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ABSTRACT: The overall moduli tensor of polymer blends is one of the most important
characteristics of microscopic morphology development. This article focused on the
analysis of dependence of the moduli on mixer resident time in terms of polypropylene–
polystyrene (PP/PS) and polypropylene–polyamide1010 (PP/PA1010) blends. Tensile
tests on the PP/PS and PP/PA1010 blends with a series of mixer resident times showed
a marked change during the initial mixing stage, which may be due to the evolution of
particle size and distribution from inhomogeneous to homogeneous. The two cases of
periodic spatial distribution of the identical spherical particles were proposed to model
the well-dispersed and slightly aggregating morphologies in the steady state. Based on
the micromechanical model, the moduli of polymer blends were calculated by incorpo-
rating the influences of spatial distribution and Poisson’s ratio of dispersed particles.
Theoretical results indicated that spatial distribution should have little effect on the
overall moduli in the steady state. Analysis of the blend system PP/PA1010 with and
without compatibilizing agent showed good agreement between the calculations and
experiments. Because the interfacial properties were not taken into account, the model
gave an overestimate prediction for immiscible blends, like PP/PS for example. © 2002
Wiley Periodicals, Inc. J Appl Polym Sci 85: 307–314, 2002
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INTRODUCTION

Polymer blends are macroscopically homogeneous
although heterogeneous on a microscopic scale.
The macroscopic properties of the blends are
strongly dependent on the component properties,
composition, and morphology; that is, the size,
shape, and distribution of the components. Many

papers are dedicated to the relationship between
morphology and mechanical properties experi-
mentally and theoretically. Van Gheluwe et al.,1

for instance, discussed the effect of different mor-
phologies, such as fiber- and rod-like dispersed
phases, on the mechanical properties. Willemse et
al.2 studied the tensile moduli of co-continuous
polymer blends polyethylene–polypropylene (PE/
PP) and polyethylene–polystyrene (PE/PS). Veen-
stra et al.3 made a comparison investigation into
the mechanical properties of co-continuous poly-
mer blends with the properties of the same poly-
mers blends with a drop/matrix morphology.
Kunori and Geil4,5 investigated the morphology–
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property relationships in detail and evaluated the
applicability of composites’ models to the polycar-
bonate-based blends. Much less theoretical anal-
ysis, however, was concerned with the influences
of the spatial distribution and Poisson’s ratio of
the dispersed particle. It is well known that blend
morphology is determined by the processing con-
ditions, concentration, and rheological parame-
ters of the components.6,7 Blend morphology for-
mation is a result of competition between defor-
mation, breakup, and coalescence of melt polymer
drops in the processing flow field. As for the
spherical morphology composed of a droplet of the
minor component dispersed in the major compo-
nent in a low concentration system, the particle
size and distribution tend to be steady-state from
inhomogeneous with increasing mixer resident
time, which should be reflected by the macro-
scopic mechanical properties. The overall moduli
tensor of blends is one of the most important
characteristics of the microscopic morphology de-
velopment. A number of composites theories have
been proposed to predict the modulus of compos-
ite system. The self-consistent method, one of the
most powerful methods to solve the many-particle
problem, enables one to obtain good approximations
in many important cases,8 but the size and interac-
tion of inclusions are discarded. Du and Wu9,10 took

these factors into account and introduced the in-
tegral method of the related function to give a
satisfactory prediction of the effective elastic
moduli of fiber-reinforced epoxy resin in particu-
lar. In this article we discuss the dependence of
the moduli on the morphology formation in terms
of polypropylene–polystyrene (PP/PS) and polypro-
pylene–polyamide 1010 (PP/PA) blends by using
the micromechanical model.

THEORETICAL

Micromechanical Model

Following the method of the effective field,8 the
stress and strain in the inhomogeneous medium
can be expressed by

��x� � �0�x� � �
i�1

n �
V

K0�x � x��C1i�i
��x��Vi�x�� dx�

(1)

��x� � �0�x� � �
i�1

n �
V

� S0�x � x��B1i�
��x��Vi�x�� dx� (2)

where n is the number of the inclusions, �0 and �0
are the external strain and stress fields, respec-
tively, �i

�(x) and �i
�(x) are the fields of strain and

stress inside the ith inclusion, respectively, Vi(x)
is the characteristic function of the region occu-
pied by the ith inclusion, C1i is the elastic moduli
difference between the ith inclusion and matrix,
B1i is the elastic compliance difference, and K0
and S0 are the Green’s operators corresponding to
stress and strain, respectively.

The effective elastic moduli tensor is defined as

C* �
���x��
���x��

(3)

Figure 1 FTIR spectrum of PP/g-MAH.

Table I Mechanical Properties of the Pure Polymers

Method PS
PP

(grade A)
PP

(grade B) PA1010

Young’s modulus (MPa) 2985 945 1765 1427
Poisson’s ratio 0.27 0.21 0.21 0.23
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with

�f�x�� �
1
V �

V

f�x� dx (4)

where V is the volume of inhomogeneous me-
dium. In the case of a homogeneous medium
containing identical spherical inclusions (i.e.,
C

1i
� C1 � constant and Vi � Vf � constant),

the finial explicit expression for the elastic mod-

Figure 2 SEM photographs of the PP/PS (10/90) blends with different mixer resident
times.
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uli tensor is deduced by Du and Wu9,10 as fol-
lows:

C* � C0 � VfC1�I � �1 � Vf�A0C1

� T�1� �
i�1,i�j

n

Gij�TC1��1

(5)

in which C0 and C1 are the elastic moduli of
medium and inclusion, respectively, Vf is the vol-
ume percentage of the inclusions, I is the unit
tensor of fourth order, A0 is the Eshelby tensor
related to the Lame’s constants of the medium,
and T is the linear transformation matrix for the
strain tensor (see ref.10). It should be noted that
the last term in the bracket (see Appendix) re-
flects the microstructure characteristics to some
degree; that is, the shape, size, distribution, and
interaction of the inclusions. In other words, if the
size and spatial distribution of the inclusions and
the component properties, such as elastic moduli
and Poisson’s ratio, are given, then the overall
elastic moduli should be obtained by using eq. 5.

EXPERIMENTAL

PS with molecular weights of Mw � 5.8 � 105 and
Mw � 2.7 � 105, density of 1.05g/cm3, and glass
transition temperature of 111°C (Dynamic Me-
chanical Analysis), and PP with glass transition
temperature of 17°C (two grades) from Beijing
Yanshan Petrochemical Company (Beijing,
China) were used. PS and PP (grade A) were dried
at 80°C for 4 h and blended in a mixing apparatus

(Model XXS-30, Mixer with screw diameter 35
mm, China) at 30 rpm and 220°C. PA1010 from
Tianjin Zhonghe Chemical Plant (Tianjin, China)
and PP (grade B) with and/or without compatibil-
izing agent polypropylene–graft-maleic anhy-
dride(PP/g-MAH) dried before compounding indi-
vidually were melt blended at 200°C. The Fourier
transform infrared (FTIR) spectra of the PP/g-
MAH is shown in Figure 1. The absorption band
observed at 1727 cm�1 can be assigned to the
absorption of the carbonyl groups (OCAO) of cy-
clic anhydride. The polymer blends were mould
compressed in a common heating press at 	 20
MPa and 180°C for 1 min and then cooled under
pressure 20 MPa with a resident time of 5 min at
room temperature. The plates were punched to
several dumb-bell shape specimens for mechani-
cal test. Pieces of the PP/PS blend plate were
broken in liquid nitrogen, and the fracture sur-
faces were etched with acetone with a resident
time of 1 min. They were then coated with Au-Pd
for observation in a scanning electron microscope
(SEM; Hitachi X-650, Japan). Pieces of the PP/
PA1010 blend plate were broken in liquid nitro-
gen for morphology observation with a Philips
XL30 SEM. The modulus and Poisson’s ratio were
obtained from the tensile tests conducted with an
Instron Tester (model 1186) at a cross-head speed
of 5 mm/min and ambient temperature of 25°C.
The mechanical properties of the pure polymers
measured are listed in Table I.

RESULTS AND DISCUSSION

A series of morphologies of a PP(grade A)/PS (10/
90) blend with different mixer resident times is
shown in Figure 2. As expected, the particle size

Figure 3 Young’s modulus of the PP/PS1010 blend
with different mixer resident times.

Figure 4 Young’s modulus of the PP/Pa (10/90) blend
with different mixer resident times.
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initially decreased before 3 min, indicating the
predominance of the breakup of polymer drops.
After that point, with increase of coalescence aris-
ing from forced collision of the dispersed particles
during the mixing processing, the particle size
increased and the particles reaggregation pro-
duced a mixture of sizes. The dynamic equilib-
rium of the breakup and coalescence leaded fi-

nally to a relative steady-state particle size and
distribution. The morphology development should
also be reflected by the overall elastic modulus.
The marked change in the modulus before 3 min,
which may be due to the evolution of particle size
and distribution from inhomogeneous to homoge-
neous, is shown in Figure 3. Because the morphol-
ogy developed and tended to a steady state, the

Figure 5 SEM photographs of the PP/PA1010 (10/90) blend with different mixer
resident times.
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Young’s modulus had a little change. Tensile tests
on the blends PP(grade B)/PA1010 (10/90) showed
the same trend, as shown in Figure 4. A series of
SEM photographs of PP/PA1010 blend with
and/or without-MAH are shown in Figures 5 and
6, respectively. There is little change in morphol-
ogy after 3 min of mixing, and the morphology of
PP/PA1010/PP–g-MAH (10/90/5) consists of

spherical or ellipsoid particles in a matrix in
which the PA1010 is the dispersed phase.
Consider two cases of periodic spatial distribution
of the identical spherical particles, cubic arrange-
ment (case 1) and body arrangement (case 2), to
model the well-dispersed and slightly aggregating
morphologies in the steady state, respectively.
The two representative elements are shown in

Figure 6 SEM photographs of the PP/PS1010/PP-g-MAH (10/90/5) blends with dif-
ferent mixer resident times.
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Figures 7 and 8. Although the unreachable con-
dition limits case 2 to a valid range of 
 30%
volume of dispersed phase, it is sufficient to de-
scribe the drop/matrix morphology, because the
co-continuous morphology will be formed around
the high volume fraction corresponding to phase
inversion. By applying the integral method of the
related function (eq. 5), the moduli of the blends
were calculated as 2706.74 and 2706.73 MPa for
cases 1 and 2, respectively. No difference indi-
cated that the spatial distribution of dispersed
phase should have little effect on the overall mod-
uli of the blends when the drop/matrix morphol-
ogy gets to the steady state, which is the same
conclusion as with the experiments on blends PP/
PS, PP/PA1010, and PP/PA1010/PP–g-MAH. In
addition, an important assumption of the perfect
bond between phases implied in the theory might
not be appropriate for immiscible blends, so a
discrepancy between the theoretical and experi-
mental was found in the PP/PS as well as PP/
PA1010(10/90) blends, as shown in Figures 3 and
4. Because the addition of compatibilizing agent-
MAH improves the interfacial adhesion, the the-
oretical prediction (1457 MPa) is close to the ex-
perimental results. It is anticipated that one may
achieve the theoretical moduli for the blends
PP/PS by improving the interfacial properties.
Similar conclusions about the influence of the in-
terface on the mechanical properties were also
drawn by Kunori and Geil4, 5 based on the com-
parison investigation on polycarbonate-based
blends.

CONCLUSIONS

Tensile tests on the PP/PS and PP/PA1010 blends
with a series of mixer resident times showed a
marked change in moduli during the initial mix-
ing stage, which may be due to the evolution of
particle size and distribution from inhomoge-
neous to homogeneous. The two cases of periodic
spatial distribution of the identical spherical par-
ticles were proposed to model the well-dispersed
and slightly aggregating morphologies in the
steady state. Based on the micromechanical
model, the moduli of polymer blends were calcu-
lated. Theoretical analysis indicated that spatial
distribution of dispersed phase should have little
effect on the overall moduli in the steady state.
Analysis of the blend system PP/PA1010 with
and/or without compatibilizing agent showed
good agreement between the calculations and ex-
periments. Because the interfacial properties
were not taken into account in the analysis, the
model gave an overestimate prediction for immis-
cible blends like PP/PS.

APPENDIX

A detailed description for the tensor Gij can be
written as follows:10

�Gij�1111 �
1

8��� � 2�� �
0

0ij �2�� � �� � 6�2� � ��sin2	 �
45
4 �� � ��sin4	�sin 	fij�	� d	 (A1)

�Gij�3333 �
1

4��� � 2�� �
0

0ij

�� � � � 6�2� � ��cos2	 � 15�� � ��cos4	�sin 	fij�	� d	 (A2)

Figure 7 An element for cubic arrangement. Figure 8 A 1/8 element for the body arrangement.
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�Gij�1122 �
� � �

8��� � 2�� �
0

0ij �� 2 � 6 sin2	 �
15
4 sin4	�sin 	fij�	� d	 (A3)

�Gij�1133 �
� � �

8��� � 2�� �
0

0ij

�1 � 3 cos2	 � 15 sin2	 cos2	�sin 	fij�	� d	 (A4)

�Gij�1212 �
1

32��� � 2�� �
0

0ij

�8� � 12� sin2	 � 15�� � ��sin4	�sin 	fij�	� d	 (A5)

�Gij�3131 �
1

16��� � 2�� �
0

0ij

�3� � 4� � 3� cos2	 � 30�� � ��sin2	 cos2	�sin 	fij�	� d	 (A6)

with

fij�	� � 2 ln�dij

2r cos 	 � gij�	�� � ln��dij

2r�
2

� 1� �
1
2 �dij

2r�cos 	gij�	�

� �3dij

4r �
1
2 �dij

2r�
3�sin 	2

2 � 1�� cos 	 ln
1 � gij�	�

1 � gij�	�
� �3dij

4r �
1
2 �dij

2r�
3�ln

cos 	 � gij�	�

cos 	 � gij�	�
(A7)

gij�	� � �1 � �dij

2r�
2

sin2	�1/2

(A8)

	ij � sin�1
2r
dij

(A9)

where � and � denote the Lame’s constants of
inclusion, r is the sphere radius, and dij is the
distance between the spheres i and j, and other
components of Gij are zeros.

REFERENCES

1. Van Gheluwe, P.; Favis, B.D.; Chalifoux, J.-P. J
Mater Sci 1988, 23, 3910–3920.

2. Willemse, R.C.; Speijer, A.; Langeraar, A.E.; Post-
huma de Boer, A. Polymer 1999, 40, 6645–6650.

3. Veenstra, H.; Verkooijen, P.C.J.; Van Lent, B.J.J.;
Van Dam, J.; De Boer, A.P.; Nijhof, A.P.H.J. Poly-
mer 2000, 4, 1817–1826.

4. Kunori, T.; Geil, P.H. J Macromol Sci-Phys B 1980,
18(1), 93–134.

5. Kunori, T.; Geil, P.H. J Macromol Sci-Phys B18
1980, (1),35–175.

6. Utracki, L.A.; Shi, Z.H. Polym Eng Sci 1992,
32(24),1824–1833.

7. Lee, H.M.; Park, O.O. J Rheol 1994, 38(5), 1405–
1425.

8. Kunin, I.A. Elastic media with microstructure II;
Heidelberg, Germany: Springer-Verlag, 1983.

9. Du, S.; Wu, L. Acta Mater Compos Sin 1994,
11(1),105–111.

10. Wu, L. Meso-theory on the elastic media with in-
clusions and distributed cracks. Ph.D. Thesis, Har-
bin Institute of Technology, 1992.

314 XIE ET AL.


