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Abstract Various phase structures can be formed by rubber and rigid particles in a polymer. Which is more beneficial to the impact toughness
and rigidity, as well as their balance. This has been unclear until now. In this study, polymer composites with typical three-phase structures, that
is, hard core-soft shell particles, soft core-hard shell particles, and two types of separated particles, were studied theoretically. The calculated re-
sults indicate that the soft core-hard shell structure is the best for enhancing the modulus in these three-phase structures, whereas the hard core-
soft shell structure is the worst. On the other hand, both core-shell structures are beneficial for enhancing toughness, whereas the two types of
particle-separated structures are not. These theoretical results are supported by the experimental results for polypropylene (PP), ethylene-propy-

lene-diene monomer (EPDM) rubber, and SiO, composites.
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INTRODUCTION

Rigidity and toughness are the two key parameters that deter-
mine whether a polymer can be used as an engineering materi-
al. Rubber and rigid particles are generally used to toughen and
stiffen polymers, respectively.' However, improving the rigid-
ity and toughness simultaneously using rubber or rigid particles
alone is difficult® It has been reported that the impact
strength increases from 5 kJ/m? to 37 kJ/m? when 15 wt% ethy-
lene-octene copolymer (POE) is added to polypropylene (PP),
whereas the Young’s modulus decreases from 1060 MPa to 670
MPa, which is 36.8% less than that of pure PP.l'?! Introduction of
rigid particles alone can lead to an increase in rigidity; however,
it generally results in a decrease in toughness. Notably, in some
special cases, polymers can be toughened by adding rigid parti-
cles.>'"T However, ductile fracture can be obtained only at room
temperature or above. Therefore, rubber and rigid particles
have been used together to overcome the trade-off between
rigidity and toughness, which has become a favorable topic in
both polymer science and engineering.l'>=""]

It is well known that the mechanical properties of a poly-
mer composite strongly depend on its phase structure
formed by rubber and rigid particles in the polymer matrix.
Dubnikova et al. prepared PP/glass bead/ethylene-propylene
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rubber composites with various phase structures and report-
ed that an optimal stiffness—toughness balance can be ob-
tained by coating rigid particles with an elastomer shell.l"é!
Similarly, Wang et al. reported that both the impact tough-
ness and rigidity of PP/POE/SiO, composites were syn-
chronously enhanced when SiO, particles were surrounded
by an ethylene-octene copolymer (POE) elastomer in the PP
matrix. The notch impact strength and flexural modulus of
the toughened PP can reach 44.6 kJ/m?, which is 5.4 times
greater than that of PP, and 1.6 GPa, which is 1.4 times
greater than that of PP.['9 Moreover, Yang and Fu et al. re-
ported a unique structure in which the majority of EPDM par-
ticles were surrounded by SiO, particles in the PP matrix, re-
sulting in a dramatic increase in the Izod impact strength as
the rubber content increased in the range of brittle-ductile
transition (15 wt%-20 wt%).2% Furthermore, Hajibabazadeh
et al. reported that a phase structure in which rubber do-
mains and nanoparticles were separately distributed in the PP
matrix resulted in the lowest fracture parameters in the
PP/EPDM/SiO, composite.2l These experimental results
clearly show that both the toughness and rigidity of
polymer/rubber/rigid particle composites depend on their
phase structures. However, the structure is more rigid. Which
structure is more beneficial for the toughness. Which struc-
ture is more beneficial for balancing the toughness and rigidi-
ty. Such questions have not yet been answered. The purpose
of this study is to answer these questions through theoretical
and experimental investigations.
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EXPERIMENTAL

Raw Materials

Commercial-grade isotactic polypropylene (iPP) (marked as T30;
Fujian Zhongjing Petrochemical. Co., Ltd.) with a melt flow in-
dex of 3.0 g/10min (230 °C, 2.16 kg) was used as the primary
component. An ethylene-propylene-diene monomer (EPDM)
(EP35, Japan Synthetic Rubber Co., Ltd.) was used. The Mooney
viscosity was 83 (100 °C), the PP content was 43%, and the third
monomer was ethylidene norbornene (ENB), hydrophilic silica
(SiO,, AEROSIL200) was purchased from Evonik Degussa, Ger-
many), and the particle size ranged of 10-30 nm.

Preparation of PP/SiO,/EPDM Composites

First, PP, SiO,, and EPDM were dried in a vacuum oven at 80 °C
for 4 h to remove the adsorbed moisture. To obtain different
phase structures, one- and two-step processing methods were
employed. In the one-step method, PP, EPDM, and SiO, were
mixed by melting for 10 min. In the two-step method, PP and
SiO, were first blended by melting for 6 min, and EPDM rubber
was subsequently added and blended for 10 min. They were
melt-blended in a HAAKE XSS-300 internal mixer (KCCK, Shang-
hai, China) at different weight ratios to prepare the
PP/SiO,/EPDM composites. Blending was performed at 60 r/min
and 190 °C.

Mechanical Properties

The prepared samples were compression molded into 3.2 mm
and 1 mm sheets using a plate vulcanizing machine (XLB, Qing-
dao, China) with a holding pressure of 10 MPa at 190 °C for ap-
proximately 5 min. The standard samples for the notched Izod
impact test were rectangular bars with dimensions of 63.5 mm
% 12.7 mm X 3.2 mm (length x width x thickness). The samples
for the tensile test were cut into dumbbell shapes with dimen-
sions of 50 mm x 4 mm X 1 mm (length x width x thickness).
The notched Izod impact strengths of the composites were
measured according to the ASTM D256-10 test method using
an lzod impact test machine (XJUD-5.5; Jinjian Testing Instru-
ment Co., Ltd., China). A 45° V-shaped notch (depth of 2.5 mm)
was cut into samples using an autocycle test sample notching
cutter. Tensile tests were performed on a universal tensile ma-
chine (Instron-1121, UK) at a cross-head speed of 50 mm/min
following ASTM D638-14 at room temperature (23+2 °C), and
the dimensions of the samples were 50 mm X 4 mm x 1 mm
(length x width X thickness). The mechanical properties of each
sample were determined using five replicates. All samples were
maintained at 23 °C for 24 h before the test.

Microstructure of PP/SiO,/EPDM Composites

Scanning electron microscopy (SEM, Thermo Scientific Apreo 25
HiVac) was used to observe the morphology of the prepared
composites. The samples were immersed in liquid nitrogen and
cryogenically fractured. The fracture surface was then etched
with n-heptane at 60 °C for 12 h to clearly observe the EPDM
phase dispersed in the composite. Finally, the etched fracture
surface was dried and sputter-coated with gold powder before
SEM measurement. The SEM measurements were performed at
an acceleration voltage of 2.0 kV.

MODELS AND THEORIES

The composites we studied contained three components: a ma-

trix polymer, rubber, and rigid particles. Their moduli were ob-
tained based on the three-phase model developed by
Takayanagi's two-phase model.”#?3! The schematic diagram of
three typical phase structures formed by rubber or elastomer
and rigid particles and the equivalent model for their moduli
and the contribution of each phase to the modulus under uni-
axial tension Tis shown in Fig. 1.

First, we consider the case in which rubber or elastomer
and rigid particles are separated in a polymer matrix, as
shown in Fig. 1(a). The calculation of the Young’s modulus of
the composite can be simplified to that shown in Fig. 1(b) and
further divided into different elements, as shown in Fig. 1(c),
based on the phase relation in the tensile test. The two dis-
persed phases are assumed to be anisotropic, that is, the
height and width are equal for each phase region, as indicat-
ed in Fig.1(b), and the area of each phase corresponds to its
volume fraction, that is,

(pa:az and gg :ﬁ2 (1)

? =04+ 0 )
where ¢ refers to the total volume fraction of a and 8 phases.
The relative modulus of the composite can be obtained
from Fig. 1(c):
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where £, E,, E; and Egare the moduli of the composite, matrix
polymer, a phase, and 8 phase, respectively.

Second, we studied the phase structure in which rubber or
elastomer particles were surrounded by rigid particles in a
polymer matrix. This structure was obtained in a PP/EPDM
rubber/SiO, rigid-particle system by Fu et al.l?% To perform
quantitative calculations, we consider an ideal case, that is,
rigid particles located near rubber particles, as shown in Fig.
1(d). Notably, encapsulated rubber particles can deform un-
der stress. Similarly, the equivalent model of the modulus and
contribution of each phase to the modulus under uniaxial
tension T are shown in Figs. 1(e) and 1(f), respectively. The
modulus of a composite with this phase structure can be ob-
tained as follows:

Ec G—ﬁ ﬁ

—=|1-a+ +

E, Eq o | E
(1-a)+ag" (1-a)+(a-ﬁ)§—m+3é

(4)
Third, we studied the phase structure in which rigid parti-
cles were covered by rubber or elastomer, forming core-shell
particles, as shown in Fig. 1(g). This structure was obtained
and studied in a PP/POE elastomer/SiO, rigid-particle system
by Dizaji et al. and Wang et al.'%24 For comparison with the
above two-phase structures, the equivalent model for the
modulus and contribution of each phase to the modulus un-
der uniaxial tension T are given in Figs. 1(h) and 1(i), respec-
tively. The modulus of a composite with this phase structure
can be obtained as follows:
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Fig. 1 Schematic diagram showing three typical phase structures formed by the rubber (pink circle) or elastomer and rigid particles (bule circle)
and the equivalent model for their moduli and the contribution of each phase to the modulus under uniaxial tension T (connected in series). (a)
Rubber or elastomer and rigid particles dispersed separately in a polymer matrix and its equivalent model for the modulus (b) and the contribution
of each phase to the modulus (c); (d) Rigid particles near the rubber or elastomer particles in a polymer matrix and its equivalent model for the
modulus (e) and the contribution of each phase to the modulus (f); (g) Rigid particles encapsulated by rubber or elastomer forming core-shell
particles and its equivalent model for the modulus (h) and the contribution of each phase to the modulus (i).
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THEORETICAL RESULTS AND DISCUSSION

In this study, we used PP/rubber/SiO, rigid particle composites
as examples and set E/E,, = 90/1 (a refers to the SiO, phase)
and Eg/E,, =1/300 (B refers to the rubber phase). From Egs.
(1)—(5), we can calculate the variation in the relative modulus
(E/E,) with respect to the total volume fraction of the two dis-
persed phases () for the three-phase structures.

Rubber or Elastomer and Rigid Particles Dispersed
Separately in a Polymer Matrix

The results calculated by Egs. (1)-(3) are shown in Fig. 2. The
modulus increased monotonically with ¢ if p./pg>1. However,
the modulus increased to a peak value and then decreased with
increasing ¢ if p,/pp<1. Moreover, the peak position shifted in
the higher-¢ direction with increasing ¢./¢g.

Let us now consider the toughness of the composites. In
the case in which rubber or elastomer and rigid particles are
dispersed separately in a polymer matrix, the increase in
toughness is attributed mainly to rubber particles. Fu et al. re-
ported that adding SiO, particles to pure PP leads to a reduc-

25
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Fig.2 Variation in the relative modulus (E/E,,) with respect to the
total volume fraction of the two dispersed phases (¢) for various
9o/ g ratios, in which E/E, =90 and Eg/E, =1/300.

tion in toughness. On the other hand, the toughness in-
creased with the addition of pure EPDM rubber, and a sharp
brittle ductile transition occurred. The fracture is ductile if the
EPDM content is greater than 15 wt%; otherwise, it is brittle.
With respect to ductile fracture, that is, when the EPDM con-
tent was 30 wt%, the addition of SiO, had less effect on the
toughness. Notably, the highest SiO, content added was only
5 wt%, that is, the results for higher SiO, contents have not
been reported.l20
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Rigid Particles Near the Rubber or Elastomer Particles
in a Polymer Matrix

The results calculated using Egs. (1), (2) and (4) are shown in Fig.
3. The modulus increased monotonically with increasing ¢ for all
@4/ pg ratios, even when the ratio was as low as 1/3. Moreover,
the modulus in Fig. 3 is higher than that in Fig. 2 for the same
values of ¢ and p4/@g. In Fig. 3, E/E,, can reach 2.52, whereas it is
1.77 inFig. 2, for p=0.4 and ¢,/pg=1. The results indicate that the
phase structure in which rigid particles are near the rubber par-
ticles is more effective in enhancing the composite rigidity than
the structure in which the rubber and rigid particles are dis-
persed.

0 0.1 0.2 0.3 0.4 0.5 0.6

2
Fig. 3 Variation in the relative modulus (E/E,,) with respect to the
total volume fraction of the two dispersed phases (¢) for various
@o/pg ratios, in which E/E,, = 90 and Eg/E,, =1/300.

To determine the composite toughness, we considered
rubber particles surrounded by rigid particles as spherical
toughness modifiers. Based on previous theoretical and ex-
perimental studies, the moduli of the modifiers (Eogifier)
should be less than 1/10 that of the matrix, that is,[25-27]

Emodifier/Em = 1/10 (6)
Considering the modifier as a sphere composed of two
phases (Fig. 1d), the modulus can be obtained as follows:

-1
Emodifier = (Z_: + (1 Eﬂva))

where V, is the volume fraction of a phase in the modifier. Tak-

ing Eo/Er, = 90 and Eg/E, =1/300, V, < 96.7% according to Egs.

(6) and (7). This means that the volume fraction of SiO, in the

modifier should be less than 96.7% to effectively toughen PP. In

contrast, as shown in Fig. 1(d), the diameter of the modifier is

7)

2d, + dg, where d, and dj are the diameters of the SiO, and rub-
ber particles, respectively. Therefore, the diameter of the modi-
fier for such a structure should be larger than the diameter (d, +
rubber shell thickness) of the rubber-covered rigid particles,
leading to a decrease in the toughening efficiency. Therefore,
nanoscale SiO, particles should be used to increase the tough-
ness. Fu et al. reported that EPDM and SiO, particles (10-30 nm
in diameter) could form a phase structure in which the EPDM
particles were surrounded by SiO, particles. The addition of SiO,
particles can increase the toughness of the composites. Howev-
er, the highest SiO, content was 5 wt%, and the SiO, particles
tended to aggregate together. This indicates that obtaining
such a phase structure is difficult for higher SiO, contents.

From the above results and discussion, the phase structure
in which rigid nanoscale particles are near the rubber parti-
cles in a polymer matrix, as shown in Fig. 1(d), is more benefi-
cial for enhancing rigidity and toughness.

Rigid Particles Encapsulated by Rubber or Elastomer,
Forming Core-Shell Particles

The results calculated using Egs. (1), (2) and (5) are shown in Fig.
4. As shown in Fig. 4(a), the modulus increased to a peak value
and then decreased continuously with increasing ¢ for all p,/¢g
ratios. Moreover, both the peak position (gpe) and value in-
creased with increasing ¢,/pg as shown in Figs. 4(b) and 4(c).
Notably, it is quite difficult for E./E,, to reach 2 even for greater
contents of core-shell particles if p,/pg is smaller than 5.

For comparison, the variation in the relative modulus
(E/E,) with respect to the total volume fraction of the two
dispersed phases (¢) for the three-phase structures with
po/pg=1is shown in Fig. 5. A phase structure in which rubber
particles are closely surrounded by rigid particles is the most
effective for enhancing rigidity, whereas a phase structure
with rigid particle-covered rubber is the least effective. More-
over, the difference in the rigidity of the three-phase struc-
tures increases with an increase in the total volume fraction
of the two dispersed phases (p).

The studied phase structures (Fig. 1) are ideal models. For
example, a phase structure in which rigid particles are cov-
ered by rubber means that all rigid particles are covered by
rubber. However, it was difficult to ensure that 100% of the
rigid particles were covered. With an increase in the rigid par-
ticle content, some rigid particles are separated in the matrix,
forming coexisting phase structures of covered rubber and
two separated phases. As a result, the modules at higher SiO,
contents should be higher than those predicted from the
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Fig.4 Variation in the relative modulus (E/E,) with respect to the total volume fraction of the two dispersed phases () for various ¢./¢g ratios (a);

variations in the peak position (b) and peak value (c) with ¢,/¢g.
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4.0  1: Rubber particle surrounded by rigid particle

2: Rubber and rigid particles individually dispersed

35 | 3: Rigid particle covered by rubber
"~ | m Experimental results
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Fig. 5 Variation in the relative modulus (E./E,,) with respect to the
total volume fraction of the two dispersed phases () for the three
phase structures in which ¢,/pz=1. For the purpose of comparison,
the experimental results of Fig. 6(a) in Ref. [19] are plotted.
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Fig. 6 Variation in the Young’s modulus and notch Izod impact
strength of the PP/EPDM blend with EPDM content.

model in which 100% of the rigid particles are covered by
rubber. However, it should be lower than that predicted by
the model in which the rubber and rigid particles are com-
pletely separated. For comparison with the experimental re-
sults, the experimental results in Fig. 6(a) in Ref. [19] are plot-
ted in Fig. 5. The volume fraction or ratio was used in this the-
oretical study, whereas the weight fraction or ratio was used
in the experiment. ' For example, if the weight ratio of POE
to SiO, is 1:3, the volume ratio of POE to SiO, is approximate-
ly 1:1, that is, p:pg=1 in this study. From Fig. 5, it can be ob-
served that the experimental results are in good agreement
with the theoretical prediction (Line 3) at lower contents, in-

w
wv

Fra
—=— Two step
—e— One step

w
o

= = NN
o v o u
T T T T

t

Izod impact strength (kJ/m?)

w
T

0 5 10 15 20
SiO, content (wt%)

dicating that most SiO, particles are covered by POE. Howev-
er, the experimental results are clearly higher than the theo-
retical prediction (Line 3) at higher content, however, they are
lower than the theoretical prediction (Line 2), indicating that
more SiO, particles are individually separated in the PP ma-
trix at higher SiO, contents.

For composite toughness, the modulus of the modifier, as
shown in Fig. 1(g), should be less than 1/10 that of the matrix.
Similarly, according to Egs. (6) and (7), the volume fraction of
SiO, in the modifier should be less than 96.7% to effectively
toughen the PP. Moreover, both experimental and theoreti-
cal studies indicate that a soft shell and hard core are more
beneficial for balancing the impact toughness and
rigidity.28.291 The notch impact strength and flexural modulus
are 584.9 J/m and 953 MPa, respectively, for the PE core-EPR
shell rubber particle-toughened PP and 609.6 J/m and 1100
MPa, respectively, for the PP core-EPR shell rubber particle-
toughened PP.[281 However, the impact toughness and rigidi-
ty of the PP/POE/SiO, composite can reach 44.6 kJ/m? (ap-
proximately 446 J/m) and 1600 MPa, respectively, for the SiO,
core-POE shell particle-toughened PP, indicating an excellent
balance between the impact toughness and rigidity.[*]

EXPERIMENTAL RESULTS AND DISCUSSION

First, we experimentally studied the binary PP/EPDM system.
The variation in the Young’s modulus and notch Izod impact
strength of the PP/EPDM blend with respect to the EPDM con-
tent is shown in Fig. 6. Young’'s modulus decreased from 911
MPa to 612 MPa as the EPDM content increased from 0 wt% to
20 wt%. However, the notch Izod impact strength tends to in-
crease with increasing EPDM content, and a sharp brittle ductile
transition occurs. The fracture is ductile if the EPDM content is
greater than 20 wt%,; otherwise, it is brittle, indicating that 20
wt% is the critical rubber content for brittle duction transition. In
subsequent studies, the EPDM content in the PP matrix was
fixed at 20 wt%, and the SiO, content was variable.

For the PP/SiO,/EPDM composites, compared with those in
the one-step processing, the SiO, particles in the two-step
processing have a greater possibility of achieving separate
distributions in the PP matrix. This affects the modulus and
toughness of the composites, as described below. The notch
Izod impact strength of the PP(80)/EPDM(20)/SiO, composite
with respect to SiO, content is shown in Fig. 7(a). The intro-

1100

b
1000 F —a— Two step
900 | —e— One step

800
700
600

Young's modulus (MPa)

500

0 5 10 15 20
SiO, content (wt%)

Fig. 7 Variations in notch Izod impact strength (a) and Young’s modulus (b) of the PP(80)/EPDM(20)/SiO, composite with respect to the SiO,

content.
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7 o o

Fig. 8 SEM images of the cryofractured surfaces of the PP(80)/EPD
melting methods (top row: two steps; bottom row: one step).

duction of SiO, can lead to an increase in the notch Izod im-
pact strength in one step; however, this cannot be achieved
in the two-step process. The variation in Young’s modulus of
the PP(80)/EPDM(20)/SiO, composite with respect to the SiO,
content is shown in Fig. 7(b). The modulus of the composite
prepared in two steps was obviously greater than that of the
composite prepared in one step. As the materials and their
compositions remained unchanged, this difference in moduli
likely resulted mainly from the phase structure formed by
EPDM and SiO, in the PP matrix.

To reveal the effect of the phase structure formed by the
EPDM and SiO, on the mechanical properties of the PP ma-
trix, SEM images of the cryofractured surfaces of the
PP(80)/EPDM(20)/SiO, composites etched with n-heptane are
shown in Fig. 8. More SiO, particles were separately distribut-
ed in the PP matrix for the composite prepared by the two
steps, that is, blending PP and SiO, first. Therefore, the theo-
retical and experimental results (Figs. 2 and 7b) show that the
modulus increases with increasing SiO, content for such
phase structures. Moreover, such a phase structure is not
beneficial for improving toughness, as indicated by the ex-
perimental results (Fig. 7a). However, the SiO, particles in the
composite produced in one step were more likely to be en-
capsulated by rubber. Such a phase structure is beneficial for
toughness, as shown in Fig. 7(a), but does not increase rigidi-
ty, as shown in Fig. 7(b). Moreover, as shown in Fig. 7(b), the
modulus of the composite obtained in one step was less than
that of the composite obtained in two steps, particularly at
high SiO, content. This finding is in agreement with the theo-
retical results (Fig. 5). Finally, as shown in Fig. 8, an increasing
number of SiO, particles tend to aggregate with increasing
SiO, particle content. Therefore, the impact strength of the
composite prepared in one step is clearly lower than that of
the composite toughened by SiO, core-POE shell rubber par-
ticles but higher than that of the composite prepared in two
steps.[9]

Finally, it is noted that the interface between the phases is
not considered in this study based on the following consider-
ations: Previous studies have shown that the brittle ductile

5 u ‘ 5 p

M(20)/SiO, composites etched by n-heptane for different SiO, contents and

transition can be determined by modifier size and content,
modifier and matrix polymer properties, rather than the inter-
facial bonding between the phases;¢30311 comparing with the
modifier size, the interface thickness is so small that its effect
can be approximatively ignored.

CONCLUSIONS

The effects of the phase structures formed by rubber and rigid
particles in a polymer matrix on the rigidity and toughness of
polymer/rubber/rigid particle composites were studied. The re-
sults show that the polymer rigidity and toughness can be si-
multaneously enhanced for a phase structure in which rubber
particles are closely surrounded by rigid particles or a phase
structure in which rigid particles are covered by rubber; howev-
er, it is difficult to simultaneously enhance the rigidity and
toughness of a phase structure in which rubber and rigid parti-
cles are separately dispersed. Moreover, the phase structure in
which rubber particles are closely surrounded by smaller rigid
particles is more effective in simultaneously increasing the rigid-
ity and toughness of the polymer. However, it is difficult to ob-
tain such a phase structure experimentally. Compared with one
phase modifier (only rubber or rigid particles), the impact
toughness and modulus can be increased synchronously by the
two phase modifiers with core shell structures, whereas they
cannot generally be increased by a single-phase modifier. This
study provides new insights into the relationship between the
mechanical properties and phase structure of polymer compos-
ites and is helpful for designing and preparing polymer materi-
als with high rigidity and toughness.
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