the characteristics of them are listed in Table I. 

The composites of PP and rare earth oxides were 
prepared by a Brabender at  180°C. The plain 
PP1300 was subjected to the same procedure as were 
the composites in the Brabender at  180°C. The 
composites studied are presented in Table 11. 

A Perkin-Elmer DSC-2C differential scanning 
calorimeter (DSC) was employed to detect thermal 
transitions and to monitor the rate of heat flow from 
the sample during isothermal crystallization from 
the melt. The instrument was calibrated with an 
indium standard and the measurements were con- 
ducted under a nitrogen atmosphere. The sample 
weight used in the DSC cell was kept in the 8-12 
mg range. The samples were first heated to 220°C 
a t  a rate of 80"C/min and maintained at  this tem- 
perature for 10 min in order to remove prior thermal 
histories. They were then cooled to the appropriate 
crystallization temperature, T,, at a rate of 80"C/ 
min. The heat generated during the development of 
the crystalline phase was recorded up to a vanishing 
thermal effect and analyzed according to the usual 
procedure to obtain the relative degree of crystallin- 
ity, a( t) :  

where to is the time a t  which the sample attains 
isothermal conditions, as indicated by a flat base 
line after the initial spike in the thermal curve. 

Absolute degree of crystallinity of PP in its pure 
state and in the composites was evaluated from the 
heat evolved during crystallization by means of the 
relationship 

Table I 
Oxides Used 

Characteristics of the Rare Earth 

Purity Average Particle Size 
Compound (%) (w) 

0.05 
0.02 
0.05 

Table I1 Samples of Composites Studied 

Code 
PP1300/Filler 

Filler (w/w) 

PP 
PP-La La203 
PP-Y y 2 0 3  

PP-M Y2O3-O.70 

100/0 
100/0.5 
100/0.5 
100/0.5 

(dH/d t )  dt 

where AH; = 150 J / g  is the heat of fusion for 100% 
crystalline PP',' and $ is the weight fraction of the 
filler in the composite. 

To observe the melting behavior, some of the iso- 
thermally crystallized samples were reheated to 
200°C at a rate of 10"C/min. The heat of fusion 
was calculated from the melting peak area, and the 
maximum of the endotherm was taken as the melt- 
ing temperature, T,,, . 

RESULTS AND DISCUSSION 

Typical crystallization isotherms, obtained by plot- 
ting a ( t )  against time, t ,  are reported in Figure 1 
for the pure PP and for the PP-La, PP-Y and PP- 
M composites. From these curves, the half-time of 
crystallization tllz, defined as the time required for 
half of the final crystallinity to be developed, was 
obtained. The values of tllz are listed in Table 111, 
together with the other characteristics of crystalli- 
zation. It can be seen that the addition of any of the 
three rare earth oxides causes an increase in the 
overall crystallization rate of PP. 

The crystallization temperatures used for study 
range from 125-135°C. For even lower temperatures, 
crystallization will occur during the quenching pro- 
cess. For even higher temperatures, the mechanism 
of both nucleation and growth of crystallization of 
PP will change since it has been shown that the 
regime I1 + I11 crystallization transition occurs near 
137°C,9-'1 according to the Hoffman's theory of 
crystallization kinetics. 

The overall kinetics of PP and its composites fol- 
lows the Avrami equation 12-14: 

log{-In[I - a ( t ) ] }  = l o g K + n l o g t  (3)  
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Figure 1 
tallization of PP and the composites. 

Development of relative degree of crystallinity with time for isothermal crys- 

where n,  the Avrami index, and K ,  the kinetic rate 
constant, depend on the nucleation and growth 
mechanism of the  crystal^.'^ 

Plots of log{ -In [I - a( t ) ]  } against log t are lin- 
ear, no change in the slope being observed until long 
times of conversion ( Fig. 2 ) . The experimental data 

Table I11 
and the Composites 

Values of Various Crystallization Parameters of PP 

PP 133 
131 
129 
125 

PP-La 135 
131 
129 
125 

PP-Y 135 
131 
129 
125 

PP-M 135 
131 
129 
125 

13.7 
8.3 
4.7 
1.7 

13.9 
5.6 
2.8 
1.1 

7.3 
2.6 
1.6 
0.6 

7.1 
2.4 
1.4 
0.5 

13.5 104.9 
8.8 130.3 
5.0 110.6 
1.8 94.1 

13.7 96.4 
5.6 114.3 
2.9 97.2 
1.2 96.1 

7.2 89.6 
2.6 89.9 
1.7 91.8 
0.6 89.7 

7.0 99.2 
2.5 97.5 
1.5 94.7 
0.6 102.3 

52.0 
45.5 
46.0 
46.0 

51.3 
50.2 
46.4 
42.5 

52.8 
50.0 
46.9 
44.0 

50.9 
47.0 
45.1 
39.0 
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Figure 2 
the composites. 

Plots of log { -In [ 1 - a( t )  ] } vs. log t for isothermal crystallization of PP and 

appear to fit the Avrami equation well. The values 
of K and n determined by the intercepts and slopes, 
respectively, of these straight lines are given in 
Table IV. 

The n values vary between 2.1 and 2.7 almost 
irrespective of T,, whether the sample contains rare 
earth oxide or not, as well as type of the rare earth 
oxides. The fact that the Avrami index is almost 

Table IV Values of Various Crystallization Parameters of PP 
and the Composites 

Sample T, ("C) n K (S-") K8 (K-') ue (J/m') 

PP-Y 

PP-M 

PP 133 
131 
129 
125 

PP-La 135 
131 
129 
125 

135 
131 
129 
125 

135 
131 
129 
125 

2.3 1.7 X 1.22 X lo6 0.203 
2.4 3.6 X 
2.3 1.9 X 
2.2 1.9 x 10-1 

2.7 5.9 x 10-4 8.5 x 105 0.142 
2.4 1.1 X lo-' 
2.3 6.3 X lo-' 
2.1 5.1 X lo-' 
2.7 3.2 x 10-~ 7.8 x lo5 0.130 
2.5 7.0 X 
2.4 2.1 X lo-' 
2.3 1.7 

2.6 4.5 x 10-3 7.8 x 105 0.130 
2.4 7.1 X lo-* 
2.2 2.9 X lo-' 
2.3 1.7 
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5.0 

4.0 

3.0 

2.0 

independent of whether the sample contains rare 
earth oxide or not and type of the rare earth oxides 
indicates that these rare earth oxides do not influ- 
ence the mechanism of nucleation and growth of the 
PP crystal. 

The kinetic theory of polymer crystallization de- 
veloped by Hoffman and co-workers 16-18 has been 
generally used to analyze experimental data con- 
cerning spherulite growth rate. In this theory, the 
dependence of the growth rate G on the crystalli- 
zation temperature T, and on the undercooling T 
= TO, - T, is described by the following equation: 

- 

- 

- 

- 

U* 
G = Goexp [ - R ( T , -  T , )  ].XP( - j+$) ( 4 )  

where Go is a preexponential factor that is generally 
assumed to be constant or proportional to T,; U * ,  
the activation energy for transport of polymer seg- 
ments to the site of crystallization; R ,  the gas con- 
stant; and T,, a temperature somewhat below the 
glass transition temperature Tg; at this temperature, 
the viscosity is infinite. The quantity f is the cor- 
rection factor for the heat of fusion; it takes into 
account the temperature dependence of AH;. Usu- 
ally, the following empirical expression is used for f : 

Kg,  the nucleation factor, is given by 

Zboaa, T 
kAH7 

Kg = 

(5)  

where k is the Boltzmann's constant; bo, the layer 
thickness; T ;, the equilibrium melting temperature; 
AH;, the theoretical enthalpy of fusion per unit 
mass; u and u,, the surface energies of the lateral 
and extremity surfaces, respectively; and 2,  a coef- 
ficient that depends on the growth regime: 2 = 4 in 
Regimes I and 111, and 2 = 2 in Regime II.'-" 

It has been shown that it is possible to use ca- 
lorimetric data obtained in isothermal conditions to 
discuss the overall crystallization behavior according 
to nucleation theories." In fact, it can easily be 
shown that, under isokinetic conditions for the nu- 
cleation rate, N ,  and the linear growth rate, G,  K is 
related to G by the simple relation 

where C is a constant. Combination of eqs. ( 4 )  and 
(7)  can give 

1 
n 

In C + -In K 

_~ Kg (8 )  
U* 

= In Go - 
R ( T ,  - T , )  fTcAT 

The plots of l / n  In K + U* / [ R ( T, - T , )  ] against 
1 / ( f TcAT) for the PP and its composites are shown 
in Figure 3. The experimental data fit the straight 
lines well. The slopes of the straight lines in the 
figure give the Kg values as listed in Table IV. By 
using eq. ( 6) ,  these Kg values further give the values 
of ae for the PP and its composites, which is also 
shown in the last column of Table IV. In the analysis 
of our experimental results using eq. ( 8 ) '  we have 
employed the f o l l ~ w i n g ~ ~ ' ~ :  U* = 6270 J/mol, TO, 
= 481 K, AH; = 150 J/g,  u = 8.79 X lop3 J /m2,  bo 
= 0.656 nm, and T ,  = Tg - 30"C, with the experi- 
mental value Tg = -10°C. In our experiments, all 
the crystallization temperatures used are in Regime 
111; then, 2 = 4.',17 

These results show that the addition of these rare 
earth oxides to the PP decreases the surface energy 
of the extremity surfaces and then considerably in- 
creases the crystallization rate of the PP; both Yz03 
and Y203-o.70 more efficiently increase the crys- 
tallization rate. 

The melting behavior after the isothermal crys- 
tallization at 125°C for the PP and its composites 
is shown in Figure 4. It can be seen that all the 
samples exhibit two melting endothermic peaks, 

1.0 I I I I I 

3.3 3.4 3.5 3.6 3.7 3.8 
I (10-5~-2) 

f TcAT 

Figure 3 Plots of l / n  In K + U* / [ R (  T, - T,)] against 
l / ( f T c A T )  for ( 0 )  PP, (0) PP-La, ( V )  PP-Y, and (0) 
PP-M. 
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Figure 4 DSC scanning curves of PP and the compos- 
ites after isothermal crystallization from the melt at 125°C. 
The heating rate is lO"C/min. 

TmI = 149°C and T,, = 166"C, referred to the melt- 
ing of the @- and a-forms of the PP crystallites, re- 
spectively. It is noted from the thermograms in Fig- 
ure 4 that the relative contents of the @-form in the 
composites are all somewhat higher than that in the 
plain PP. However, the contents of the @-form in 
all the four samples are rather low relative to those 
of the a-form. This fact means that the influence of 
the formation of the @-form on the crystallization 
can be neglected. Figure 4 also shows that the sam- 
ples PP-Y and PP-M exhibit another small melting 
peak Tmg = 169"C, i.e., exhibit two melting peaks of 
the a-phase: TmZ at 166°C and T,, at 169°C. It has 
been shown that the presence of two peaks of the 
a-phase was induced in some cases20,21 b y high 
temperature (> 155°C) conditioning; in other 
cases, 22-24 by appropriate choice of the temperature 
of crystallization ( 130°C < T, < 150°C) ; and in still 
other cases, by the particular conditions under which 
the differential thermal analysis was performed at 
a low scanning ratez5 (heating rate < 5"C/min) or 
on drawn samples restrained during the measure- 
ment.z4*z6 In the present case, the splitting of the a- 
melting peak can be considered to be due to the re- 
crystallization of the @-form to a stabler structure, 
a2, and its melting during the heating. The same 
phenomenon has been observed and studied in detail 

in our previous work on the wollastonite-filled PP 
 composite^.^ 
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