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ABSTRACT: Polypropylene(PP)/ethylene-propylene-diene copolymer (EPDM)/fibrillar silicate attapulgite (AT)

ternary blends were first prepared via the two-step melt blending process, by which the AT was blended with EPDM

prior to compound with PP. Structure and mechanical properties of the blends were investigated. According to the anal-

ysis of TEM and DMA test, it was concluded that as for PP/EPDM/AT ternary blends, the typical ‘‘sea-island’’ mor-

phology was observed, and the morphology of encapsulated structure like sandbag was formed in PP matrix besides

neat EPDM dispersion domain, where EPDM encapsulated fibrillar silicate AT. The most-odds diameter (Dm), the num-

ber-average diameter (Dn) and the weight-average diameter (Dw) of dispersed particles decreased with increasing

EPDM. PP/EPDM/AT ternary blends showed higher yield strength and dynamic modulus than the corresponding

PP/EPDM binary systems due to the reinforcement of AT. PP/EPDM/AT ternary blend (100/20/5) possessed the bal-

anced yield strength (21.9MPa) and impact strength (47.7 kJ�m�2), relative to 23.0MPa and 9.4 kJ�m�2 of PP. The mi-

cromechanical deformation process-mainly debonding of dispersed particles and shear yielding was mainly responsible

for impact resistance of the ternary blends. [doi:10.1295/polymj.PJ2006166]
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Polypropylene (PP) is one of the most widely used
polyolefin polymers. The toughening has been one of
the most active and significant theme in the field of
the modification for PP resin. Ethylene-propylene co-
polymer (EPR) or ethylene-propylene-diene copoly-
mer (EPDM) copolymer has been often used to tough-
en PP. At present, the impact strength of the modified
resin can be enhanced by four times relative to the
matrix by adding elastomers.1,2 Unfortunately, the en-
hancement of the toughness is obtained at the expense
of the stiffness, elastic modulus, and thermal resist-
ance. In recent years, ternary phase blends of PP con-
taining soft elastomer and rigid fillers are of ever-in-
creasing interest because both their stiffness and
toughness can be partly controlled and materials with
balanced mechanical properties can be formulated. So
far, various fillers to increase stiffness have been em-
ployed in ternary polypropylene blends, which include
talc,3,4 calcium carbonate5,6 and kaolin,7 etc.
Attapulgite (AT) is a type of natural fibrillar silicate

clay mineral. There are large reserves of AT in South
China (Jiangsu, Zhejiang, and Anhui province) and
in USA (Florida). The chemical structure of AT is
Mg5Si8O20(OH)2(OH2)4. 4H2O. The smallest struc-
ture unit of AT is fibrillar single crystal with a length
of 500–2000 nm and 10–25 nm in diameter.8,9 Unlike
the layer-layer interaction existing in layered silicates,

the interaction between AT single crystals is extreme-
ly small due to a similar line-line contact, which could
result in a weak interaction and facilitate the separa-
tion of AT micro-agglomerates into single crystals
upon large shear and physical and chemical modifica-
tion. By polymer melt blending or in-situ polymeriza-
tion, AT could also be separated into lots of nanosized
fibrils with high aspect ratio, showing effective rein-
forcement for polymer.10–12

In this paper, the ternary blends of PP/EPDM/AT
were first prepared via two-step melt blending proc-
ess, in which AT was blended with EPDM to make
master batch first and then the master batch of
EPDM/AT was compounded with PP. The structure
morphology of the ternary blends was observed by
transmission electron microscope (TEM) and scan-
ning electron microscope (SEM). The diameter of
the dispersed particles in the ternary blends was calcu-
lated based on the statistic data via the image ana-
lyzer. Also, the mechanical properties of the blends
were discussed.

EXPERIMENTAL

Materials
Attapulgite powder (particle size, 2–5 micron) was

obtained from Dalian global minerals company of
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China. The matrix material for the blends was com-
mercially available polypropylene (PP) homopolymer
1300 [melt flow rate (MFR) = 1.0 g/10min, density
� ¼ 0:90 g/cm3] from Yanshan Petrochemical Co.,
China. The elastomer was EPDM (EP-33) consisting
of 33wt% propylene with the density � ¼ 0:85 g/
cm3, which is product of JSR Co., Japan. The hydro-
philic silane coupling agent AG-102 was the product
of Nanjing Shuguang Chemical Plant., China.

Preparation of organically modified AT
50 g AT was dispersed into 1000mL hot water

using stirrer. 2.5 g silane coupling agent AG-102
was dissolved in hot water (200mL) and then poured
into the AT water suspension under vigorous stirring
for 1.5 h. The product was filtered off and washed
three times. Treated AT was dried in a blast oven at
105 �C for 1.5 h, and then was ground to get the final
powder. Before use, the powder was screened by
1250-mesh screen.

Preparation of ternary blends
The ternary blends of PP/EPDM/AT were pre-

pared via two-step melt blending process, in which
AT was blended with EPDM to make master batch
first, and then compounded with PP.
The master batch of EPDM/AT (100/50) was pre-

pared using a two-roll mill. The EPDM was put into
the two-roll mill first, adjusting the two rolls to the
smallest distance when EPDM become soft. AT was
then slowly added into EPDM to ensure good disper-
sion. The time of mixing was 15�25min.
The above master batch was blended with PP,

EPDM using a co-rotating twin-screw extruder with
an L/D ratio of 45 and screw diameter of 35mm
(ZSK-25WLE, WP Co., Germany). Additional EPDM
was introduced to control the blend ratio of PP/
EPDM/AT system. The temperature profiles of the
barrel were 210 �C, 215 �C, 225 �C, 225 �C, 220 �C
from the hopper to the die, and the screw speed was
150 rpm. The extruded pellets were injection-molded
into standard test samples in a CJISONC—II (China)
injection-molding machine. The temperature profiles
were 200 �C, 220 �C and 215 �C from hopper to die.
In this paper, the composition of the blends is repre-
senting the mass fraction.

Characterization
Tensile strength was measured according to ASTM

D-638 using an Instron tensile machine(Instron1185,
USA). The crosshead speed was set as 50mm/min
in all experiments. The Izod impact test of notched
specimens was carried out on a XJU-2.75 impact
tester, according to ASTM D-256. All measure-
ments were performed at room temperature and the

average of five measurements for each specimen
was reported.
The morphology structure of ternary blend was ob-

served by transmission electron microscope (TEM)
and scanning electron microscope (SEM). The ultra-
thin sections were cut from the injection-molded sam-
ple in liquid nitrogen, and were stained with osmium
tetraoxide (OsO4) to obtain sufficient contrast between
dispersion phase and PP matrix. A Hitachi (Japan) H-
800 TEM with an acceleration voltage of 100 kv was
used to observe the ultrathin sections. The morpholo-
gy of fracture surface of impact test pieces was ob-
served with a Cambridge (British) S-250MK3 SEM.
The fracture surfaces were vacuum-plated with gold-
platinum for electrical conducting.
Samples for dynamic mechanical analysis (DMA)

were cut from the gauge length of injection molded
tensile bars and were �4 cm long, �1:2 cm wide
and �0:4 cm thick. DMA was performed using a
Rheometrics ARES-V rheometer (USA) in bend con-
figuration at a frequency of 1Hz. The temperature
range was �100 �C�100 �C. The heating rate was
5 �C/min.
The calculation of the sizes of dispersed particles

for the PP/EPDM/AT blends: based on tens of
TEM images for the PP/EPDM/AT blends, the size
of the smallest dimension of each dispersed particle
in the dispersion domain was analyzed and measured
by using the image analyzer. The most-odds diameter
(Dm) was obtained by the analysis of the above meas-
ured data. The number-average diameter (Dn) and the
weight-average diameter (Dw) were individually cal-
culated by the formula as following:

Dn ¼
X
i

nidi

,X
i

ni Dw ¼
X
i

nid
2
i

,X
i

nidi

Here di means the diameter of the dispersed particle
with the order of I; ni means the number of the dis-
persed particle with the diameter of di.

RESULTS AND DISCUSSION

Morphology of PP/EPDM/AT ternary blends
TEM micrographs of the PP/EPDM/AT ternary

blends are shown in Figure 1. Two-phase morpholo-
gy, i.e. ‘‘sea-island’’ morphology was clearly visible
in both systems, in which there were two different dis-
persed domains (dark part) and one continuous do-
main (gray part). Gray parts indicated PP as a contin-
uous domain. The light-dark spherical particles with
less than 1 mm designated neat EPDM dispersion
phase originated from additional EPDM, whereas
the irregular dark particles with more than 1 mm des-
ignated EPDM/AT dispersed phase originated from
AT filled EPDM master batch, as shown in Figure 1.
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It was due to that the introduction of AT remarkably
increased the viscosity of EPDM (50/50), resulting
in the increase in EPDM/AT domain size, much
larger than that of neat EPDM particle. An increase
of EPDM content in the system did not change this
two-phase morphology but increased the number of
dispersed EPDM particles in the PP matrix. It seemed
that the size of the dispersed domain decreased. It
was worth noting that the crystal bundles or
micro-agglomerating particles of AT were hardly
visible in the PP phase rather than presented in
EPDM/AT particles. Figure 1d–e further shows the
morphology of EPDM/AT particles in the PP matrix
and the inter-phase region in the ternary blends. It
could be observed that an encapsulation structure like
sand-bag was achieved in the ternary system, where
the rubber encapsulated AT to form core-shell inclu-

sion, and AT in the EPDM was separated as crystal
bundles, and even fibrillar single crystals to construct
a filler network. Also, there were a lot of interstice
spaces among these loose-stacking single crystals
and crystal bundles.
The phase structure of ternary blends is influenced

by many factors, including the surface characteristics,
blend ratio, melt rheology of the system and com-
pounding techniques.13 When new surfaces and inter-
faces are created, the input of some energy is required
and the system tends to acquire a type of morphology
with a minimum surface free energy. Thermodynamic
analysis revealed that encapsulation was the thermo-
dynamically controlled process.14 The morphology
of encapsulation was also reported in the PP/EPR/
calcium carbonate5 and PP/EVA/calcium carbonate8

ternary systems. The reason for the filler encapsula-

(a) (b) (c)

(d) (e)

(a), (d) PP/EPDM/AT=100/10/5

(b), (e) PP/EPDM/AT=100/20/5

 (c) PP/EPDM/AT=100/30/5

1 

2 

3 

Figure 1. TEM photographs of PP/EPDM/AT (1. dispersed EPDM/AT particle; 2. dispersed EPDM particle; 3. AT single crystals).
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tion by elastomer is that the formation of interface be-
tween the PP matrix and filler particles, i.e. between
components with the lowest and the highest surface
energy, reduces the sum of interfacial energies in a
volume unit of the blend.15 For the PP/EPDM/AT
ternary system in this study, such an introduction se-
quence of the compositions increased the tendency
of rubber particles adhere to the AT surface, in which
the AT was mixed with EPDM firstly, and then
EPDM/AT master batch was blended with PP. Hence,
an encapsulation structure was finally formed in the
ternary PP/EPDM/AT blends. Also, it was to be
noted that the Si-OH of silane coupling agents after
being hydrolyzed could react with the hydroxyl
groups of AT,12 which decreased the surface free en-
ergy of AT and improved the adhesion between AT
and EPDM, and therefore the stability of the encapsu-
late units against shear forces during the mixing proc-
ess was enhanced.14

Table I displays the average diameter of dispersed
particle of PP/EPDM/AT blends. The extra EPDM
was added into the other blends except PP/EPDM/
AT (100/5/5) blend. Since the diameters in Table I
were obtained by measuring the size of the smallest
dimension of each dispersed particle, they were much
smaller than those observed in Figure 1. Seen from
Table I, the most-odds diameter (Dm), the number-
average diameter (Dn) and the weight-average diame-
ter (Dw) of the dispersed particles in PP/EPDM/AT
ternary blends decreased with increasing EPDM.
The more decrease was observed as the EPDM con-
tent increased from 5 phr (per hundred PP) to 10 phr
in the blends. This trend agreed with the observations
in Figure 1. As afore-discussion, dispersed EPDM
particles had smaller sizes than EPDM/AT dispersed
particles, and the increase of EPDM increased the
number of dispersed EPDM particles, leading to the
decrease of Dm, Dn and Dw.

Mechanical properties of blends
The mechanical properties of PP/EPDM blends

and PP/EPDM/AT ternary blends are shown in the
Table II respectively, in which the composition of
each system correspond to the mass of EPDM or
AT added to PP matrix.

Yield stress and tensile properties. Yield stress
is an important characteristic of polymeric materials
because it indicates the limits of allowable tensile
stress in engineering application. The yield stress of
the PP matrix is Syc ¼ 23:0MPa (Table II). It could
be seen from System1 and System2 that the values
of IS were enhanced with the increasing introduction
amount of EPDM into PP matrix, whereas the Syc
were dramatically reduced. For instance, the incorpo-
ration of 20wt% EPDM caused the yield stress to
drop to 17.8 and 21.9MPa for the binary PP/EPDM
and ternary PP/EPDM/AT systems respectively.
The reason was attributed to that the droplets of
EPDM dispersed in the PP matrix are too weak to sus-
tain stress of continuous phase. Furthermore, it should
be noticed that the yield stress for ternary PP/EPDM/
AT system was higher than the binary PP/EPDM
system at the same EPDM loading. For the ternary
system (System3) with a given blend ratio of PP and
EPDM (100/20), Syc increased with the increasing
amount of AT. As previously described, AT was sep-
arated into single crystals or loose-stacking crystal
bundles in the EPDM droplets with an encapsulation
structure and still keep a relatively high aspect ratio.
Therefore, AT showed pronounced reinforcing effect
for the EPDM dispersion phase to sustain the stress,
as a result, the strength of ternary blends was greatly
enhanced.

Table I. Average diameter of dispersed particles

of PP/EPDM/AT blends

PP/EPDM/AT
composition

Most-odds
diameter (Dm)

mm

Number-average
diameter (Dn)

mm

Weight-average
diameter (Dw)

mm
100/5/5 0.566731 0.555070 0.5761

100/10/5 0.298951 0.322066 0.3348

100/20/5 0.206958 0.204475 0.2163

100/30/5 0.152889 0.155509 0.1597

Table II. Effect of the compositions on mechanical properties

of polypropylene/EPDM/AT ternary blends

Composition
PP/EPDM/AT

ISa

(kJ�m�2)
Syc

b

(MPa)

System1

100/0/0 9:4� 0:1 23:0� 0:2

100/5/0 15:5� 0:2 21:4� 0:2

100/10/0 35:5� 0:4 20:1� 0:2

100/15/0 47:2� 0:5 19:5� 0:2

100/20/0 49:5� 0:5 17:8� 0:2

100/30/0 51:2� 0:5 14:5� 0:2

System2

100/0/5 7:6� 0:1 25:9� 0:3

100/5/5 12:8� 0:1 24:3� 0:2

100/10/5 37:5� 0:4 23:1� 0:2

100/15/5 44:5� 0:4 22:8� 0:2

100/20/5 47:7� 0:5 21:9� 0:2

100/30/5 49:0� 0:5 18:2� 0:2

System3

100/20/0 49:5� 0:5 17:8� 0:2

100/20/1 51:1� 0:5 18:5� 0:2

100/20/3 53:7� 0:5 19:1� 0:2

100/20/5 47:7� 0:5 21:9� 0:2

100/20/7 42:9� 0:4 20:9� 0:2

100/20/9 35:5� 0:4 21:4� 0:2

aIzod impact strength of blends. bYield stress of blends.
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Izod impact strength and toughness. It could be
seen from System1 and System2 that EPDM showed
pronounced improvement in impact resistance for
the PP matrix, which was consistent with the results
reported in literatures.1,2 For the ternary blends
(System3) with a given ratio of PP and EPDM
(100/20), IS was also improved by about 10%, if
1�3wt% of AT was incorporated. However, the evi-
dent decrease in the impact strength of ternary blends
could be found when the incorporation amount of
AT was more than 5wt%. This implied that there
was a synergistic toughening effect of EPDM and
AT together in the ternary blends with the morpholo-
gy of encapsulation, as has been reported in the liter-
ature.16 From the above results, it could be concluded
that the enhancement of the toughness was obtained at
the expense of the yield stress for a binary blend of
PP/EPDM. However, both their strength and tough-
ness may be partly controlled and the materials with
balanced mechanical properties may be achieved for
the ternary phase blends based on PP containing soft
elastomer and rigid AT together. For an example,
compared with the sample (100/20), although the
impact strength was decreased by 1.8 kJ�m�2, yield
strength of the sample (100/20/5) was raised by
4.1MPa. Relative to neat PP, the impact strength of
ternary blend (100/20/5) was enhanced by 4 times,
but yield strength only decreased 1.1MPa; the impact
strength of ternary blend (100/10/5) was enhanced by
3 times without any expense of yield strength, demon-

strating that ternary PP/EPDM/AT blends possessed
even better overall mechanical properties.

Dynamic mechanical properties
The dynamic mechanical properties of PP, PP/

EPDM blends, and PP/EPDM/AT ternary blends
were determined by DMA techniques. The tempera-
ture dependence of storage modulus E0, loss modulus
E00 and tan � at 1Hz are shown in Figure 2a–c respec-
tively.
It’s shown in Figure 2a that E0 of the pure PP was

higher than that of PP/EPDM blends, resulted from
the addition of elastomer EPDM with lower modulus
relative to PP matrix. It can be seen clearly that PP/
EPDM/AT hybrids had higher E0 values than that of
PP/EPDM system over whole temperature range,
demonstrating the reinforcement effects of AT fibrillar
crystals. From Figure 2b, one can see that the E00

peaks of PP/EPDM blend and PP/EPDM/AT ternary
blend was higher than that of PP at about �60 �C,
which may be mainly attributed to the energy dissipa-
tion of dispersion phase, including the inter-chain fric-
tion of EPDM, inter-phase friction between EPDM
and AT crystals, and between loose-stacking crystal
bundles. However, E00 peaks for the former two sys-
tems was remarkably lower than that for PP at about
0 �C, which may be mainly attributed to the energy
dissipation of continuous phase (PP).
Figure 2c shows the temperature dependence of the

loss factor for the blended systems. The loss factor of
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Figure 2. The temperature dependence of dynamic mechanical behavior for PP, PP/EPDM, PP/EPDM/AT.
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the blend depends on both the storage modulus and
the loss modulus. The loss factor peaks located near
�60 �C for PP/EPDM and PP/EPDM/AT systems
correspond to the glass transition of EPDM,5 whereas
the dominant loss factor peaks around 0 �C for all the
blends represent the glass transition of PP.17 This fur-
ther proved the ‘‘sea-island’’ morphology of the terna-
ry blends as observed afore. A slight displacement of
the glass transition peak of PP to lower temperature
was observed as the result of the presence of EPDM
with low glass transition temperature (Tg). It was also
true that the transition peaks of PP in ternary blend
became wider and weaker at the higher loading of
EPDM. Evidently, the Tg of the EPDM in PP/
EPDM/AT (100/20/5) ternary system was higher
than that of PP/EPDM(100/20), and the Tg transition
region of EPDM was broaden. It is explained that, in
this system, the incorporation of AT could cause im-
mobilization of part EPDM chains besides free EPDM
dispersed particles. This again proved that the mor-
phology structure of PP/EPDM/AT ternary blends
was of an encapsulation type, where AT was encapsu-
lated by EPDM. Similar results have been reported for
PP/EVA/CaCO3 blends with encapsulation structure,
in which CaCO3 particles was encapsulated by EVA.
As a result, the glass transition of EVA was broadened
and Tg shifted towards higher temperature.18

At about �60 �C, the loss factor for the PP/EPDM
and PP/EPDM/AT blends was higher due to intro-
duction of EPDM, compared with PP. Similarly, the

loss factor for PP/EPDM/AT systems increased with
the rising EPDM at the same AT loading but the Tg of
the EPDM little changes. It was abnormal that the loss
factor located near �60 �C for PP/EPDM/AT (100/
20/5) was evidently higher than that for PP/EPDM
(100/20). As we know, the introduction of the inor-
ganic filler can weaken the viscoelasticity of polymer
in glassy transition region and therefore lower its loss
factor. This phenomenon might be related with the
dispersion morphology of AT encapsulated in EPDM.

Impact-fractured morphology
To understand the toughening mechanism of PP/

EPDM/AT ternary blends, the SEM micrographs
of impact fracture surface for the PP/EPDM, PP/
EPDM/AT are shown in Figure 3a–c respectively.
The typical ductile fracture morphology for PP/
EPDM blend was observed. As pointed out by
Wu,19 the crazing initiation has been regarded as the
well-known mechanism for brittle polymer. PP is brit-
tle polymer with low crack initiation and low crack
propagation energies during impact. The rubber parti-
cles in matrix may help to initiate the crazings, and
terminate the crazings when the rubber particle size
is comparable to the crazing thickness. As shown in
Figure 3a, a great deal of crasings with tearing pieces
were observed on the coarse fracture surface of PP/
EPDM sample. Besides the initiation of crazing, the
matrix crazings around EPDM particles may encoun-
ter each other so as to absorb impact energy. For the

(a) (b)

(c)

(a) PP/EPDM=100/20;  (b), (c) PP/EPDM/AT=100/20/5

Figure 3. The impact fracture morphology of PP/EPDM and PP/EPDM/AT.
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ternary PP/EPDM/AT system, a distinctly different
fracture surface were observed in Figure 3b, 3c, where
matrix yielding and tearing pieces with dimples on
fractured surface was weakened. However, a number
of particles embedded in the matrix were detached
and interface cavities around them even some small
holes were left. These pulled-out particles could be
EPDM/AT particles. When the matrix is subject to
impact, the cavities formed around particle-polymer
boundaries will release the plastic constraint in the
matrix and trigger large-scale plastic deformation,
significantly improving the fracture toughness of the
matrix.20 For the ternary PP/EPDM/AT system,
besides the effect of EPDM, the slippage between
AT fibrillar single crystals or loose-stacking crystal
bundles during the deformation of dispersed encapsu-
lation particles may absorb energy, resulting in the
synergetic improvement of impact strength. On the
other hand, due to the incorporation of fibrillar sili-
cate, the stiffness of dispersed encapsulation particles
was detrimental to the initiation and extension of
matrix crazing. Moreover, when the loading amount
of AT was relatively high, the AT agglomerates may
act as stress concentration sites to induce the develop-
ment of the cavities at the particle-polymer bounda-
ries, leading to the reduction of impact strength.
Therefore, the micromechanical deformation proc-
ess-mainly debonding of dispersed particles and shear
yielding was mainly responsible for impact resistance
of the ternary blends.

CONCLUSIONS

It was concluded that the morphology of encapsula-
tion structure like sandbag was formed in PP matrix
besides neat EPDM dispersion phase, where EPDM
encapsulated fibrillar silicate attapulgite (AT), via
two-step melt blending process. Meantime, as for
PP/EPDM/AT ternary blends, the typical ‘‘sea-
island’’ morphology was observed, and the most-odds
diameter (Dm), the number-average diameter (Dn) and
the weight-average diameter (Dw) of the dispersed
particles in ternary blends decreased with increasing
EPDM. PP/EPDM/AT ternary blends showed higher
yield strength and dynamic modulus than the corre-
sponding PP/EPDM binary systems due to the rein-
forcement of AT. PP/EPDM/AT ternary blend (100/

20/5) possessed the balanced yield strength (21.9
MPa) and impact strength (47.7 kJ�m�2), relative to
23.0MPa and 9.4 kJ�m�2 of PP. The micromechanical
deformation process-mainly debonding of dispersed
particles and shear yielding was mainly responsible
for impact resistance of the ternary blends.
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