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Synopsis 

A study has been made of the thermal, X-ray diffraction, and dynamic mechanical characteristics 
of polypropylene (PP1330, a copolymer containing 22% ethylene) filled with wollastonite. Various 
levels of @-form crystallinity were produced in the PP by mixing in varying amount of wollastonite. 
It has been found that all the wollastonite-filled samples contain both the a- and the @-forms, and 
four melting transitions were observed instead of only two of the unfilled PP on the DSC scan. 
The conversion of the @- to the a-form on heating has been observed. The relative amount of the 
@-form in the samples was measured from WAXS data by the K value. The K value obtained 
increases with increasing wollastonite content. Dynamic mechanical measurements showed an 
increase in the magnitude of the damping in the high-temperature region for the wollastonite-filled 
PP and the contribution from the filler-matrix boundary. Wollastonite acted as both a reinforcement 
and a @-nucleator for PP. 

INTRODUCTION 

Isotactic polypropylene ( PP ) is capable of crystallizing in three polymorphic 
forms.' They are the monoclinic a-form, the hexagonal p-form, and the triclinic 
y-form. In the melt-crystallized material the predominant polymorph is the a- 
form. The p-form generally occurs a t  levels of only a few percent. The y-form 
is only observed in low-molecular-weight or stereoblock fractions that have 
been crystallized a t  elevated pressures.'.' It  has been shown that the @-form 
could be formed in larger amounts under specific conditions, e.g., in the presence 
of a special p - n ~ c l e a t o r , ~ ' ~  in a temperature gradient,5 or in the presence of 
shearing  force^.^.^ However, to our knowledge, no study has been made con- 
cerning the crystalline forms of isotactic polypropylene containing inorganic 
fillers and the properties of the related composites. Inorganic fillers might act 
as P-nucleators formed larger amounts of the 6-form. As a result, the properties 
of the related composites should be influenced. In this paper, a study on PP- 
wollastonite composites are presented. The techniques used include differential 
scanning calorimetry (DSC) , wide angle X-ray diffraction (WAXS) , and dy- 
namic mechanical analysis (DMA) . Indeed, it has been found that the @-form 
is formed in the composites as expected. 

EXPERIMENTAL 

Materials and Preparation of Samples 
The sample of PP, PP1330, was commercially obtained from Yanshan Pet- 

rochemical Co., Beijing, China. PP1330 is a copolymer containing 22 wt % 
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ethylene. The sample was synthesized following a procedure for preparing block 
copolymer; however, a detailed study at this institute8 showed that PP1330 
contains random sequences. It has a melt index of 1.5 g/10 min and a density 
of 0.905 g/cm3 at 25°C. The wollastonite with a density of 1.889 g/cm3 at 
25°C was ground to 400-mesh size; the wollastone particles then obtained were 
needle-shaped and were dried at 120°C for 8 h before use. The composites of 
PP and wollastonite were prepared by a Brabender at 180°C. The samples were 
further pressed at 180°C into sheets of thickness of ca. 0.3 mm. 

Differential Scanning Calorimetry 

A Perkin-Elmer DSC-7 differential scanning calorimeter (DSC) was em- 
ployed to obtain the melting behavior of the samples. The sample weight used 
in the DSC cell was kept in the 8-12 mg range. The samples were first heated 
to 200°C to remove prior thermal histories. They were then cooled to 50°C at 
a rate of 10"C/min to trace the crystallization process, followed by heating to 
200°C again to observe the melting behavior. A heating rate of 10"C/min was 
used in all cases. The heat of fusion was calculated from the melting peak area; 
and the maximum of the endotherm and the minimum of the exotherm were 
taken as the melting temperature (T,) and the crystallization temperature 
( T,) , respectively. 

WAXS Measurement 

The WAXS patterns were taken on a Rigaku diffractometer with Cu K a  
radiation at room temperature. The angular scale and recorder reading (28) 
were calibrated to an accuracy of 0.01". The samples were pressed at  180°C 
into sheets with thickness of ca. 1.5 mm. 

Dynamic Mechanical Measurements 

Dynamic mechanical measurements were carried out on a Rheoviborn Model 
DDV-11-EA dynamic viscoelastometer ( Toyo Baldwin Co., Japan). The fre- 
quency used was 3.5 Hz and heating rate 3.O0C/min. Dimensions of a typical 
sample were 4.0 X 0.4 X 0.03 cm. 

RESULTS AND DISCUSSION 

Cooling Crystallization and Melting Behavior 

Cooling crystallization behavior of block copolymers of ethylene and pro- 
pylene (PP-PE) has been studied by Wang et al.' Figure 1 shows the DSC 
traces of PP1330 and a composite sample at a cooling rate of 10"C/min. For 
the pure PP1330, sample 1, two exothermic peaks occur at T,, = 116°C and at 
Tc2 = 113.8"C corresponding to crystallization of PP and PE sequences, re- 
spectively. For the wollastonite composite, sample 2, T,, is raised to 123"C, 
which is 7°C higher than that of sample 1, but Tc2 remains invariant. This 
result implies that wollastonite can act as a nucleator for PP. Table I lists the 
crystallization temperatures and exothermic heats of PP1330 and the compos- 
ites with various wollastonite-content. It can be seen that the T,, value of the 
composite remains almost constant up to 17.7 vol ?6 wollastonite content. 
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Fig. 1. Cooling crystallization curves at  -1O"C/min for sample 1, PP1330, and sample 2, a 
composite containing 3.2 vol 7% wollastonite. 

Rybnikarl' found that the crystallization of PE  sequences in PP-PE block 
copolymers depended on thermal history and crystalline phase. The crystalli- 
zation rate of PE  sequences is related to the nucleators in the sample. The first 
formed crystalline phase of PP sequences can also act as a nucleator of PE 
sequences in the copolymers. However, it can be seen from Table I that neither 
the crystallization temperature T,, nor the overall crystallization heat ( AHfcl,2 ) 
for PP1330 in the composite is markedly influenced by the addition of wollas- 
tonite, although the AHfcl,2 based on the total sample weight, i.e., the crystal- 
lization heat per gram sample, decreases with increasing wollastonite content 
due to relatively decreasing PP1330 content. 

The melting behaviour after the cooling from the melt for the PP1330, sample 
1, and the composites, samples 2 and 3, is presented in Figure 2. It can be seen 
that the sample 1 exhibits two melting endothermic peaks, T,, and Tm3, referred 
to the melting of crystallites of PE and of PP sequences, respectively. For 
samples 2 and 3, two new endothermic peaks, Tm2 = 150°C and Tm4 = 169"C, 
appear. Jacoby et al." have measured the melting temperatures of all crystalline 
forms of PP. For the a-form, T, = 168 and 162"C, whereas the values of T, 

TABLE I 
Cooling Crystallization Data of PP1330 and the Composites 

1 0/100 116.7 -94.8 -94.8 113.8 
2 3.2/96.8 123 -78.0 -83.6 113.7 
3 8.8/91.2 123 -78.7 -96.4 114.0 
4 13.2/86.8 122 -66.4 -91.6 113.4 
5 17.7p2.3 122 -61.2 -97.1 113.5 
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Fig. 2. DSC scanning curves of PP13300 and the composites after the cooling crystallization. 
The heating rate is 10"C/min. 

obtained were 152 and 132°C for the @- and the y-forms, respectively. Fujiwara12 
and Shi e t  al.13 observed the double melting phenomenon of the P-phase itself 
during DSC measurements for the predominantly @-form samples. It was implied 
that the double melting was caused by melting of the original @-phase and 
subsequent recrystallization to a stabler structure (0') and its melting during 
scanning. However, such double melting phenomenon of the @-phase is not 
observed in Figure 2. It can be seen that only one kind of the @-phase structure 
was formed in wollastonite-filled sample. Figure 2 also shows that the samples 
2 and 3 exhibit two melting peaks of a-phase, Tm3 a t  162°C and Tm4 a t  169°C. 
I t  has been shown that the presence of two peaks of the a-phase was induced 
in some  case^'^,'^ by high temperature (> 155°C) conditioning, in other cases1G18 
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: a t  a low scanning rate l2 (heating 
rate < 5"C/min) or on drawn samples restrained during the rneas~rement . '~"~ 
In the present case, the splitting of a-melting peak is due to the recrystallization 
of the @-form to a stabler structure ( a2) and its melting during the heating. In 
the figure, a crystallization exothermic peak is observed to locate between the 
melting endothermic peaks of the p- and the a-phases, and the crystallization 
heat and the intensity of peak Tm4 increase with increasing the heat of fusion 
of the P-phase. This suggests that the @-phase first become molton and sub- 
sequently recrystallized to  the stabler a-form of peak Tm4 with increasing tem- 
perature during scanning. However, the melting temperatures of the composite 
are little influenced by the wollastonite-content from 3.2 vol % up to  17.7 vol 
% filler content. 

X-Ray Diffraction 
WAXS patterns of PP-PE block copolymers have been studied by Mo et 

a1." The WAXS measurement shows that the PP1330 exhibits the diffraction 
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Fig. 3. WAXS patterns of sample 1, PP1330, and sample 2, the composite containing 3.2 vol 
5% wollastonite. 

peaks of P E  crystal planes ( 110) and (200) as well as three strong equatorial 
a-peaks of PP, ( l l O ) ,  (040), and ( 130). The patterns of the composites give 
three new peaks located a t  28 = 11.8", 23.8", and 16". The first two a t  28 = 11.8" 
and 23.8" are referred to diffractions of wollastonite but 28 = 16" is the char- 
acteristic single P-peak (300). No diffraction peak is located between 28 = 12" 
and 23" for the plain wollastonite. The relative amount of the @-form is usually 
described in terms of the K value, which is defined as follows'2: 

where Hal ,  Ha2,  and Ha3 are the heights of the three strong equatorial a-form 
peaks (110), (040), and (130) and H, the height of the strong single @-form 
peak (300). The baseline is set as shown in Figure 3. Table I1 presents the K 
values so obtained, which show an increase in the relative amount of the 0- 
form with increasing wollastonite-content. The K value remains constant a t  
0.37 for wollastonite content up to 17.7 vol %. It reached as high as 0.95 for 
the samples prepared by using P-nucleators as reported by Shi et al.13 This can 
be due to the larger particle size of wollastonite and then relatively smaller 

TABLE I1 
Melting Behavior and @-Form Content of PP1330 and the Composites 

1 126 20.3 162/- 65.0 0 
2 126 15.9 151 60.6 162/169 21.4 0.14 
3 126 14.8 150 40.3 163/ 169 24.6 
4 127 13.1 149 28.1 163/169 24.6 
5 127 12.2 150 26.5 163,069 21.7 0.37 
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Fig. 4. Storage modulus E' and tan 6 vs. temperature for sample 1 ( O ) ,  PP1330, and sample 
5 ( 0 )  , a composite containing 17.7 vol % wollastonite. 

specific surface area since only the surface of the wollastonite particles can 
induce the formation of the @-form. 

Dynamic Mechanical Properties 
Figures 4 and 5 show the dynamic mechanical spectra of the pure PP1330, 

sample 1, and the composite with 17.7 vol % wollastonite, sample 5 .  The sharp 
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Fig. 5. Loss modulus E" vs. temperature for sample 1 ( O ) ,  PP1330, and sample 5 (o), a 
composite containing 17.7 vol % wollastonite. 
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decreases of storage modulus E' around 125 and 170°C are attributable to the 
melting of the crystalline phases of the PE and PP sequences, respectively. 
The tan 6-T curves show three relaxation peaks at  75,10, and -4O"C, denoted 
by a-, /3-, and y-relaxations. It is noted that the low-temperature y-relaxation 
at  -40°C approaches the glass transition temperature (about -60°C) of eth- 
ylene-propylene rubber (EPR)  . The y-relaxation can be attributable to amor- 
phous, rubbery, random sequences in PP1330.21 The @-relaxation peak around 
10°C is due to the glass transition of the PP sequences in PP1330. The a- 
relaxation peak at  75°C is attributed to the overlapping of mechanical dampings 
in the crystalline phases of PP and PE sequences." At  temperatures above 
60"C, the values of tan 6 and loss modulus E" of the composite are higher than 
those of PP1330. The higher intensity of the a-relaxation of the composite can 
be due to the contribution from the filler-matrix boundary. 
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