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Abstract Polypropylene (PP) can be toughened by adding elastomers or constructing core-shell structures, although the toughening efficiency
of both approaches is limited. Herein, a synergistic dual-phase toughening method is proposed by introducing high-density polyethylene (HDPE)
into ethylene-propylene rubber (EPR) and isoprene rubber (IR) composite systems. This resulted in an HDPE@EPR core-shell particle structure
alongside finely dispersed IR particles. Interfacial tension promotes adhesion between the EPR shell and IR, concurrently reducing the size of the
IR domains and interparticle spacing of the rubber phase. By optimizing the HDPE content, a loading of 15 phr resulted in a well-defined core-
shell morphology with minimized IR domains. This enables the fabrication of a PP alloy exhibiting exceptional low-temperature impact tough-
ness (35.8 kJ/m? at -20 °C) and an optimal strength-toughness balance. However, surpassing the optimal HDPE content triggers IR particle aggre-
gation, because the thinned EPR shell fails to fully encapsulate the HDPE core, while interfacial tension-driven repulsion facilitates this process. Fi-
nite-element simulation results demonstrated a significant synergistic toughening effect between the HDPE@EPR core-shell particles and IR par-
ticles. Under low-temperature impact loading, stress and strain are concentrated at the core-shell interface and around the IR particles, which ef-
fectively inhibits rapid crack propagation, thereby significantly enhancing the low-temperature toughness of the material. This dual-dispersed
phase design strategy offers a promising pathway for the development of high-performance PP composites for demanding low-temperature ap-
plications.
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INTRODUCTION

Polypropylene (PP) exhibits excellent mechanical properties;
however, its impact resistance is poor, particularly at low tem-
peratures. This limitation significantly restricts their widespread
application in demanding environments. In recent years, tough-
ening techniques for PP have primarily included physical tough-
ening (e.g., rubber toughening,' ! core-shell particle toughen-
ing,>® and inorganic filler toughening®'¥) and chemical
toughening (e.g., interfacial capacitance enhancement, vulcan-
izing agent cross-linking,’#*'%~'%1 and IPC for high-impact PPU'"),

It is well known that incorporating rubber into a plastic ma-
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trix can enhance the toughness of plastics.l'®'9 However, in
rubber-toughened plastic systems, it is difficult to simultane-
ously achieve both high tensile strength and high impact
toughness. Several advanced techniques have been devel-
oped to achieve a balance between the strength and tough-
ness of PP and PP composites.l'!1820-271 Among these meth-
ods, increasing the rigidity of dispersed phase particles—by
adding inorganic or organic rigid particles—has proven to be
an effective strategy for obtaining polymeric materials with a
balanced combination of strength and toughness. For in-
stance, incorporating core-shell structures('®! into rubber-
toughened PP. Within this architecture, the rigid core facilitat-
ed efficient stress transfer and enhanced the load-bearing ca-
pacity, while the soft elastic shell promoted stress dissipation
through cavitation and induced shear yielding in the
matrix.l?8-31 Lj et al. further found that optimizing the core-
shell modulus ratio, specifically by employing a higher core
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modulus and a lower shell modulus, significantly increases
the rigidity of polymer composites while maintaining high
impact toughness.B% Shangguan et al. demonstrated that a
core-shell structure can be created via simple melt blending,
which effectively increases the interfacial area of the ethy-
lene-propylene rubber (EPR) phase and enhances the equiva-
lent content of the rubber phase in the system, thereby sig-
nificantly improving the impact performance of the PP
alloy.l57:817321 However, the toughening effect of a single-rub-
ber system inherently reaches a theoretical upper limit and is
often accompanied by challenges such as oversized dis-
persed-phase particles and non-uniform distribution. Further-
more, achieving a balance between impact strength and stiff-
ness by controlling the dispersed phase size and distribution
uniformity using physical method, remains challenging.

Previous studies have demonstrated that composite rub-
ber exhibits superior toughening effects compared to single
rubber. For instance, Fowler et al. used a styrene-butadiene-
styrene block copolymer (SBS) and emulsion-made methyl
methacrylate-grafted rubber to toughen the styrene-acryloni-
trile copolymer (SAN).BZ The results indicated that even at
high concentrations (up to 50%), a single rubber failed to sig-
nificantly improve the toughness of SAN. In contrast, the hy-
brid rubber system generated a remarkable synergistic
toughening effect, far surpassing the performance of the indi-
vidual rubbers. This synergy underpins the design of several
industrial rubber materials.l>3!

Building on this, polymer core-shell particles offer superior
toughening effects compared to conventional elastomers,
whereas composite rubber systems exhibit synergistic en-
hancement effects that surpass those of single-rubber sys-
tems. Isoprene rubber (IR)34351 offers high elasticity, relatively
good low-temperature resistance, and high tensile strength,
while EPR exhibits excellent compatibility with PP.36=381 |n
this study, IR composite rubber particles were introduced
based on the traditional core-shell particles formed by high-
density polyethylene (HDPE) and EPR (HDPE@EPR) for the
purpose of toughening PP. Critically, we exploited the interfa-
cial tension of the HDPE@EPR core-shell particles to simulta-
neously reduce the size of the composite IR particles through
EPR shell-IR adhesion driven by interfacial tension. This pro-
cess also achieves synergistic toughening between the
HDPE@EPR core-shell particles and the IR composite rubber.
By adjusting the HDPE core content, we effectively optimized
the size distribution of the dispersed phase, thereby success-
fully preparing a PP alloy that combines excellent low-tem-
perature impact toughness with favorable strength-tough-
ness balance. Through a systematic investigation of the mor-
phology, rheological behavior, and dynamic mechanical
properties, combined with finite element simulation analysis,
the synergistic toughening mechanism of the HDPE@EPR
core-shell particles and IR rubber particles on PP was further
elucidated.

MATERIALS AND METHODS

Materials

Commercial grade isotactic polypropylene (iPP, T300, melt
mass-flow rate (MFRY): 3.0 g per 10 min (ISO 1133), M,,=21.0x10%,
M,,/M,=3.51) was supplied by Shanghai Petrochemical (China).

Isoprene rubber (IR,2200) was sourced from Rion (Japan). Ethy-
lene propylene rubber (EPR, J-0050, ethylene mass fraction is
about 51.6%, M,,=27.20x10% M,,/M,=2.13) was supplied by Jilin
Petrochemical (China). High-density polyethylene (HDPE,5000S,
MFR: 0.9 g per 10 min, M,=12.0x10% M,/M,=4.89) was pur-
chased from Daging Petrochemical (China).

Sample Preparation
All the blends discussed in this paper were prepared using a
Haake torque rheometer (Poly Lab QC, Thermoelectric Co., Ltd,
USA). First, composite rubber (EPR and IR) was prepared via
melt-mixing EPR and IR at a 1:1 mass ratio in a Haake rheometer
at 170 °C and 80 r/min for 10 min. Subsequently, PP was mixed
with pre-weighed components, including composite rubber
and HDPE, at 190 °C and 80 r/min for 15 min, with 2 wt% addi-
tion of antioxidant 1010 during processing. Each blend was la-
beled xPP/uHDPE@yEPR/zIR, where X, y, and z correspond to the
mass fractions of PP, EPR, and IR, respectively, with the total rub-
ber content y + z fixed at 30. u indicates the mass ratio of HDPE
to the total mass of the PP/EPR/IR matrix, that is, the amount of
HDPE added, expressed in phr. All the composite compositions
discussed in this paper were named according to this rule.
Standard specimens for mechanical property testing were
produced using a BP-8180-A injection molding machine from
China Baopin Precision Instrument Co., Ltd. The injection
temperature was set at 200 °C, the injection pressure was
10 MPa, and the holding time was 15s.

Characterization

Notched Charpy impact testing was performed using a Charpy
impact testing machine (XJJUD-5.5(5)) in accordance with ISO
179-1:2000, produced by Xiamen Chongda Intelligent Technol-
ogy Co., LTD, China. Prior to testing, specimens featuring a 45°
V-notch were conditioned at the specified temperature for 12 h,
and the results represent the average of five samples.

Tensile strength was evaluated using a computer-con-
trolled universal testing machine (Model5969, INSTRON, USA)
following GB/T 1040.2-2006. The dumbbell-shaped speci-
mens were stretched at room temperature with a speed of 50
mm/min. Each test was repeated at least five times, and the
average value was taken as the final result.

Dynamic mechanical analysis (DMA) was performed using a
DMA 242E analyzer (NETZSCH, Germany) using the single
cantilever mode. Temperature scans were conducted from
-100 °C to 100 °C at a heating rate of 3 °C/min, using a fre-
quency of 1 Hz and an oscillation amplitude of 30 um.

The coefficient of thermal expansion (a) of the composites
was determined using thermomechanical analysis (TMA)
mode of the DMA 242E analyzer with a load of 5 mN and a
heating rate of 3 °C /min. The average value of a from -40 °C
to 80 °C was calculated.

The broken surface of the sample was examined using a
ZEISS Gemini 300 scanning electron microscope (SEM), manu-
factured in Germany. Prior to the testing, the specimens were
cryogenically fractured in liquid nitrogen. Subsequently, the
fractured surfaces were etched in n-octane at 50 °C for 4 h to
remove the rubber phase, and then dried in a vacuum oven
at 60 °Cfor 12 h.

The dispersed-phase structure was further characterized
using transmission electron microscopy (TEM). Ultrathin sec-
tions, approximately 60 nm in thickness, were obtained using
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an EMUC7 ultramicrotome (Leica Microsystems, Japan) at
-100 °C. After staining with RuO,, the slices were analyzed by
transmission electron microscopy (JEM-1230, JEOL, Japan) at
an acceleration voltage of 200 kV.

The thermal behavior of all samples was characterized us-
ing a differential scanning calorimeter (DSC204, NETZSCH,
Germany) under a nitrogen atmosphere. Initially, the sample
(5-10 mg) was cooled to 0 °C. A melting curve was then ob-
tained by heating the sample to 200 °C at 10 °C/min.

The viscosities of the samples were determined using a ro-
tational rheometer (ARES, TA Instruments, USA). The frequen-
cy sweep was performed from 100 rad/s to 0.01 rad/s at 190
°C with a strain amplitude of 5%, ensuring that the measure-
ments were taken within the linear viscoelastic region.

The contact angles between the polymer components and
the two test liquids were determined using a DSA 100 droplet
shape analyzer (KRUSS, Germany), and the surface tension
was calculated according to the Owens-Wendt-Rabel-Kaelble
(OWRK) method (the corresponding calculation processes are
presented in ESI).3%40 Distilled water and diiodomethane
were employed as polar and nonpolar test liquids, respective-
ly, with a droplet volume of 4 pL.

RESULTS AND DISCUSSION

HDPE@EPR Core-Shell Formation Reduces IR Domain
Size for Balanced Stiffness-Toughness in
Polypropylene

Fig. 1 presents the SEM images of the PP blends after etching
the rubber phase with n-octane. The dispersed rubber phase
was uniformly distributed in the PP/EPR, PP/IR, and PP/EPR/IR
systems. Notably, the interparticle distance (/) of the rubber do-
main in the PP/EPR/IR system was significantly reduced com-
pared to those of the PP/EPR and PP/IR blends. According to
Wu's theory,*! the interparticle distance of rubber particles
governs the brittle-ductile transition of polymers, where a small-
er interparticle spacing contributes to enhanced toughness. Up-
on the incorporation of 10 phr HDPE, a typical core-shell struc-

ture was formed (Figs. 1d and 1e), which effectively increased
the equivalent rubber content.®! Furthermore, a further reduc-
tion in the interparticle distance was observed, accompanied by
a broadening of the size distribution of the rubber-dispersed
phase.

The irregular porous structure observed by SEM, resulting
from the removal of the rubber phase in the PP blends via n-
octane etching, fundamentally limits the precision of this
characterization technique. Therefore, TEM was employed for
a more precise analysis of the structural characteristics of the
dispersed phase, as illustrated in Fig. 2. The IR phase appears
as black spherical domains within the PP matrix, with this
contrast arising from the RuQ, staining treatment, while the
gray spherical particles, which exhibit distinct contrast
against the matrix, are identified as the EPR phase. In Fig. 2(c),
the bright white region encapsulated by the EPR phase is as-
signed to the HDPE phase. Thus, the four-phase structures
comprising PP, IR, EPR, and HDPE can be distinctly distin-
guished. The particle diameters and their distributions are
shown in Fig. 2(d) and Fig. S1 (in the electronic supplemen-
tary information, ESI), respectively. In the PP/EPR/IR ternary
system, most of the EPR and IR dispersed phases exhibited in-
dependent distributions, with the size of the IR (about 590
nm) being significantly larger than that of the EPR (about 360
nm). This phenomenon is consistent with previous
literaturel®9l and can be explained by the higher compatibili-
ty between PP and EPR than that between PP and IR. After the
introduction of HDPE, a typical core-shell structure with HDPE
as the core and EPR as the shell (HDPE@EPR) was clearly ob-
served in the quaternary blend system (see the enlarged re-
gion in Fig. 2c), while the IR remained an independent dis-
persed phase. This structural difference arises from the regu-
lation of interfacial tension according to the spreading coeffi-
cient theory;*?! EPR tends to migrate toward the HDPE inter-
face, forming an encapsulating structure.*344 To further illus-
trate the stable core-shell structure formed by HDPE@EPR,
the coefficient of thermal expansion (a) of the composites
was measured, and the results are presented in Table S1 (in

Fig. 1 SEM images of different rubber-toughened or core-shell polypropylene alloys, observed on fracture sections after liquid nitrogen
quenching and octane etching: (a) PP/EPR (70/30); (b) PP/IR (70/30); (c) PP/EPR/IR (70/15/15); (d) PP/HDPE@EPR/IR (70/10@15/15); (e) the magnified

view of the region marked in (d).
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Fig. 2 TEM images of polypropylene alloys toughened with compound rubber/core-shell particles, following RuO, staining for contrast
enhancement: (a) PP/EPR/IR(70/15/15); (b) PP/HDPE@EPR/IR(70/10@15/15); (c) The magnified view of the region marked in (b). (d) Phase size

statistical results for PPR /HDPE/rubber composites.

Table 1 Surface tension results of different components at 25 and 190 °C, respectively.

Surface tension at 25 °C (mN/m)

Surface tension at 190 °C (mN/m)

Sample 5 ; 5 ;
y Y 14 Y 4 |4
PP 23.64 22.80 0.84 19.90 19.19 0.71
EPR 26.23 25.83 0.40 22.07 21.74 0.33
IR 29.03 27.46 157 2443 23.11 1.32
HDPE 23.86 23.80 0.06 20.08 20.03 0.05

ESI). The a values of HDPE and EPR closely matched those of
the PP matrix, which ensured the formation of a stable core-
shell structure. Additionally, compared with the PP/EPR/IR
system, the size of the IR domain in the quaternary system de-
creased noticeably. In contrast, although the size of the
HDPE@EPR domains remained largely unchanged, there was
a significant increase in the number of HDPE@EPR regions
dispersed within the matrix. Interfacial tension data and diffu-
sivity calculations for the PP/HDPE, PP/IR, and EPR/IR systems
(Tables 1 and 2) suggest that, driven by interfacial tension,
EPR and IR tend to form stacked microstructures within the
PP matrix.l*5] Consequently, IR tends to be anchored near the
interface by the EPR phase (Fig. 3). This anchored state re-

Table 2
190°C.

Spreading coefficients between different components at

Spreading coefficient

Blends system
Aepr/R Ar/epr Appsepr OF App/ir

PP/EPR/IR -0.37 -0.87 -0.21

stricts IR aggregation. It should be noted that interfacial ten-
sion serves as the initial driving force for the evolution of the
dispersed phase structure; however, the final morphology of
the blend is also influenced by multiple factors, including the
viscosities of both the matrix and dispersed phase. Addition-
ally, consistent with the SEM observations, the spacing be-
tween the rubber phase particles is considerably reduced,
which is attributed to the fine-sized IR domains within the
matrix.

Fig. 4(a) illustrates the dynamic mechanical properties of
the PP/rubber blends and the PP/rubber/HDPE composites.
Two distinct transition peaks were observed in the DMA
curves of all samples. The peak in the low-temperature re-
gion (from -60 °C to -50 °C) corresponds to the glass transi-
tion of the rubber phase, whereas the peak in the higher tem-
perature region (0-30 °C) is attributed to the B-relaxation
temperature of PP matrix. It can be observed that the glass
transition temperature (Ty) of the composite rubber phase in
the PP/EPR/IR and PP/HDPE@EPR/IR systems lies between
those of PP/EPR (-63.4 °C) and PP/IR (-54.2 °C). Notably, com-

https://doi.org/10.1007/s10118-026-3771-x


https://doi.org/10.1007/s10118-026-3771-x
https://doi.org/10.1007/s10118-026-3771-x
https://doi.org/10.1007/s10118-026-3771-x
https://doi.org/10.1007/s10118-026-3771-x
https://doi.org/10.1007/s10118-026-3771-x
https://doi.org/10.1007/s10118-026-3771-x
https://doi.org/10.1007/s10118-026-3771-x

Wang, H. B. et al./ Chinese J. Polym. Sci. 5

4 l Refining [ k|

) @ 9

' ‘Blending ' [ ) |

Stacking ‘ o O°

(EPR/IR) @ e @ ) Shearing ®

Aepr/iR<0 4 o ©

EPR/IR< Encapsulating ]

JrepR<) (] °

PP/EPR

|  dopyr<0 [ | B 4 k |

. 8
Fee EPR @

Fig.3 Schematic of the phase morphology evolution before and after the formation of the HDPE@EPR core-shell structure.
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Fig. 4 The performance of PP/rubber blends and PP/rubber/HDPE composites. (a) DMA curves and (b) stress relaxation behaviors of different

samples at 190 °C.

pared to the PP/EPR/IR system, the Ty of the composite rub-
ber phase in the PP/HDPE@EPR/IR system shifted slightly to-
ward higher temperatures. This shift may be attributed to the
presence of the HDPE core phase. Because the EPR shell
shrinks faster than the HDPE core,[>64¢! the HDPE core exerts
an outward pushing force on the EPR shell, partially offset-
ting the tension at the PP/EPR interface and thereby reduc-
ing the free volume of the EPR phase. The resulting compres-
sive stress further decreases the free volume of the EPR, lead-
ing to a corresponding increase in T,

In the stress relaxation tests, all the PP blends containing
30% rubber exhibited a pronounced long-term relaxation
plateau (Fig. 4b). This phenomenon is consistent with previ-
ous reports,8l which indicate that such long-term relaxation
behavior primarily originates from the relaxation processes at
the interface between the dispersed phase and matrix.[8:47:48l
Compared to the PP/EPR, PP/IR, and PP/EPR/IR systems, the
PP/HDPE@EPR/IR system shows a significantly higher modu-
lus in the long-term relaxation plateau. Related studies(®49
suggest that the size and interparticle spacing of rubber-dis-
persed phase particles are closely related to the stress relax-
ation behavior. A smaller interparticle spacing promotes the
formation of a more developed particle percolation network
structure,[*9-51 thereby leading to reinforced long-term relax-
ation behavior. As shown in Fig. 2(d), the development of the
HDPE@EPR core-shell structure optimizes the interface and
reduces the interparticle spacing, resulting in a stronger parti-
cle skeleton network and, consequently, a higher relaxation
plateau modulus.

Fig. 5 shows the impact strength of the PP/rubber blends
and PP/rubber/HDPE composites at different temperatures,

as well as the tensile strength and Young's modulus mea-
sured at room temperature. It was demonstrated that single-
rubber systems (EPR or IR) endowed limited low-temperature
toughening, with EPR outperforming IR owing to its superior
PP compatibility. Although the EPR/IR composite rubber
blend, where TEM confirmed the isolated dispersion of both
particles in the PP matrix (Fig. 2a), yielded marginally higher
impact strength than single-rubber systems through T,-dif-
ference synergy, its low-temperature performance remained
inadequate. Strikingly, introducing HDPE to construct core-
shell HDPE@EPR particles (verified by TEM in Fig. 2b) dramati-
cally enhanced toughness, particularly at -20 °C the
PP/HDPE@EPR/IR composite achieved 28.8 kJ/m? impact
strength, surpassing single-rubber and EPR/IR blends. As
shown in Fig. 5(b), the brittle-to-ductile transition tempera-
ture (Tpq) was significantly reduced from approximately -10
°C for PP/EPR and PP/IR blends to -40 °C for the PP/HDPE@
EPR/IR composite. The exceptional toughness is attributed to
the reduced interparticle spacing and a strong rubber net-
work enabled by finely dispersed IR during HDPE@EPR core-
shell formation, promoting efficient energy dissipation. No-
tably, compared to pure PP, both the tensile strength and
Young's modulus of the PP/rubber and PP/Rubber/HDPE
blends decreased to a certain extent owing to the incorpora-
tion of the soft rubber phase. Crucially, at a comparable rub-
ber content, this improvement in low-temperature tough-
ness occurred without further sacrificing rigidity: the tensile
strength decreased marginally while Young's modulus only
decreased by 8% compared to PP/EPR (Fig. 5c). This balance
originates from the rigid HDPE core mitigating stiffness loss,
whereas the EPR shell couples with finely dispersed IR parti-

https://doi.org/10.1007/5s10118-026-3771-x
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Fig. 5 (a) Impact strength of PP/rubber blends and PP/rubber/HDPE composites at different temperatures; (b) Brittle-to-ductile transition

temperature; (c) The tensile strength and Young's modulus of pure PP, PP/rubber blends and PP/rubber/HDPE composites at room temperature.
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Fig. 6 SEM images of PP/HDPE@EPR/IR blends at different ratios, observed on fracture sections after liquid nitrogen quenching and octane
etching: (a) 70/10@15/15; (b) 70/15@15/15; (c) 70/20@15/15; (d) 70/30@15/15; (e) 70/40@15/15. (f) EPR shell thickness.

cles to establish a hierarchical energy dissipation.

Effect of HDPE Core Content on the Toughness of
PP/HDPE@EPR/IR Blends

Fig. 6 shows SEM images of PP blends with varying HDPE con-
tents after etching the rubber component with n-octane. As the
HDPE content increased, a significant reduction in the number
of rubber dispersed phases that did not form a core-shell en-
capsulation structure is observed. Concurrently, the HDPE core

phase gradually expanded, whereas the inter-particle spacing of
the rubber phase decreased significantly. In addition, the thick-
ness of the EPR shell continued to decrease. At an HDPE loading
of 40 phr, the EPR shell thickness decreased below 100 nm. No-
tably, under these conditions, coalescence occurred among the
core-shell structures, as shown in Fig. 6(d), where some HDPE
cores were not fully encapsulated by the EPR shell and made di-
rect contact with the surrounding PP matrix.

TEM further revealed the phase structural characteristics of
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Fig. 7 TEM images of PP/HDPE@EPR/IR blends at different ratios, following RuO4 staining for contrast enhancement: (a) 70/10@15/15; (b)
70/15@15/15; (c) 70/20@15/15; (d) 70/40@15/15. (e) Phase size statistical results for PP/HDPE@EPR/IR samples.

the PP/HDPE@EPR/IR blend, as shown in Fig. 7, with particle
diameters distributions illustrated in Fig. S2 (in ESI). TEM anal-
ysis indicated that when the HDPE content was 15 phr, the
size of the IR phase domains decreased significantly com-
pared to that at 10 phr. However, as the HDPE content in-
creased to 20 phr, the EPR shell thinned and was no longer
able to fully encapsulate the HDPE core, consistent with the
SEM observations, while the size of the IR phase increased no-
ticeably. The phase evolution process of the PP/HDPE@EPR/IR
blend can be explained using the component spreading coef-
ficient theory. Based on the interfacial tension data (Tables 1
and 3), calculations based on the component diffusion coeffi-
cient theory indicate that the HDPE and IR phases exhibit a
tendency to separate from each other and remain isolated.
Specifically, the exposed HDPE phase creates an interfacial re-
pulsion field, which drives the IR phase to detach from its
original anchoring sites and migrate toward the EPR-rich re-
gions, leading to aggregation. This migration process re-
duces the overall interfacial energy of the system, thereby in-
ducing the aggregation of the IR phase. A schematic of the
corresponding phase evolution process is shown in Fig. 8.

Fig. 9(a) presents the DMA results for different samples. In
the quaternary blend system, two characteristic damping
peaks were observed, corresponding to the glass transition of
the rubber phase and the relaxation peak of PP. As the HDPE
content increases, the relaxation temperature of PP remains
essentially unchanged, while the T, of the rubber phase grad-

Table 3  Spreading coefficients between different components at
190°C.

Spreading coefficient

Blends system
Ar/HDPE AHDPE/IR App/ir OF AppsHpPpE

PP/IR/HDPE -1.36 -1.43 0.26

ually rises from —61.8 °C to —58.9 °C, further confirming the re-
strictive effect of the HDPE core on the molecular chain mo-
bility of the EPR rubber. Figs. 9(b) and 9(c) illustrate the de-
pendence of the dynamic modulus on the frequency and
stress relaxation behavior of the PP/HDPE@EPR/IR quaternary
blends with varying HDPE contents. As shown in Fig. 9(b), the
storage modulus in the low frequency region and long-term
relaxation plateaus initially increase with the HDPE content
and subsequently decrease. As the HDPE content increased,
the size of the core-shell particles increased, and the interfa-
cial area expanded, which enhanced the contribution to the
long-term relaxation behavior of the system, subsequently in-
creasing the low-frequency storage modulus and stress relax-
ation plateau modulus. However, when excess HDPE is
added, the core-shell structure is disrupted, leading to an in-
crease in the size of the dispersed phase particles and a re-
duction in the interfacial area. This change results in a corre-
sponding reduction in the plateau modulus.

Fig. 9(d) displays the DSC curves of the system. With in-
creasing HDPE content, the melting point of the HDPE crys-
talline phase gradually shifted toward higher temperatures.
This is primarily attributed to the weakened dilution effect of
the EPR phase.52 Generally, when the crystallization rate is
sufficiently low, the crystallizing component can progressive-
ly exclude heterogeneous molecular chains from the crys-
talline regions, forming more perfect spherulites.553-551 As
the HDPE content gradually increases, the relative EPR con-
tent decreases, allowing HDPE to more effectively exclude
EPR molecules, thereby increasing the crystal perfection.

Fig. 10(a) illustrates the variation in impact strength with
temperature for PP/HDPE@EPR/IR blends with different HDPE
contents. The study found that adjusting the HDPE content to
modify the core-shell ratio further optimized the low-temper-
ature toughness of the material. Within the tested tempera-
ture range, the impact strength of PP/HDPE@EPR/IR initially

https://doi.org/10.1007/s10118-026-3771-x
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behaviors of different samples at190 °C; (d) DSC melting curves of PP/HDPE@EPR/IR blends, where X denotes the phr of HDPE.

increased and then decreased with increasing HDPE content.
Notably, at an HDPE content of 15 phr, where the mass ratio
of EPR to HDPE was 1:1, the blend achieved a maximum im-
pact strength of 35.8 kJ/m? at 20 °C, demonstrating optimal
low-temperature toughness, consistent with the findings re-
ported by Jiang et al.5¢! To further elucidate the influence of
IR rubber size on the low-temperature toughness of
PP/HDPE@EPR/IR blends, the dependence of impact strength
on IR particle size was investigated, as shown in Fig. 10(b).
The impact strength of the PP/HDPE@EPR/IR blend increased
significantly with a decrease in the IR rubber particle size. The
optimal toughness was achieved when the IR particle size
was minimized to 290 nm. This optimum toughness at 15 phr
is also directly linked to the well-developed core-shell struc-
ture, where the EPR shell is sufficient to maintain the integri-

ty of the dispersed phase, while minimizing the size of the IR
phase domains. Conversely, when the HDPE content exceed-
ed 15 phr, the T4 of the material shifts from —40 °C to -30 °C.
This deterioration was attributed to the enlarged core size of
the core-shell particles, which resulted in a concomitant re-
duction in the shell thickness. When the shell thickness drops
below a critical threshold, it becomes insufficient to induce
essential toughening mechanisms such as cavitation or shear
yielding. Consequently, the particles lost their efficacy as
stress concentrators and failed to initiate crazing or shear
bands, ultimately causing the composite to exhibit brittle
fracture characteristics. This phenomenon is also supported
by the studies of Zheng et al.l! and Jéréme et al.>7! Addition-
ally, an excessively high HDPE content also results in a de-
crease in the actual content of the rubber component. As
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Fig. 11 Schematic diagram of the finite element simulation model of (a) PP/EPR/IR blends and (b) PP/HDPE@EPR/IR blends.

shown in Fig. 10(c), the tensile strength and Young's modu-
lus of the blends increased slightly with increasing HDPE con-
tent.

Synergistic Toughening Mechanism of HDPE@EPR
and IR Composite Rubber Particles

The theoretical model analysis is based on the following as-
sumptions: (1) the dispersed-phase particles can be approxi-
mated as spherical, (2) the interactions between adjacent parti-
cles are negligible, (3) a complete core-shell structure is formed
between EPR and HDPE, and (4) the material deforms within the
elastic range, with the stress-strain relationship following
Hooke's law. Based on the results from TEM, SEM, and dynamic
thermomechanical analysis, and using the volume fraction of

the filler particles, the area ratio of the particles within a unit cell
was calculated to determine the cell edge length, thereby es-
tablishing the corresponding finite element model. This model
aims to investigate the influence of HDPE@EPR core-shell parti-
cles, IR particles, and EPR particles on the stress distribution in
the PP matrix for both the PP/HDPE@EPR/IR and PP/EPR/IR
blend systems. Material parameters were set according to the
supplier data, whereas morphological parameters were deter-
mined based on TEM observations.

Following the above assumptions, a cubic PP unit cell con-
taining a spherical core-shell particle along with EPR and IR
particles at its center was modeled with the specific geomet-
ric configuration shown in Fig. 11. A longitudinal uniaxial ten-
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sile load was applied to the finite element model, and a three-
point bending impact model®®8 was used to simulate the im-
pact loading, allowing for the analysis of deformation, strain,
and stress distribution within the material.

Fig. 12 presents nephograms of the displacement, strain,
and stress fields of the particle model under uniaxial tensile
loading. The analysis revealed that the stress distribution pat-
terns around different dispersed-phase particles (HDPE@EPR
core-shell particles, EPR particles, and IR particles) share simi-
lar characteristics (Figs. 12c and 12f), and significant stress
concentration occurred at the two-phase interfaces, with the
maximum stress primarily localized near the equatorial re-

H: Static structural H: Static structural
Total deformation 2

Type: Total deformation

Unit: um Unit: um/pum
Time: 2x107% s a  Time: 2x1072s
0.018 Max 0.031 Max

0.016 0.028

0.014 0.025

0.012 0.021

0.0099 0018

0.0079 0.014

0.006 0.011

0.004 0.0077

0.002 0.0043
9.2x10™> Min 9.6x10™* Min

C: Static structural C: Static structural
Total deformation 2

Type: Total deformation

Unit: um Unit: um/um
Time: 2x10™% s d Time:2x1072
0.027 Max 0.097 Max

0.024
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0.018
0.015
0.012
0.0091

Equivalent elastic strain 2
Type: Equivalent elastic strain

Equivalent elastic strain 2
Type: Equivalent elastic strain

48.1 Max
0.086 427
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0.065 32.1
. 0.054 26.7
. 0.043 214
. 0.033 16.1
0.0061 / 0.022 10.7
0.0031 HDPE@EPR 0.011 537
9.7x107° Min 7.2x10"* Min 0.0331 Min

gion of the particles. According to Eshelby’s equivalent inclu-
sion theory,>! the region of maximum stress near the matrix
interface is subjected to tensile forces from the particle to-
ward the matrix, whereas the region of minimum stress near
the interface experiences compressive forces from the matrix
toward the particle. This stress inhomogeneity induces a lo-
cal stress concentration within the PP matrix, thereby pro-
moting the initiation and propagation of crazes.

Compared to the PP/EPR/IR blend system, in the
PP/HDPE@EPR/IR core-shell composite system, the IR particle
size was reduced, and the core-shell particles and small IR
rubber particles were inter-penetratingly distributed

H: Static structural
Equivalent stress 2
Type: Equivalent (von-Mises) stress
Unit: MPa
b Time:2x107s
44.6 Max
39.6
34.7
29.7
24.8
19.9
149
9.98
5.04
0.0973 Min

C: Static structural

Equivalent stress 2

Type: Equivalent (von-Mises) stress
Unit: MPa
Time: 2x1072

Fig. 12  Finite element simulation of PP/EPR/IR (70/15/15) and PP/HDPE@EPR/IR (70/15@15/15) blends under tensile loading. (a—c) PP/EPR/IR
blends; (d—f) PP/HDPE@EPR/IR blends; (a, d) deformation distribution image; (b, €) strain nephogram; (c, f) stress nephogram.
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Fig. 13  Finite element simulation of PP/EPR/IR (70/15/15) and PP/HDPE@EPR/IR (70/15@15/15) blends under impact load at room temperature.
(a—c) PP/EPR/IR blends; (d—f) PP/HDPE@EPR/IR blends; (a, d) deformation distribution image; (b, e) strain nephogram; (c, f) stress nephogram.
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Type: Total deformation
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Equivalent stress 2
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0.00143 Min

Fig. 14 Finite element simulation of PP/EPR/IR (70/15/15) and PP/HDPE@EPR/IR (70/15@15/15) blends under impact load at low temperature (-20
°C). (a—c) PP/EPR/IR blends; (d—f) PP/HDPE@EPR/IR blends; (a, d) deformation distribution image; (b, ) Strain nephogram; (c, f) Stress nephogram.

throughout the PP matrix. According to percolation
theory,[1.6061] the high-stress zones around the equatorial re-
gions of the core-shell particles and the IR particles are inter-
connected through the stress field, forming a percolation net-
work.[62] This structure creates a honeycomb-like stress-trans-
fer architecture, demonstrating enhanced stress dispersion
capability in tensile simulations. It effectively transmits and
redistributes localized high stresses, thereby mitigating the
stress concentration phenomena.

Fig. 13 shows the nephograms of the displacement, strain,
and stress fields under room-temperature impact loading. A

comparison of the finite element simulation results reveals
that in the PP/HDPE@EPR/IR blend system, stress is concen-
trated not only at the particle interfaces (interface effect), but
also distributed over a broader region compared to the
PP/EPR/IR system. This observation broadens the understand-
ing of energy dissipation mechanisms,[63-%1 as it is generally
believed that energy dissipation primarily occurs at a single
interface. Furthermore, it demonstrates that the synergy be-
tween core-shell particles and rubber particles can induce
more extensive plastic deformationl®667! (crazing or shear
banding) in the matrix. This significantly enhanced the ener-
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gy absorption efficiency of the material at room temperature,
thereby effectively improving its impact strength.

Fig. 14 presents nephograms of the deformation, strain,
and stress distributions of the blends under low-temperature
(=20 °C) impact loading. Compared to the results at room
temperature, the stress and strain distributions at low tem-
peratures are more concentrated. In the PP/EPR/IR system,
the stress and strain were primarily localized above the bot-
tom notch and around the EPR particles. Owing to the signifi-
cant interparticle distance, these stress/strain concentration
zones are prone to crack initiation sites. It is worth noting that
the large IR particles contribute little to the low-temperature
toughness. In contrast, in the PP/HDPE@EPR/IR system, stress
and strain are concentrated at the interface of the HDPE@EPR
core-shell particles (exhibiting a distinct annular strain distri-
bution), while local stress and strain also appear around the
smaller IR particles. The synergy of the core-shell (HDPE@EPR)
and small-sized IR rubber particles facilitates a more dis-
persed stress and strain distribution, thereby suppressing
rapid crack propagation within the matrix.[31 Consequently,
the toughness of the PP blend was significantly enhanced.

CONCLUSIONS

In summary, the incorporation of HDPE into PP/EPR/IR blends
resulted the formation of an HDPE@EPR core-shell structure
coupled with finely dispersed IR domains. This minimizes the IR
domain size, which creates an extra interface and effectively re-
stricts the mobility of the EPR chains, as evidenced by an in-
creased Ty and a more pronounced long-term relaxation modu-
lus. This structural evolution is governed by the regulation of
HDPE content. The optimum HDPE loading of 15 phr yielded
the smallest IR rubber particle size (about 300 nm). At this ratio,
the PP alloy achieved an impact strength of 35.8 kJ/m? at -20
°C, demonstrating excellent low temperature toughness while
maintaining good strength, thereby achieving an optimal bal-
ance between strength and toughness. However, a further in-
crease in the HDPE content leads to the aggregation of IR parti-
cles. The finite element simulation results demonstrate that in
the PP/HDPE@EPR/IR system, a multi-scale percolation network
formed between the HDPE@EPR core-shell particles and the IR
particles, promoting a uniform stress distribution. Under low
temperature impact loading, stress and strain are concentrated
around the core-shell interface and the IR particles, which effec-
tively inhibit rapid crack propagation, thereby significantly en-
hancing the low-temperature toughness of the material. These
results confirm a significant synergistic toughening effect be-
tween the HDPE@EPR core-shell particles and IR rubber parti-
cles. This dual-dispersed phase design strategy offers a promis-
ing pathway for the development of high performance PP com-
posites for low-temperature applications.
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Graphical Abstract

Synergistic Toughening of Polypropylene Alloys Using Core-Shell High-density Polyethylene/Ethylene-
Propylene Rubber and Isoprene Rubber Composite Rubber Particles
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The low-temperature toughness of polypropylene (PP) composites is improved by a dual-dispersed phase structure,
achieved through the interfacial tension-induced refinement of isoprene rubber (IR) phase with high-density polyethy-
lene (HDPE)@ ethylene-propylene rubber (EPR) core-shell particles.
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