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ABSTRACT: The fracture behavior and deformation
mechanism of polypropylene (PP)/ethylene–octene copoly-
mer (POE)/magnesium hydroxide [Mg(OH)2] ternary com-
posites were investigated. The fracture behavior of the PP/
POE/Mg(OH)2 ternary composites was strongly influenced
by the POE content. In the case of brittle fracture, the
debonding of filler particles dominated the deformation pro-
cess. Strong shear yielding of the matrix ligaments between
microvoids took place after the brittle–ductile transition.
The existence of POE could improve the deformability of the
PP matrix and change the debonding manner of the filler
particles. The fracture behavior of the PP/POE composites
was investigated by the single-edge notch tensile test at 1

mm/s (a low test speed). The introduction of POE led to a
decrease in the crack initiation energy and an increase in the
crack propagation energy. The improvement in the fracture
energy with increasing POE content was dominated by the
increase in the crack propagation energy. A morphology
analysis of the PP/POE composites demonstrated that a
mixture of separation and encapsulation microstructures
existed in the matrix. © 2005 Wiley Periodicals, Inc. J Appl Polym
Sci 98: 957–967, 2005
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INTRODUCTION

Inorganic fillers can provide polymers with modified
physical properties and specific functions, such as
flame retardancy. Magnesium hydroxide [Mg(OH)2]
has been proved to be an effective flame retardant for
the flame resistance of polypropylene (PP). However,
an excessive loading level of Mg(OH)2 is essential for
desired flame retardancy, but it leads to a dramatic
deterioration in the mechanical properties of PP, es-
pecially in toughness. On the other hand, the improve-
ment in the impact strength by the introduction of
elastomers is accompanied by a simultaneous de-
crease in the modulus, which can be compensated by
the addition of a filler or reinforcement.1 Therefore,
PP/elastomer/rigid filler ternary composites with po-
tentially outstanding mechanical properties have at-
tracted increasing interest because of their applicative
importance.

The properties and microstructures of PP/elas-
tomer/inorganic filler ternary composites are domi-
nated by the mutual miscibility and adhesion of the
components.2 Three types of microstructures are as-

sumed in PP ternary composites: (1) a separated mi-
crostructure in which the elastomer and filler particles
are dispersed separately in the polymer matrix, (2) a
core–shell microstructure in which the elastomer en-
capsulates the filler particles and leads to a soft inter-
layer between the matrix and filler, and (3) a mixture
of separated and core–shell microstructures.3 Many
investigations have suggested that the final structure
is determined by the adhesion between the phases and
the stability of the encapsulated units against shear
forces in the melt during the mixing process.4,5

The PP–filler or elastomer–filler interfacial adhesion
is another important factor controlling the microstruc-
tures of PP ternary composites. The increase in adhe-
sion between PP and the filler will lead to a separated
dispersion microstructure of the filler and elastomer
particles in the matrix, whereas an encapsulation mi-
crostructure will be preferred when adhesion between
the elastomer and filler increases.6,7 Functionalized
polymers are usually introduced into PP ternary com-
posites to adjust the interfacial adhesion between the
components. The difference in the microstructures re-
sults in different mechanical properties; however, the
effects of the microstructure on the composite proper-
ties are rather controversial. It is believed that the
composites with an encapsulation structure have
higher impact strength and lower modulus than those
with a separation structure because of the increased
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elastomer apparent content extended by filler parti-
cles.8 However, Jancar and Dibenedetto9 studied PP/
ethylene–propylene–diene terpolymer (EPDM)/filler
ternary composites containing 30 vol % fillers [CaCO3
and Mg(OH)2]. The results indicated that both the
modulus and impact strength of the PP composites
with a separation structure were higher than those of
the composites with an encapsulation structure. Wang
et al.10 studied the mechanical properties of PP/elas-
tomer/Mg(OH)2 ternary composites. Functionalized
ethylene–propylene rubber (EPR) reacted with the
surface of uncoated Mg(OH)2, and this led to exten-
sive rubber encapsulation and an improvement in the
toughness with respect to unmodified EPR. However,
through the blending of functionalized EPR with a
filler surface-treated with magnesium stearate, encap-
sulation was inhibited, and the rubber was preferen-
tially dispersed in the PP matrix. This formulation
resulted in both improved filler–matrix interaction
and enhanced matrix toughening, leading to a further
increase in the impact strength. Dubnikova et al.11

studied the correlation between the morphology and
the impact toughness for PP/EPR/glass bead ternary
phase composites. The stress of start of local failure
microprocesses at the inclusion–matrix boundary was
found to play the dominating role in energy-dissipat-
ing mechanisms. The optimal stiffness–toughness bal-
ance could be obtained via the coating of the rigid
particles with an elastomer shell.

In this study, the fracture behavior and deformation
mechanism of PP/ethylene–octene copolymer (POE)/
Mg(OH)2 ternary composites were investigated. The
deformation mechanism and dispersion microstruc-
ture of the PP/POE composites were analyzed with
scanning electron microscopy (SEM). The fracture be-
havior of the ternary composites was studied with the
single-edge notch tensile (SENT) test. In addition, a
toughening mechanism for the PP/POE/Mg(OH)2
ternary composites was proposed.

EXPERIMENTAL

Materials

PP (PP 1304E1) was a homopolymer supplied by Exx-
onMobil Chemical (Houston, TX). Its density and melt
flow index (2.16 kg at 230°C) were 0.9 g/cm3 and 11
g/10 min, respectively. Mg(OH)2 (Magnifin H5,
Bergheim, Germany) was a high-purity, platelike
powder without surface modification supplied by
Martinswerk GmbH Co. (Bergheim, Germany). The
average particle size and Brunauer–Emmett–Teller
specific surface area were 1.25–1.45 �m and 4.0–6.0
m2/g, respectively. The elastomer was POE (EG8180)
supplied by Du Pont–Dow Elastomer Co. (Midland,
MI). Its octane content and nominal Mooney viscosity
[ML(1 � 4)] at 121°C were 42 wt % and 35, respec-

tively. Stearic acid (SA) was used as the surface mod-
ifier.

Blending and specimen preparation

The Mg(OH)2 filler was pretreated with 1 wt % SA
before compounding. The PP/POE/Mg(OH)2 ternary
composites with various POE and filler contents were
prepared with a Berstoff ZE25A corotating twin-screw
extruder (length/diameter � 41, diameter � 25 mm;
Berstoff, Hannover, Germany) with a temperature
profile of 180/190/200/200/200/200/190/200°C and
a rotating speed of 250 rpm; this gave a melt temper-
ature of about 220°C. The extrudates were pelletized
and dried in a vacuum oven at 80°C for 18 h for
specimen preparation.

The test specimens for morphology observation and
mechanical property testing were injection-molded on
an injection-molding machine. The temperatures of
the barrel and mold were set at 220 and 40°C, respec-
tively. Before the mechanical property testing, the
specimens were dried at 23°C in vacuo for 18 h.

Mechanical properties

The tensile properties were determined with an In-
stron 4465 tensile machine (Instron Corp., Canton,
MA) according to ASTM D 638 at a crosshead speed of
50 mm/min and a testing temperature of 20°C. The
dimension of the dumbbell bar followed ASTM D
638M-93 type M-II. The gauge length, width, and
thickness of the dumbbell tensile bars were 25, 6, and
2 mm, respectively.

The notched Izod impact specimens had a 2-mm-
deep, 45° V-shape notch and a notch tip radius of 0.25
mm on rectangular bars (80 � 10 � 4 mm3) according
to ISO 178. The test was performed with a Ray-Ran
impact test (Ray-Ran Test Equipment, Ltd., Nuneaton,
United Kingdom) according to ISO 180 with an impact
velocity of 3.5 m/s and a pendulum weight of 0.818 kg
at a testing temperature of 23°C. The test results were
the average data of five samples.

SENT test

The fracture behavior of the PP/POE/Mg(OH)2 com-
posites was studied with a tensile test on the notched
impact specimens. The procedures of the SENT test
can be found in the literature.12 The notched Izod
specimens (74 � 10 � 4 mm3), with a 2-mm-deep, 45°
V-shape notch and a notch tip radius of 0.25 mm, were
used according to ISO 180/1A. The SENT test was
carried out on the notched Izod specimens with a
clamp length of 45 mm at a low crosshead speed of 1
mm/s. Each test was carried out five times.

A schematic illustration of a stress–displacement
curve measured from the SENT test is given for a
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tough fractured sample in Figure 1. The maximum
stress was recorded, and the fracture energy was cal-
culated by the integration of the force and displace-
ment signals. The fracture energy was divided into an
initiation part and a propagation part. The point of
maximum stress was chosen as the boundary between
crack initiation and crack propagation. In the case of
brittle behavior, the stress fell almost immediately
from the maximum stress to zero, and this indicated
very low crack propagation energy.13

Morphology observation

The phase morphology and fracture behavior of the
PP/POE/Mg(OH)2 composites were studied by SEM
analysis. The samples for phase morphology observa-
tion were prepared from notched impact specimens
that were immersed in liquid nitrogen and fractured
under high-speed impact. To measure the elastomer
particle size and its distribution, the samples were
etched in boiling n-heptane for 1 h to remove POE.
After drying at 80°C in vacuo for 12 h, the samples
were gold-coated and observed with a Hitachi S-2150
scanning electron microscope (Hitachi, Tokyo, Japan)
with an accelerating voltage of 15 kV. The particle size
was then determined from the micrographs with
graphic analysis on a computer.

For the fracture behavior analysis, the samples were
prepared by a notched Izod impact test at 23°C. All the
surfaces were then gold-coated and observed with a
Hitachi S-2150 SEM instrument with an accelerating
voltage of 15 kV. The observations were focused on
the regions ahead of the notch tip of the impact-
fracture specimen.

RESULTS AND DISCUSSION

Influence of POE on the toughness of
PP/POE/Mg(OH)2 ternary composites

The toughness of particulate polymer composites de-
pends on the interfacial adhesion between the poly-
mer matrix and filler and the deformability of the
polymer matrix under an external force. Because of the
restrained deformability of the PP matrix and the
weak adhesion between the PP matrix and filler, PP/
Mg(OH)2 composites exhibit poor fracture toughness,
especially under notched test conditions. POE is used
to modify the toughness of the composites, and the
dependence of the impact strength of PP/POE/
Mg(OH)2 ternary composites on the POE content is
shown in Figure 2. As the POE content increases to 30
phr, the impact strength of PP/POE composites in-
creases from 26 to 425 J/m, and this indicates a sig-
nificant improvement in the toughness. This behavior
is similar to the cases of polymers toughened with
rubber.14,15 The differential analysis of the impact
strength of the PP/POE composites suggests that a
brittle–ductile transition occurs in the PP/POE (80/20
w/w) composites. With further increasing POE con-
tent, the PP/POE composites could be fractured in a
ductile manner, and the even became unbroken. How-
ever, because of the existence of soft POE particles, the
tensile yield strength and Young’s modulus almost
decrease linearly with increasing POE content, as
shown in Figures 3 and 4.

Stress whitening was observed on the specimens of
all the composites after impact fracture. The influence
of the POE content on the stress-whitening zone of the
composites is schematically illustrated in Figure 5. In
the PP composite, stress whitening only occurs around
the notch tip. No stress whitening was observed on

Figure 2 Dependence of the notched Izod impact strength
on the POE content in the PP/POE/Mg(OH)2 composites
[formulation: PP � POE � 100 phr, Mg(OH)2 � 120 phr].

Figure 1 Typical stress–displacement curve of a SENT test
for the PP/POE/Mg(OH)2 composites.
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the profile of impact specimens, except on the end
region. The stress whitening observed on the end re-
gion of the specimens might be attributed to the uni-
axial tension on the PP matrix during the impact-
fracture process. With increasing POE content, the
stress-whitening zone extends over the whole fracture
surface. Obvious stress whitening was first observed
in the PP/POE (85/15 w/w) composite. Because of the
tensile stress around the end field, a triangular zone of
stress whitening appeared close to the fracture sur-
face. The thickness of the stress-whitening zone in-
creased with increasing POE content. In addition, the
shape of the stress-whitening zone changed from tri-
angular to elliptical. The results indicate the improve-
ment of POE in the plastic deformability of the poly-
mer matrix.

The matrix properties also play an important role in
the impact behavior of PP/POE composites. A PP/
POE (70/30 w/w) blend is used as the matrix, and the
influence of the Mg(OH)2 content on the impact
strength of the PP/POE composites is shown in Figure
6. The impact strength of the PP/POE composites first
increases with increasing Mg(OH)2 content, but at a
higher loading of Mg(OH)2, the impact strength de-
creases. The increase in the impact strength should be
related to the debonding behavior of filler particles
induced by stress concentration in the matrix during
the deformation process. The toughening model of
semicrystalline polymers developed by Muratoglu et
al.16 suggests that the roles of rubber particles in
toughening the polymer matrix provide the interpen-
etrating layers of the crystalline matrix around them-
selves and offer no constraint to the deforming matrix
ligaments by cavitation at the start of deformation,
which can be replaced by rigid particles providing the
same percolation conditions for plastic deformation of

semicrystalline polymers. Thus, the formation of mi-
crovoids caused by the debonding of filler particles
improves the plastic deformation of the matrix liga-
ments toughened with POE, and this results in an
increase in the impact strength of the PP/POE com-
posites. The interfacial adhesion between Mg(OH)2
and the PP or POE matrix should play an important
role in the toughness of the PP/POE composites. That
is why a high Mg(OH)2 content led to a considerable
reduction in the impact strength of the composites.

Deformation mechanism of PP/POE/Mg(OH)2
ternary composites

The toughening of semicrystalline polymers with rub-
ber particles has been successfully explained by the
percolation theory.14,15 However, for polymer/elas-
tomer/filler ternary composites, the micromechanical
deformation and toughening mechanism are more
complicated because of the coexistence of rubber and
rigid particles. Investigations of the deformation
mechanism were performed with SEM analysis of the
impact-fracture surfaces of PP/POE/Mg(OH)2 com-
posites with various POE contents, as shown in Figure
7. In the PP composites [Fig. 7(a)], a large number of
microvoids formed during the fracture process caused
by the debonding of filler particles from the matrix,
and no considerable plastic deformation of the liga-
ments between the microvoids was observed; this re-
sulted in poor impact strength. The addition of a small
amount of POE changed the deformation process of
the PP/POE composites dramatically. As shown in
Figure 7(b,c), fibril-like structures formed, surround-
ing the filler particles debonding from the matrix in
the composites containing 10 and 15 phr POE. More-
over, the matrix ligaments exhibited considerable

Figure 4 Dependence of the relative Young’s modulus on
the POE content in the PP/POE/Mg(OH)2 composites [for-
mulation: PP � POE � 100 phr, Mg(OH)2 � 120 phr].

Figure 3 Dependence of the tensile yield stress on the POE
content in the PP/POE/Mg(OH)2 composites [formulation:
PP � POE � 100 phr, Mg(OH)2 � 120 phr].
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plastic deformability during the fracture process. With
further increasing POE content [Fig. 7(d–f)], extensive
shear flows of the polymer matrix were observed,
indicating a transition from a brittle fracture manner
to a ductile fracture manner for the PP/POE compos-
ites. Significant plastic deformation due to the shear
deformation of the polymer matrix led to an increase
in the impact energy consumed during the deforma-
tion process and, consequently, a significant increase
in the impact strength of the PP/POE composites. The
debonding degree of Mg(OH)2 particles dramatically
decreased in the PP/POE composites with high POE
contents. As shown in Figure 7(f), many filler particles
immersed in the matrix instead of debonding from the
matrix during the deformation process. The restraint
in debonding was due to the existence of POE and
could weaken the influence of the filler particles on the
deformation process of the PP/POE composites.

The influence of POE on the deformation mecha-
nism of PP/POE composites must be considered from
two aspects, that is, the filler particle debonding be-
havior and the deformability of the matrix. Because
the influence of POE on the deformability is similar to

that of a rubber-toughened polymer, the discussion is
focused on the influence of POE on Mg(OH)2 particle
debonding. A schematic representation of Mg(OH)2
particle debonding behavior is given in Figure 8. For
the PP composites, the interfacial adhesion between
the filler and polymer matrix is poor. Because of the
undeformability of the rigid filler particles, the maxi-
mum stress concentrates in the polar regions of the
particles, where the particle debonding is initiated and
followed by the formation of microvoids. The debond-
ing of the filler particles from the polymer matrix
releases the strain restricted in ligaments surrounding
the particles and leads to a transition of the stress state
from triaxial tension to biaxial or uniaxial stress,
which stretches the microvoids.17 However, because
of the restrained deformability of PP, the sizes of the
microvoids are slightly different from those of the
filler particles [Fig. 7(a)]. For the PP/POE composites
with low POE contents, the debonding process of filler
particles was accompanied with fibrillation at the in-
terface between the filler and polymer matrix. The
existence of fibrils that formed at the interface sug-
gests an improvement in the deformability of the poly-
mer matrix and the interfacial adhesion between the
filler and polymer matrix. The fibrillation structure
was also observed in PP/EPDM blends by Kim and
Micher.17 They demonstrated that fibrillation at the
interface between the modifier particles and matrix
can occur in blends with a certain phase adhesion,
which is simultaneously accompanied by a debonding
process. To evaluate the improvement of POE in the
interfacial adhesion of PP/POE composites, a semiem-
pirical correlation developed by Pukanszky and co-
workers18,19 and based on the composition depen-
dence of the tensile yield stress in heterogeneous poly-
mer systems is introduced:

�c � �m

1 � �f

1 � 2.5�f
exp�By�f� (1)

where �c and �m are the yield stresses of the composite
and polymer matrix, respectively; �f is the volume
content of the filler; and B is an empirical parameter

Figure 6 Dependence of the notched Izod impact strength
on the Mg(OH)2 content in the PP/POE/Mg(OH)2 compos-
ites (formulation: PP/POE � 70/30 w/w).

Figure 5 Schematic illustration of the influence of the POE content on the development of the stress-whitening zone after
impact fracture.
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related to stress transfer and proportional to interfa-
cial adhesion. A linear plot of ln[�rel � �c(1 � 2.5�f)/
�m(1 � �f)] (where �rel is the relative tensile stress)
against the filler volume content is presented in Figure
9, and parameter B has been calculated as the slope of
a linear curve. For comparison, the PP composites and
the PP/POE (70/30 w/w) composites were used. The
results demonstrate the improvement of POE in the
interfacial adhesion between the filler and polymer
matrix. The enhancement of interfacial adhesion by
POE promotes the formation of fibrils surrounding

filler particles, leading to a considerable increase in the
impact strength of the PP/POE composites. The dis-
appearance of particle debonding behavior in the PP/
POE composites with higher POE contents might be
attributed to the result of excessive improvement in
the interfacial adhesion between the filler and matrix.
The filler particle debonding is dominated by debond-
ing stress, which depends on the interfacial adhesion
between the filler and matrix.20 The improvement in

Figure 7 SEM micrographs of the impact-fracture surface on the zone ahead of the notched crack tip of PP/POE/Mg(OH)2
composites with various POE contents at a 5000� magnification: (a) PP/Mg(OH)2 � 100/120, (b) PP/POE/Mg(OH)2
� 90/10/120, (c) PP/POE/Mg(OH)2 � 85/15/120, (d) PP/POE/Mg(OH)2 � 80/20/120, (e) PP/POE/Mg(OH)2 � 75/25/
120, and (f) PP/POE/Mg(OH)2 � 70/30/120. The notched crack tip is on the left edge of the micrograph.

Figure 8 Schematic illustration of filler particle debonding
behavior in (a) PP/Mg(OH)2 composites and (b) PP/POE/
Mg(OH)2 composites.

Figure 9 Dependence of �rel of PP/POE/Mg(OH)2 com-
posites on the filler volume content: (■) PP/POE � 100/0
and Mg(OH)2 � 120 phr and (E) PP/POE � 70/30 and
Mg(OH)2 � 120 phr.
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the interfacial adhesion by POE leads to an increase in
the debonding stress, which restricts the filler particle
debonding process. On the other hand, the incorpora-
tion of POE resulted in a dramatic decrease in the
tensile yield stress (Fig. 3). Once the debonding stress
is higher than the tensile yield stress, the yielding of
the matrix first takes place, rather than the debonding
of filler particles. Thus, the debonding process is hin-
dered.

SENT test

To study the influence of POE on the crack initiation
and propagation of the PP/POE composites, a SENT
test at a low test rate (1 mm/s) was carried out. The
stress–displacement curves of the PP/POE compos-
ites are shown in Figure 10. The PP composites are
fractured in brittle behavior immediately after yield-
ing with a very low crack propagation energy,
whereas the stress–displacement curves of the PP/
POE composites show typical ductile behavior. With
increasing POE content, the displacement increases
significantly, and this is accompanied by a consider-
able reduction in the maximum stress.

The energy and stress analysis results of the PP/
POE composites are shown in Figure 11. The incorpo-
ration of POE into the composites led to an increase in
the fracture energy and a decrease in the maximum
stress [Fig. 11(a,b)]. The decrease in the maximum
stress can be attributed to the cavitation of POE at
relatively low stress with consequent plastic deforma-
tion at an early stage of the deformation process.21 The
increase in the fracture energy must be considered
from the influence of POE on both the crack initiation
energy and crack propagation energy, as shown in

Figure 11(c,d). The addition of POE decreased the
crack initiation energy of the PP/POE composites, and
this may be attributed to the cavitation of POE at an
early stage of the deformation process, as mentioned
before. On the other hand, the crack propagation en-
ergy significantly increased with increasing POE con-
tent [Fig. 11(d)]. This can be attributed to high energy
dissipation during the crack propagation process due
to the shear flow of the matrix and fibrillation sur-
rounding the filler particles (Fig. 7). The energy anal-
ysis results indicate that the improvement of the
toughness of the PP/POE composites by POE was
mainly dominated by its improvement in the crack
propagation resistance, rather than the crack initiation
resistance.

The sensitivities of all parameters to the POE con-
tent decrease with increasing POE content. For the
PP/POE composites with a high POE content, all the
parameters tend to reach a plateau. This is quite dif-
ferent from the result of the notched impact test (Fig.
2), which shows the brittle–ductile transition in the
PP/POE (80/20 w/w) composites. The contradiction
might be attributed to the difference in the deforma-
tion rates. For the low and intermediate deformation
rates, a low rubber content is already sufficient for
toughening the polymer, and a high rubber content
actually appears not to give optimal fracture energy.13

To study the influence of the filler on the toughen-
ing of the PP/POE composites, the dependence of the
energy and stress analysis results of the PP/POE (70/
30) composites on the filler content was also investi-
gated, as shown in Figure 12. With increasing filler
content, the maximum stress and crack initiation en-
ergy of the PP composites linearly decreased. Besides
the weak adhesion between the filler and matrix, the
dramatic deterioration in the crack initiation energy
can also be attributed to the negative effect of filler
debonding on the crack initiation resistance, which
obviously depends on the filler content. However, the
dependence of the fracture energy and crack propa-
gation of the PP composites on the filler content shows
different manners. For the high stereoregularity of the
PP matrix, the fracture occurs immediately after the
yielding of the matrix, and the crack propagation en-
ergy is almost zero. The debonding of the filler parti-
cles can improve the deformability of the matrix. In
addition, the existence of filler particles can alter the
crystalline behavior of PP as an effect of nucleation
and improve the deformability of the matrix. Thus, the
crack propagation energy increases with increasing
filler content, as shown in Figure 12(d). The maximum
crack propagation energy appearing in the curve sug-
gests competition between the improvement in the
matrix deformability and the poor interfacial adhesion
between Mg(OH)2 and the polymer matrix, which
leads to a complicated behavior in the dependence of
the fracture energy on the filler content [Fig. 12(a)].

Figure 10 Stress–displacement curves of SENT estimation
(1 mm/s) for PP/POE/Mg(OH)2 composites with various
POE contents [formulation: PP � POE � 100 phr, Mg(OH)2
� 120 phr].
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The influence of the filler content on the maximum
stress and crack initiation energy of PP/POE compos-
ites is similar to that of the PP composites. With in-
creasing filler content, the maximum stress and crack
initiation energy decreased, independently of the
properties of the polymer matrix. However, the de-
pendence of the crack propagation energy of the PP/
POE composites on the filler content is quite different.
The crack propagation energy first increased with in-
creasing filler content, and this was followed by a
decrease at a high filler content. This is in agreement
with the results of the notched impact test (Fig. 6).
Because of the dramatic deterioration in the crack
initiation energy of the PP/POE composites, the frac-
ture energy continually decreased with increasing
filler content.

Morphology analysis

To study the microstructure of the PP/POE/Mg(OH)2
composites, POE was selectively extracted with boil-
ing n-heptane. The morphology of the PP/POE com-
posites with various POE contents is shown in Figure
13. The number-average (Dn) and weight-average (Dw)
particle sizes were calculated, and the results are
shown in Table I. Those average particle sizes are
defined as follows:

Dn �
�nidi�ni

Dw �
�nidi

2

�nidi
, (2)

where ni and di were the number and diameter of POE
particle, respectively.

Figure 11 Energy and stress analysis based on the SENT test (1 mm/s) of PP/POE/Mg(OH)2 composites with various POE
contents: (a) the total fracture energy versus the POE content, (b) the maximum stress versus the POE content, (c) the crack
initiation energy versus the POE content, and (d) the crack propagation energy versus the POE content [formulation: PP
� POE � 100 phr, Mg(OH)2 � 120 phr].
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For the PP/POE composites with low POE contents,
Mg(OH)2 and POE particles dispersed separately in
the matrix, and a few POE particles were observed in
the region surrounding filler particles. Therefore, a
separation microstructure existed in such composites.
Even in the PP/POE (85/15 w/w) composites, POE-
encapsulated filler particles could not be observed.
This is contradictory with the observation of the im-
pact-fracture surface, in which a fibrillation structure
was confirmed [Fig. 7(c)]. With increasing POE con-
tent, the average size of POE increased, and the mi-
crostructures of the PP/POE composites remained in a
separation manner. When the POE content reached a
certain value, for example, 80/20 PP/POE, the aver-
age size of the POE particles remained constant. On
the other hand, dark holes with irregular shapes were

observed surrounding filler particles, as shown in Fig-
ure 13(e). The result indicates that the encapsulation
microstructure formed in some PP/POE composites,
and a separation microstructure existed simulta-
neously in the matrix. Therefore, a mixed microstruc-
ture of separation and encapsulation formed in the
PP/POE composites with high POE contents. The dis-
tance between the POE particles continually decreased
with further increasing POE content, and this was
responsible for the brittle–ductile transition according
to the percolation theory.

CONCLUSIONS

The toughness of the PP/POE/Mg(OH)2 ternary com-
posites strongly depended on the POE content. A

Figure 12 Energy and stress analysis based on the SENT test (1 mm/s) of PP composites and PP/POE (70/30) composites
with various filler contents: (a) the total fracture energy versus the filler content, (b) the maximum stress versus the filler
content, (c) the crack initiation energy versus the filler content, and (d) the crack propagation energy versus the filler content.
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brittle–ductile transition occurred in the PP/POE
composites when POE reached a certain value. For
PP/Mg(OH)2 composites fractured in a brittle man-
ner, stress whitening only occurred around the notch
tip of impact-fractured specimens. The thickness of the
stress-whitening zone increased with increasing POE
content, and this indicated the improvement of POE in
the plastic deformability of the polymer matrix. The
Mg(OH)2 content also influenced considerably the
toughness of the PP/POE composites. The formation
of microvoids caused by the debonding of Mg(OH)2
particles could improve the plastic deformation of the
polymer matrix ligaments. However, the improve-
ment in the toughness of the PP/POE composites by
Mg(OH)2 was restricted by the poor interfacial adhe-
sion between Mg(OH)2 and the polymer matrix.

The influence of POE on the deformation mecha-
nism of PP/POE composites might be considered

from two aspects, that is, the Mg(OH)2 particle
debonding behavior and the deformability of the ma-
trix. First, the existence of POE improved significantly
the deformability of PP, resulting in extensive shear
deformation of the polymer matrix during the defor-
mation process. On the other hand, the interfacial
adhesion between the polymer matrix and Mg(OH)2
increased with the incorporation of POE. The forma-
tion of a fibrillation structure between the Mg(OH)2
particles and polymer ligaments led to a change in the
debonding mechanism of the Mg(OH)2 particles.

With the SENT test, it was possible to analyze the
fracture behavior of the PP/POE/Mg(OH)2 ternary
composites. The incorporation of POE into the com-
posites led to an increase in the fracture energy and a
decrease in the maximum stress. The increase in the
fracture energy was attributed to high energy dissipa-
tion during the crack propagation process due to the
shear flow of the polymer matrix and fibrillation sur-
rounding the filler particles. Because of the cavitation
of POE at an early stage of the deformation process,
the crack initiation energy of the PP/POE composites
decreased with increasing POE content. The influence
of the Mg(OH)2 content on the fracture energy of the
PP/POE composites was in agreement with the results
of the notched impact test, which depended on the
limited improvement in the polymer matrix deform-
ability and the poor interfacial adhesion between the
polymer matrix and Mg(OH)2 particles.

A separation microstructure existed in the PP/POE
composites with low POE contents. With increasing

Figure 13 SEM micrographs of the etched surface of PP/POE/Mg(OH)2 composites with various POE contents at a 5000�
magnification: (a) PP/Mg(OH)2 � 100/120, (b) PP/POE/Mg(OH)2 � 90/10/120, (c) PP/POE/Mg(OH)2 � 85/15/120, (d)
PP/POE/Mg(OH)2 � 80/20/120, (e) PP/POE/Mg(OH)2 � 75/25/120, and (f) PP/POE/Mg(OH)2 � 70/30/120.

TABLE I
POE Particle Size Analysis for the PP/POE/Mg(OH)2

Composites

PP POE Mg(OH)2 Dn (�m) Dw (�m) Dw/Dn

100 0 120 0 0 —
95 5 120 0.24 0.26 1.08
90 10 120 0.27 0.28 1.04
85 15 120 0.29 0.31 1.07
80 20 120 0.36 0.40 1.11
75 25 120 0.34 0.39 1.15
70 30 120 0.35 0.39 1.11
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POE content, the average size of POE increased, and
the distance between the POE particles decreased. An
encapsulation microstructure formed in the PP/POE
composites with a certain POE content, and a separa-
tion microstructure existed simultaneously in the ma-
trix.
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