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Effect of interfacial interaction on morphology
and mechanical properties of PP/POE/BaSO4
ternary composites
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Ternary composites of Polypropylene (PP)/ethylene-octene copolymer (POE)/Barium
Sulfate (BaSO4) (PP/POE/BaSO4) were prepared through a two-step process: BaSO4
master-batches were first prepared through blending of BaSO4 and POE, then blending
with PP. Two families of phase structure were confirmed through SEM and DSC, depending
on their interfacial interaction. Separation of POE and BaSO4 filler was found when
untreated or titanate coupling agent treated BaSO4 filler were used. Encapsulation of
BaSO4 particles by POE elastomer was achieved by using BaSO4 master-batch prepared
through reactive blending of BaSO4 with POE in the presence of maleic anhydride (MAH)
and dicumyl peroxide (DCP). The mechanical properties of the composites greatly rely on
the morphology. The yield strength and the impact toughness of a composite with
core-shell morphology are higher than those of composites with separated morphologies,
but the former has lower flexural modulus and elongation at break than the latter. The
interfacial interaction was evaluated by semi-empirical equations developed previously.
The deformation and toughening mechanisms of the composites were also investigated.
C© 2003 Kluwer Academic Publishers

1. Introduction
In addition to reduce cost, fillers are also used to mod-
ify the physical properties of polypropylene, such as
flexural modulus and heat distortion temperature, or to
endow some special functions e.g., flame retardancy
and magnetic properties. Although some results indi-
cate an increase in toughness with rigid particle fillers
in certain filled PP systems [1, 2], most of the studies of
filled PP report a significant decrease of toughness com-
pared with unfilled PP, especially at high filler loadings.
On the other hand, elastomers can effectively improve
the low temperature toughness of PP, but significantly
decrease its stiffness. In view of the above situations,
PP/elastomer/filler ternary composites have become at-
tractive materials for numerous engineering applica-
tions due to their potentially high stiffness and high
toughness. The mechanical properties of such compos-
ites are determined not only by composition, but also by
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the morphology present, especially the relative spatial
arrangement of elastomer and filler inclusions [3, 4],
which depends strongly on mixing conditions, the rhe-
ology and surface energies of the components and the
geometry of the rigid fillers.

Mutual miscibility and adhesion of the constituents
are the crucial factors influencing the structure and the
property relationships in ternary composites [5]. Two
families of morphologies are assumed in PP ternary
composites: (i) elastomer and filler particles are sep-
arately dispersed in PP matrix; (ii) elastomer encap-
sulates filler particles to form core-shell inclusions
[3, 5–9]. The morphological structure was controlled by
the interfacial adhesion of PP-filler and elastomer-filler.
Recently, functionalized polymers are introduced into
PP ternary composites to adjust the interfacial adhesion
[10–12]. When adhesion between PP matrix and rigid
filler is enhanced by the addition of maleic anhydride
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grafted PP, the elastomer and the rigid filler are sepa-
rately dispersed in PP matrix, whereas when adhesion
between the elastomer phase and rigid filler is enhanced
by the incorporation of maleic anhydride grafted elas-
tomer or other polar elastomers, the filler becomes en-
capsulated by the elastomer, promoting the formation
of core-shell inclusions [10–12]. These two different
morphologies gave significantly distinct mechanical
properties. Ternary composites with separated struc-
ture have been reported to have higher modulus and
yield strength than those containing encapsulated filler,
whereas the latter exhibited higher impact strength
[3, 13, 14].

The aim of the present work was to study the effect of
interfacial interaction on the morphology and mechan-
ical properties of PP/POE/BaSO4 ternary composites.
The preparation of ternary composites was through
a two-step process, in which three kinds of BaSO4
master-batches with different interfacial interaction
were prepared first, and then blended with PP matrix.
Reactive extrusion was used to prepare BaSO4 master-
batch, where the surface treatment of BaSO4 filler and
the functionalization of POE elastomer with maleic
anhydride were performed in situ in the presence of
peroxide. The morphology of thus formed the ternary
composite was analyzed using SEM and compared
with those of two other kinds of filled PP with BaSO4
fillers (untreated and titanate coupling agent treated).
Emphasis is given to analyzing the effect of morphol-
ogy and interfacial interaction on the crystallization
of the PP matrix and the mechanical properties of the
composites. In view of the results of SEM observation,
the toughening mechanisms of ternary composites are
proposed.

2. Experimental
2.1. Materials
PP matrix used in this study was a block copolymer
(EPS30R) with 8.5 wt% ethylene comonomer from
Qilu Petrochemical Co. SINOPEC, China with a melt
flow index of 2.0 g/10 min and a density of 0.9 g/cm3.
Elastomer used was ethylene-octene copolymer (POE)
EG8150 from Dupont Dow Elastomer Co. with a octene
content of 25 wt%, a nominal Mooney viscosity ML
(1+4)121◦C of 35 and a density of 0.87 g/cm3. BaSO4
used was precipitated BaSO4 produced by Jianghu
Industry Co., China with a weight average diameter
of 4.5 µm, polydispersity of 3.5, and a density of
4.4 g/cm3. Maleic anhydride (MAH) and dicumyl per-
oxide (DCP) were used as grafting monomer and ini-
tiator respectively. The coupling agent used was iso-
propyl tri(dioctyl pyrophosphato) titanate NDZ-201
from Nanjing Chemical Factory No. 1, China.

2.2. Sample preparation
To ensure good dispersion of BaSO4 filler,
PP/POE/BaSO4 ternary composites were prepared
through a two-step process. Three kinds of BaSO4
master-batches (Table I) containing 20 wt% POE
elastomer and 80 wt% different surface treated BaSO4
were first prepared in a co-rotating twin screw extruder

TABLE I Sample code & treating ways of BaSO4 master-batch

Sample code Carrier resin Pretreatment of filler

BM-0 POE Untreated
BM-N POE Coupling agent of organic titanate
BM-M POE Maleic anhydride DCP

with a diameter of 25 mm and L/D ratio of 30, then
melt blended with PP matrix in the same extruder.
The extrusion temperatures set at different zones
from hopper to die were 160◦C, 180◦C, 190◦C, and
200◦C respectively. The screw speed was 200 rpm.
The sample codes of the master-batches and their
corresponding surface treatment of BaSO4 are listed
in Table I. As references, PP/POE binary blends with
the same POE volume fraction as those in ternary
composites were prepared using the same twin-screw
extruder and extrusion conditions mentioned above.

The test specimens for stress-strain behaviour,
3-point flexure and impact fracture behavior were pre-
pared by injection moulding according to ASTM D638,
ASTM D790, and ASTM D256 standard methods re-
spectively. The injection temperatures from hopper to
nozzle are 190◦C, 200◦C, 210◦C and 210◦C respec-
tively, and the mould temperature is 40◦C. Before in-
jection, the granules of the composites were dried in a
vacuum oven at 90◦C for a period of 12 hr.

2.3. Measurements and characterization
Tensile tests were made using an Instron 4302 tensile
testing machine at a crosshead speed of 50 mm/min in
accordance with ASTM D638 standard method. The
3-point flexure tests were performed using an Instron
4302 tensile testing machine at a crosshead speed of
2 mm/min according to ASTM D 790 standard method.
Notched Izod impact tests were conducted on a CEAST
impact tester with an impact velocity of 3.46 m/s ac-
cording to ASTM D256. All tests were carried out at
23◦C.

DSC analysis was conducted with a Dupont 2100
DSC instrument. The test specimens (5–10 mg) were
first heated from 30 to 200◦C at a rate of 10◦C/min and
maintained at 200◦C for a period of 5 min, then cooled
down to 30◦C at the same rate, after that heated again
from 30◦C to 200◦C with a rate of 10◦C/min. Melt-
ing and crystallization thermograms were recorded, and
thus crystallization temperature Tc, and melting temper-
ature Tm, were obtained.

The phase structure and fractured behavior of the
ternary composites were examined by scanning elec-
tron microscope (SEM) analysis. For phase structure
observation, fractured surfaces of the composites un-
der liquid nitrogen temperature were etched for a pe-
riod of 5 min in boiling n-heptane to remove POE, then
coated with silver-palladium alloy and examined with
a HITACHI X-650 SEM instrument with an accelerat-
ing voltage of 20 kv. For fractured behavior analysis,
the tensile fractured surfaces were cut open parallel
to tensile direction under liquid nitrogen temperature.
The impact fractured surfaces and longitudinal open
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sections were coated with silver-palladium alloy and
examined with a HITACHI X-650 SEM instrument with
an accelerating voltage of 20 kv.

3. Results and discussion
3.1. Morphology
SEM micrographs of the etched cryogenic fracture sur-
faces of PP/POE/BaSO4 ternary composites are shown
in Fig. 1. The dark holes represent POE elastomer
droplets, which are dissolved out by selective etch-
ing, whereas the brighter irregular shape particles are
BaSO4 filler. SEM micrographs reveal separate dis-
persion of POE and BaSO4 particles in PP matrix
for ternary composites containing untreated BaSO4
filler (Fig. 1a) and titanate coupling agent treated
BaSO4 filler (Fig. 1b). A contrary morphology is shown
in Fig. 1c for ternary composites containing BaSO4
master-batch prepared through reactive extrusion in the
presence of MAH and DCP. Fig. 1c indicates that in
the ternary composite containing BaSO4 master-batch
prepared through reactive extrusion in the presence of
MAH and DCP, MAH functionalized POE could encap-
sulate BaSO4 particles due to the strong interaction of
MAH group with BaSO4, forming core-shell inclusion
structure. The etched POE elastomer was observed as
voids around the filler particles. As shown by previous
studies on PP ternary composites [3, 8], a complete en-
capsulation was also achieved by using functionalized
elastomer.

DSC studies of non-isothermal crystallization and
melting behavior were performed in order to investi-
gate the influence of phase morphology on the crystal-
lization of PP in the blends, which were also used as
an indirect method for verifying the phase structure of
ternary composites. Table II shows the Tc, Tc(onset), and
Tm of PP composites at various compositions. These
data demonstrate that POE and BaSO4 have slight influ-
ence on the Tm of PP. In PP/POE and PP/BaSO4 binary
systems, the incorporation of POE induces a very slight
increase of Tc and Tc(onset) of PP, which was also found
in previous studies of PP/elastomer systems [15–18],

Figure 1 SEM micrographs of fractured and etched surfaces of PP/POE/BaSO4 (60/8/32) composites: (a) PP/BM-0, (b) PP/BM-N, and (c) PP/BM-M.

TABLE I I DSC crystallization and melting data of PP/POE/BaSO4

Crystallization

Weight ratio Tc(onset) (◦C) Tc (◦C)
Melting
Tm (◦C)

PP 100/0/0 114.7 111.7 161.4
PP/POE 89.3/10.7/0 115.1 111.8 161.6
PP/BaSO4 60/0/40 121.6 116.9 161.9
PP/BM-0 60/8/32 119.9 117.5 162.1
PP/BM-N 60/8/32 118.3 115.5 161.4
PP/BM-M 60/8/32 115.6 113.5 161.1

indicating that POE has very weak influence on the ki-
netics of crystallization of PP. While the presence of
BaSO4 significantly increases the Tc and Tc(onset) of PP
and decreases degree of super cooling �T , indicating
that BaSO4 greatly promotes the crystallization of PP
by acting as a nucleating agent. The results show that
as compared with unfilled PP, if PP in the ternary com-
posites has much higher Tc and Tc(onset), the composites
should have a separate morphology in which POE and
BaSO4 particles are separately dispersed in PP matrix,
and vice versa. Therefore the phase morphology of the
ternary composites could be confirmed by the measure-
ment of Tc and Tc(onset) of PP in ternary composites.

For ternary composites containing BM-M master-
batch, no influence of BaSO4 on the Tc and Tc(onset) val-
ues of PP was observed. Both values remain unchanged
with the increasing of POE elastomer and BaSO4 filler.
The reduction in nucleating efficiency of BaSO4 filler in
the PP/BM-M system is therefore a result of the encap-
sulation of BaSO4 particles by the POE elastomer. Con-
trary results were observed for PP/BM-0 and PP/BM-N
systems, in which the Tc and Tc(onset) values of PP were
found to increase as the contents of both BaSO4 and
POE elastomer increased. This observation implied a
direct contact of BaSO4 to the PP matrix, demonstrating
a separate dispersion of BaSO4 filler and POE elastomer
in PP matrix. In addition, a small difference exists in Tc
and Tc(onset) values in these two systems. A reduction in
Tc and Tc(onset) values were observed for ternary com-
posite containing titanate coupling agent treated BaSO4
filler as compared with composite containing untreated

1795



filler particles. This may be attributed to the decrease
of PP matrix-filler interaction in the presence of cou-
pling agent, because the adsorption of large molecules
on the surface of a foreign phase is influenced by the
interaction between them, and is very crucial for the
heterogeneous nucleation during crystallization [19].
DSC results are consistent with SEM observation.

3.2. Mechanical properties
As shown in Fig. 2, the incorporation of POE elas-
tomer to PP decreased the yield stress of PP/POE binary
composites, which is a result of poor interfacial adhe-
sion between matrix and elastomer [20]. The decrease
in yield stress became more pronounced when BaSO4
filler was incorporated into the PP/POE composites.
In PP/BM-0 ternary composites, all interfaces (i.e.,
PP/POE, PP/BaSO4 and POE/BaSO4) are too weak to
sustain stress transfer between phases due to poor in-
terfacial adhesion, the effects of filler and elastomer on
the yield stress are reported to have approximate ad-
ditivity [21]. The addition of titanate coupling agent
treated BaSO4 filler decreases the yield stress even fur-
ther. The contrary results were observed for PP/BM-M
composites. As the volume fraction of BM-M master-
batch (i.e., both the BaSO4 filler and the elastomer vol-
ume fraction) increased, the yield stress decreased a
little, and then increased. The increase in yield stress
may be attributed to the improved adhesion between the
BaSO4 filler core and the POE elastomer shell, owing
to the presence of covalent bond or specific interac-
tion formed by the in situ modification of BaSO4 filler
and the functionalization of POE with maleic anhydride
during the preparation of BM-M master-batch.

Changes in interfacial interactions can modify the
mechanism of micro-mechanical deformation, failure
behaviour, and thus the overall performance of com-
posite, therefore can provide useful information for
preparing tailor-made composites. Yield stress proved
to be an excellent property to predict interfacial interac-
tion quantitatively in heterogeneous polymer systems.
A model developed previously [22–25] described the
effect of decreasing loadbearing cross-section areas and
the interfacial interaction on the yield stress of partic-
ulate filled polymeric system. The expression of yield

Figure 2 Yield strength vs. POE volume fraction in PP composites.

stress takes the form

σy = σym
1 − ϕ f

1 + 2.5ϕ f
exp(Bσ yϕ f ) (1)

where σy and σym are the yield stresses of the com-
posite and the matrix, respectively, ϕ f is the volume
fraction of the filler in the composite, and Bσ y is the pa-
rameter characterizing interfacial interaction. The term
(1 − ϕ f )/(1 + 2.5ϕ f ) takes into account the decrease
of the effective load-bearing cross-section areas owing
to the introduction of the filler into the matrix.

To evaluate the interfacial interactions in ternary
composites studied here, PP/POE blend was assumed as
matrix with the properties of the corresponding PP/POE
binary blends. Equation 1 could be rearranged as

ln

[
σy

σym

1 + 2.5ϕ f

1 − ϕ f

]
= Bσ yϕ f (2)

According to Equation 2, the parameter Bσ y was ob-
tained and used for evaluating interfacial interaction
quantitatively. As was show in Table III, interaction in
PP/BM-M system is the strongest, whereas interaction
in PP/BM-N system is the weakest due to the coupling
agent softening PP matrix around filler particles.

Elongation at break of PP/BM-M system (with core-
shell structure) is lower than those of the separated mi-
crostructures (PP/BM-O and PP/BM-N systems), and
decreases with the increasing in volume fraction of
BaSO4 master-batch (Fig. 3). This finding is different
from previous study on the elongation of ternary com-
posite with core-shell structure [14]. It is well known
that the incorporation of filler particles usually de-
creases the elongation at break of filled polymer system
due to the intrinsic stiffness of the filler, whereas elas-
tomer increases elongation at break of polymer blends

TABLE I I I Bσ y values of PP ternary composites

Sample code Bσ y

PP/BM-0 2.142
PP/BM-N 1.209
PP/BM-M 3.891

Figure 3 Elongation at break vs. POE volume fraction in PP composites.
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owing to the easier deformation of the elastomer. For
polymer/elastomer/filler ternary composites, the situa-
tions are far more complicated, elongation at break is
affected not only by the properties and contents of com-
ponents, but also by the morphology and interfacial in-
teraction. Strong interfacial interaction could cause the
decrease of elongation at break of the composites.

Fig. 4 shows the flexural modulus of PP compos-
ites. It is evident that the incorporation of POE elas-
tomer reduced the flexural modulus of PP/POE binary
blend significantly, whereas the addition of untreated
and coupling agent treated BaSO4 filler increases the
modulus of PP ternary composites. In addition, the
modulus of the former is higher than that of the lat-
ter because the coupling agent would soften PP matrix
around filler particles. Contrary results were observed
for PP/BM-M ternary composite, whose modulus de-
creased as yet lower than the modulus of PP/POE binary
blend. As shown previously, core-shell morphology ex-
ists in PP/BM-M composite, the soft layer of POE elas-
tomer adheres strongly to the surfaces of BaSO4 filler,
inhibiting the stiffening action of BaSO4 particles. At
the same volume fraction of POE elastomer, the ap-
parent volume fraction of POE elastomer in PP/BM-M
composite is larger than that of PP/POE binary compos-
ite due to the encapsulation of BaSO4 particles by the
POE, resulting in lower modulus in PP/BM-M system.

The notched Izod impact strength of various PP com-
posites was shown in Fig. 5. For PP/POE binary blends,

Figure 4 Flexural modulus vs. POE volume fraction in PP composites.

Figure 5 Notched Izod impact strength vs. POE volume fraction in PP
composites.

the incorporation of POE elasomer significantly in-
creases the impact strength of PP, a significant increase
of impact strength can be observed at the POE concen-
tration between 2.21 and 4.74 vol%, indicating a brittle-
tough transition. Further increase of POE concentration
causes only slight improvement of the impact strength.
The effect of POE concentration on the impact strength
of PP/BM-M ternary composite demonstrates similar
behavior, except for the relatively lower values. Con-
trary results were observed for PP/BM-N and PP/BM-0
ternary composites, whose impact strength decreases a
little, and then increases when the POE concentration
exceeds 4.74 vol%. Within the POE concentration in-
vestigated, the impact strength of PP/BM-N composite
was slightly higher than that of the PP/BM-0 composite.

The brittle-tough transition in elastomer toughened
polymeric systems was reported widely and explained
by the percolation model [26]. Previous reports indi-
cate the effect of elastomer on the toughness of PP de-
pends upon the distance between the particles [27, 28].
For PP/elastomer/filler ternary composites, the arrange-
ment of filler in the PP matrix gives rise to the formation
of two dissimilar morphologies, i.e., core-shell and sep-
arated morphologies. The encapsulation of the filler by
the elastomer effectively increases the apparent volume
fraction of elastomer, which decreases the distance be-
tween the elastomer particles more efficiently than that
in composites with separated morphology, resulting in
relatively higher impact strength of the former. In addi-
tion, the toughening efficiency of elastomer with rigid
filler core in ternary composites is expected to be higher
as compared with that of the elastomer in binary blends,
however, such phenomenon was not observed in the
present study. Other researchers [14] also got similar
results. The probable explanations are that not all the
filler was encapsulated by the elastomer and the elas-
tomer particles with rigid core were not as effective as
pure elastomer (Fig. 5).

To investigate the effect of filler particles on the im-
pact strength of ternary composites, relative impact
strength is plotted against the BaSO4 volume frac-
tion, shown in Fig. 6. The relative impact strength of
PP/BM-M composites is much higher than that of

Figure 6 Relative impact strength vs. BaSO4 volume fraction in PP
composites.
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PP/BM-0 and PP/BM-N composites, indicating that
core-shell morphology is benefit to the improvement of
impact strength. For PP/BM-M composite with core-
shell morphology, the relative impact strength was
found to decrease with the increasing of the filler con-
tent. Different results were observed for ternary com-
posites with separated morphology, where the relative
impact strength passes through a minimum at the filler
concentration of 3.75 vol%, then increases with the
increase of filler concentration. The relative impact
strength of PP/BM-N composite was slightly higher
than that of the PP/BM-0 composite, which may be at-
tributed to the poor interfacial interaction between filler
particles and PP matrix in the PP/BM-0 composite. The
difference in the tendency of the relative impact strength
indicates the toughening action of BaSO4 filler in com-
posite with core-shell morphology is inhibited by the
elastomer shell, whereas the BaSO4 filler in composites
with separated morphologies have significant toughen-
ing action when the filler contents exceed 3.75 vol%.
Combining Fig. 5 with Fig. 6, it can be found that it
is just beyond this point, the combined effect of POE
elastomer and BaSO4 particles leads to a synergetic
toughening effect on the impact strength of composites
with separated morphology.

Figure 7 Schematic diagram of longitudinal section of tensile fractured
specimen for SEM observation.

Figure 8 SEM micrographs of longitudinal sections of tensile fractured specimens of PP/POE/BaSO4 composites (zone I) (×2000): (a) PP/BM-0
(60/8/32, by wt) and (b) PP/BM-M (60/8/32, by wt).

3.3. Fracture behavior
In order to investigate the effect of phase structure on
the fractured behavior and toughening mechanism of
PP/POE/BaSO4 ternary composites, we cut open the
tensile fractured surfaces under liquid nitrogen parallel
to the tensile direction according to the diagram shown
in Fig. 7, and observed the fractured morphology of the
longitudinal sections by SEM. Two zones were selected
for observation as illustrated in Fig. 7. For the observa-
tion of impact fractured surface by SEM, two distinct
zones were selected. Zone I is located next to the notch,
whereas zone II is in the middle of the fractured surface.

As shown in Figs 8 and 9, in PP/BM-0 composites
(Figs 8a and 9a), debonding takes place under tensile
loading due to poor adhesion between BaSO4 particles.
The debonding action results in the reduction of strain
concentration in the PP matrix in the vicinity of the
filler particles and matrix [26]. Debonded particles acts
as a stress concentrator, which produces micro-cracks
along the tensile direction, meanwhile produces a lot of
shear yield ribbons perpendicular to the tensile direc-
tion to inhibit the formation of continuous cracks. This
results in high local strain by the tensile cold drawing
and flow of PP matrix. In the zone far from tensile frac-
tured surface (zone II, Fig. 9a), much more shear yield
ribbons appear. A lot of ribbons extensively inhibit the
propagation of micro-cracks induced by debonded filler
particles, indicating a relatively even strain distribution
in the matrix. All of these give rise to the high elonga-
tion at break and low yield strength.

However, PP/BM-M composites show quite differ-
ent fractured morphology (Figs 8b and 9b). Core-shell
morphology exists and the interaction between BaSO4
filler core and POE elastomer shell is far stronger than
that between POE elastomer and PP matrix, and there-
fore good adhesion exists between the BaSO4 filler and
POE. The concentration of strain is high in the vicinity
of the core-shell inclusions where the PP matrix defor-
mation is highly restricted. In zone I (Fig. 8b), debond-
ing takes place between the core-shell inclusions and
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Figure 9 SEM micrographs of longitudinal sections of tensile fractured specimens of PP/POE/BaSO4 composites (zone II) (×2000): (a) PP/BM-0
(60/8/32, by wt) and (b) PP/BM-M (60/8/32, by wt).

the matrix, the deformability of PP matrix is highly
constrained due to the reduction of shear yield ribbons.
In zone II (Fig. 9b), limited debonding between the
core-shell inclusions and the PP matrix is observed, the
core-shell inclusions are embedded below the plane of
fracture. No cold drawing of the matrix and shear yield
ribbons could be observed. This causes the decrease of
elongation at break and the increase of yield strength.

Fig. 10 demonstrates SEM micrographs of the impact
fractured surfaces of PP/POE binary blend. In zone I
(Fig. 10a), certain plastic deformation of PP matrix can
be observed, whereas extensive plastic deformation ap-
pears in zone II (Fig. 10b), illustrated by the formation
of regular striations perpendicular to the direction of
crack propagation. Such striations were reported ear-
lier in rubber-toughened polymers [29].

Plastic deformation of the PP matrix and extensive
cavitation resulting from debonding of filler particles

Figure 10 SEM micrographs of impact fractured surfaces of PP/POE (91.3/8.7, by wt): (a) zone I (×2000) and (b) zone II (×2000).

from PP matrix are the characteristics of the impact
fractured surfaces of PP/BM-0 composites with sepa-
rated morphology, as shown in Fig. 11. The extent of
plastic deformation in zone II (Fig. 11b) is larger than
that in zone I (Fig. 11a), and no striation perpendicular
to the direction of crack propagation can be found.

Fig. 12 demonstrates the characteristics of the impact
fractured surfaces of PP/BM-M composite with core-
shell morphology. In zone I (Fig. 12a), some holes are
visible on the fractured surface, resulting from the par-
tial debonding of core-shell inclusions from PP matrix
under impact due to the strong adhesion between the
BaSO4 core and the POE shell. PP matrix undergoes
plastic deformation. Striations associated with heav-
ily plastically deformed fibrils of the PP matrix are
clearly shown in zone II (Fig. 12b). In addition, the
core-shell inclusions are destroyed and the POE shells
are stretched as filaments that link the BaSO4 particles
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Figure 11 SEM micrographs of impact fractured surfaces of PP/POE/BaSO4 composites (60/8/32, by wt, PP/BM-0): (a) zone I (×2000) and (b) zone
II (×2000).

Figure 12 SEM micrographs of impact fractured surfaces of PP/POE/BaSO4 composites (60/8/32, by wt, PP/BM-M): (a) zone I (×2000), (b) zone
II (×2000), and (c) zone II (×8000).
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Figure 13 Morphological model of toughening mechanism of
PP/POE/BaSO4 ternary composite: (a) separated morphology and (b)
core-shell morphology.

with PP matrix. This is believed to be helpful to the en-
hancement of impact strength and also a crucial factor
for the highest impact performance of the PP/BM-M
composites. The SEM micrograph at higher magnifica-
tion (See Fig. 12c) clearly demonstrates this structure.

In view of the above results, we propose two dif-
ferent models of toughening mechanisms for ternary
composites with separated and core-shell morpholo-
gies, respectively, as shown in Fig. 13. For ternary
composite with separated morphology (Fig. 13a), the
BaSO4 particles act as stress-concentrator and debond
from the PP matrix under impact, producing micro-
cracks. At the same time, shear yielding of PP matrix
takes place, which was induced by the POE elastomer,
prohibiting the crack propagation to toughen the com-
posites. For the composites with core-shell morphology
(Fig. 13b), the core-shell inclusions induce the shear
yielding and plastic deformation of the PP matrix under
impact stress, meanwhile, the POE shell was peeled off
the BaSO4 core, forming filaments that link the BaSO4
particles with the PP matrix, resulting in the destruction
of the core-shell inclusions, significantly improving the
impact strength of the composites.

4. Conclusions
SEM observation and DSC analysis demonstrate sepa-
rated morphology exists in ternary composites contain-
ing untreated or titanate coupling agent treated BaSO4
particles, where BaSO4 filler promote the crystalliza-
tion of PP by acting as nucleating agent. Core-shell
morphology was obtained in the ternary composites
with BaSO4 master-batch prepared by reactive extru-
sion of POE and BaSO4 in the presence of maleic anhy-
dride and dicumyl peroxide, the nucleating efficiency
of BaSO4 filler in PP/BM-M composite was inhibited
due to the encapsulation of the filler by POE elastomer.

The mechanical properties of ternary composites
were influenced by interfacial interaction and the mor-
phology. The yield strength and the impact strength of

a composite with core-shell morphology were higher
than those of composites with separated morphology,
but the former had lower flexural modulus and elonga-
tion at break than the latter. Yield strength was used
to quantitatively evaluate the interfacial interaction,
indicating the reduction in interfacial interaction be-
cause of the titanate coupling agent softening PP matrix
around filler particles. Impact strength reveales syner-
getic toughening effect of POE elastomer and BaSO4
filler on composites with separated morphology when
the volume fraction of BaSO4 filler exceedes 3.75 vol%,
but the impact strength is still lower than that of com-
posite with core-shell morphology.

SEM observation on impact fractured surface indi-
cates that plastic deformation of the PP matrix and
debonding of the filler-matrix are the main toughening
mechanisms of composites with separated morphology.
For ternary composite with core-shell morphology, in
addition to the extensive plastic deformation of the PP
matrix, the destruction of core-shell structure was an-
other crucial factor for improving the impact strength.
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