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Phase separation in a commercial block propylene-ethylene copolymer has been studied by scanning electron 
microscopy (SEM). It was found that the size of the discrete domains within the copolymer increased with storage 
time in the melt. The particle coarsening had little or no effect on the crystallisation behaviour of the copolymers. 
The coarsening mechanism is that of Ostwald ripening. © 1998 Elsevier Science Ltd. All rights reserved. 
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Introduction 

At low temperature isotactic polypropylene is intrinsically 
brittle and suffers from poor fracture toughness. Improved 
impact strength have been obtained by copolymerisation 
with ethylene. The copolymerisation consists of modifying 
the standard propylene polymerisation process by adding a 
second monomer, usually ethylene, during the final stages of 
polymerisation. The morphology of such block copolymers 
are somewhat complex but the copolymer components form 
a phase separated system. The EPR is present as a minor 
fraction and the multiphase system is composed of a 
continuous matrix of PP with discrete particles of EPR. 

PP is not compatible with EPR. Previous studies have 
addressed the evolution of a bicontinuous two-phase 
structure during spinodal decomposition, as reviewed 

1 
recently by Hashimoto.  Phase separation may also occur 
by nucleation and growth of the dispersed domains. After 
the development of microstructure, the two-phase system 
will continue to evolve in response to its tendency to reduce 
the surface energy associated with interfacial area. This 
process, called coarsening, often results in a reduction in the 
number of droplets and an increase in their size. 

Three different mechanisms have been described as being 
responsible for coarsening in the later stages of phase 
separation: Ostwald ripening, coalescence, and the hydro- 
dynamic flow mechanism. In the first, Ostwald ripening, the 
total energy of the two-phase system composed of a 
dispersed second phase in a matrix decreases by an increase 
in the size of the second phase and thus a decrease in the 
total interfacial area. The classical theory of Ostwald 
ripening (the LSW theory was significantly developed by 
Lifshitz and Slyozov 2 and 3 Wagner by examining the case 
of widely spaced domains of a second phase growing and 
shrinking in a matrix. The diameter of the domains 
approximate to an asymptotic power-law growth behaviour4: 

d = ( D ~ ) l / 3 t  1/3 (1) 

where d is the average domain size, D is a diffusion con- 
stant, ( is the correlation length of the molecules, and t is the 
coarsening time. 

In the coalescence mechanism, coarsening occurs by two 
or more droplets impinging on each other by translational 

* To  w h o m  all c o r r e s p o n d e n c e  shou ld  be  a d d r e s s e d  

diffusion to form a single droplet. Binder and Stauffer 5 
explained the growth of clusters by simple molecular 
exchange as well as binary fission and fusion of droplets. 
The coalescence mechanism is also diffusion controlled and 
has a fractional power dependence on time6: 

d = (kB T/q) 1/3 t 1/3 (2) 

where kB is the Boltzmann constant, T is temperature and 
V ~ ~ .113 is the bulk iscosity. The same power dependence, a ~ , 

holds for both Ostwald ripening and the coalescence 
mechanisms. 

The third mechanism of coarsening is that of hydro- 
dynamic flow 4'7. According to Siggia 5, in the cylindrical 
part of the bicontinuous structure, the gradient of pressure 
along an axis of the cylinder causes a flow of the inner fluid 
from a narrow to a wide region, which results in coarsening of 
domains. In this mechanism, the growth rate is linear in time: 

d = (crhl)t (3) 

where o is the surface tension. The basis for the hydro- 
dynamic flow mechanism is that of an interracial instability, 
phases of different size, and therefore different radii of cur- 
vature, have different pressures, which in turn cause flow s . 

More recently, Furukawa 9 formulated an asymptotic 
scaling function, indicating that there was only one length 
scale in the phase-separation system, and physical quantities 
depend on time only through this length scale. The scaling 
law is a more general form of the coarsening theory and the 
asymptotic behaviour of the characteristic length is depicted 
by 

d = f ( t  a) (4) 

with the exponent a depending on the microscopic mechan- 
ism of particle growth. The scaling hypothesis is consistent 
with the results of a numerical simulation using a kinetic 
Ising model l°. Hashimoto et al. l l and Bates and Wiltzius 12 
have demonstrated in the case of polymer blends that a 
depends on time over a broad time scale, with a crossover 
between coarsening processes which is consistent with the 
idea put forth by Siggia 4. 

Experimental 

Materials. The block propylene-ethylene copolymer used 
in this work was supplied by SOLVAY, the grade number is 
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RV210. It contained about 8 mol% ethylene overall. Fifteen 
percent by weight was amorphous EPR, about 30% was 
ethylene/propylene block copolymer with long ethylene 
and propylene sequences and the remainder polypropylene 
or copolymers with short ethylene sequences. 

Polymer processing. A relatively homogeneous blend of 
the block copolymer was obtained by dissolving the resin in 
xylene at 130°C and precipitating at ambient temperature 
into methanol. This removed the amorphous EPR content. 
The material recovered was dried in vacuo and pressed at 
room temperature into opaque sheets. Quiescent melt ripen- 
ing of these materials was carried out at low pressure on a 
hydraulic press heated to a specified melt temperature (e.g. 
193°C) for specified periods of time, after which the samples 
were either quenched in ice water or slow cool to ambient 
temperature in air on a bench top. 

SEM and stereology analysis. The ripened specimens 
were etched in n-heptane at 70°C lot 30 rain, and analysed 
in a JEOL 6300 SEM. The SEM photomicrographs were 
analysed with an image analyser--the particle areas being 
directly measured. The areas were assumed to be circular 
and the corresponding diameters were assumed to be the 
chord length of the particle. The required "'true" particle 
diameter distribution moments (d~, dw and d,) were calcu- 
lated from the chord lengths according to previously pub- 
lished statistical analysis methods of stereology ~2. The 
chord lengths obtained were converted to diameters of the 
three-dimensional structure with the following procedure 
and stereological formulae: 

(1) In collecting the (li, Ni) data, where li is the chord 
length and N~: the number of chords: 

(2) To calculate chord length averages: 

Harmonic average" /H = ~ ~ N i / ~  N i /, (5) 

Z Nili 
Number average • /,,-- ~_Ni (6) 

Z Nil2 
- -  (7) Weight average " 7,, 

Nili 

(3) To calculate particle diameter averages: 

Number average' ~),, =l~ ( ~ )  (8, 

Weight average' /t. = l ,  ( ! )  (9) 

- - 3 7 r  
Z - a v e r a g e "  dz =/w ( ~ )  (10) 

-lW 
Polydispersity : PD-- - (11 

dn 

Results and discussion 

The SEM photomicrographs of the coarsening of the 
domains in the ice water-quenched and slow-cooled 
samples are shown in Figure 1. The particles grew larger 
with storage time left in the melt and correspondingly the 

Figure  I SEM photomicrographs. Ice quenched specimen (a) inilially and 
(b) after storage ~-br 480 s in the meh. Slow cooled specimen {c) inilially and 
Id) after storage tk~r 900 s in the mel~ 
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Table 1 Particle diameter distributions for the ice water-quenched samples 

Coarsening time d° dw d~ dw/d, d fldw Number of particles 
(s) (~m) (t~m) (#m) _+0.2 _+0.2 (ram -2) 

5 0.28 0.28 0.36 1.3 1.0 185 _+ 10 
45 0.55 0.58 0.66 1.2 1.1 170 
120 0.66 0.80 1.17 1.2 1.5 55 
480 0.71 0.78 0.79 1.1 1.0 56 
3600 I. 11 1.15 1.35 1.0 1.2 54 

Table 2 Particle diameter distributions for the slow cooled samples 

Coarsening time do d,~ dz dw/d, d fldw Number of particles 
(s) (#m) (ttm) (tzm) _+0.2 _+0.2 (mm-2) 

45 0.31 0.31 0.41 1.0 1.3 225 _+ 25 
480 0.38 0.38 0.44 1.0 1.2 127 
900 0.37 0.43 0.47 1.1 1.2 152 
3600 0.68 0.73 0.89 1.1 1.2 63 

number of  particles per unit area decreased. Particle 
diameter distributions were determined by measuring a 
representative population of  the3Particle areas and then 
applying stereological methods . Figure 2a shows the 
particle diameter distribution for the ice water-quenched 
samples. It can be seen that the distributions are not regular, 
but with increasing coarsening time, the distribution curve 
shifted to larger diameters. For slow-cooled samples, the 
same phenomenon was observed, see Figure 2b. At the 
same time, the particle size distribution, initially quite 
narrow, tended to broaden at longer coarsening time. The 
particle diameter averages are presented in Table 1 and 
Table 2 for the ice water-quenched samples and slow cooled 
samples, respectively. 
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Particle diameter distribution ( _+ 2.5%) after various storage 
times in the melt, (a) ice-water quenched and (b) slow cooled samples 

The coarsening of  the ice water-quenched samples was 
measured and plotted as d3w versus time t in Figure 3. It can 
be seen that the coarsening process can be divided into a 
short and a long-time regime. Little is known about the 
nucleation and growth process and the particle size 
distribution that is produced in the short-time regime ~4. 
Furthermore, the shift from the short-time regime to the 
asymptotic long-time regime, and its effect on particle size 
distribution has been little studied 14. However,  for the long- 
time regime, the d3w-t relationship is linear, in accordance 
with equations (1) and (2), the slope giving the coarsening 
constant. 

The coarsening data for the bench slow cooled samples 
are also plotted in Figure 3. It can be seen that the data 
follow approximately the same trend of  dw growth with t 1/3, 
as observed for the ice water-quenched samples. It can say 
that the different modes of crystallisation had little or no 
effect on the particle coarsening process. 

The number of  particles per unit a r e a  N A is related to the 
particles per unit volume as follows 13. 

NA =Nd.  (12) 

According to the prediction, 

N ~ t  - I  (13) 

For both ice water-quenched samples and air quenched 
samples, see Figure 4, the N--t  - j  behaviour is not 
approached until long times. 
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Figure  3 Variation of particle diameter, d3,~ with coarsening time t. (a) ice 
water quenched and (b) slow cooled samples 
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Figure 4 Variation of number of particles, N, with reciprocal coarsening 
time t (a) ice water quenched and (b) slow cooled samples 

The above results are in agreement with both the Ostwald 
ripening and the Coalescence mechanisms. However, for 
both samples, the coarsening rate constant K was found to 
be about 10 4 #m3s-~. This value is closer to the Ostwald 
ripening rate constant: Kor, said to be l0 4-10 -6 ~5, and 
coalescence would then be negligible. 

Conclusions 

A two-phase morphology of block propylene-ethylene 
copolymer was generated in the melt state. Small nuclei of 
particles appeared at short time and increased in volume 
with increasing time in the melt state. The coarsening of the 
minor phase EPR component in the bulk propylene- 
ethylene copolymer has been shown to follow the 
theoretically predicted d ~ t  u3 and N ~ t  J (where d = 
diameter, N = number of particles, and t = time in melt) 

relationships to a close approximation. At short times these 
relationships were not obeyed. The indication was that the 
long-time coarsening regime was not entered until several 
minutes elapsed in the melt state. The particle size 
distribution was initially quite narrow and exhibits a trend 
of broadening at longer times of coarsening. This may be 
due to the shift from the short-time regime to the longer- 
time coarsening regime. The coarsening mechanism is 
suggested to be Ostwald ripening. 
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