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The toughness of thermoplastic polymers such as polypropylene (PP) can be improved by adding 
elastomers-based toughening agents, and the phase morphology of these toughening agents is very 
important for the strength and toughness of PP. The low-temperature toughness of PP was improved 
by inserting high-density polyethylene (HDPE) between PP and polystyrene-b-ethylene-co-propylene-
b-polystyrene (SEPS) to form an unusual SEPS@HDPE core–shell structure, with SEPS as the core and 
HDPE as the shell. Based on the microtopography and rheological behavior characterization, HDPE in 
PP/SEPS/HDPE composites was found to serve as an emulsifier, decrease the size of SEPS particles, and 
promote the homogeneous dispersion of dispersed phase particles in the matrix. An increase in the 
HDPE content shifted the toughening mechanism of PP composites from cavitation to matrix shear yield-
ing. The reduction in the distance between the dispersed core–shell structure particles promoted shear 
yielding in the PP composites, leading to increased toughness. The creation of an intermediate HDPE layer 
with a moderate modulus was crucial for dispersing stress concentrations and significantly improving 
toughness without compromising the tensile strength. These findings will facilitate the fabrication of 
high-toughness PP products at low temperatures. 

© 2024 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and 
Higher Education Press Limited Company. This is an open access article under the CC BY license 

(http://creativecommons.org/licenses/by/4.0/). 
1. Introduction 

Polypropylene (PP) is a commonly used thermoplastic material 
that exhibits high thermal and chemical resistance, melting point, 
and hardness, along with low density and reusability. As a typical 
pseudo-ductile thermoplastic polymer, PP exhibits a yield stress 
lower than its craze initiation stress and tends toward yielding 
[1]. While unnotched PP samples are ductile and exhibit shear 
yielding over a relatively large volume, notched PP is brittle and 
demonstrates low crack propagation resistance. The sharp notch 
acts as a stress concentrator, promoting crazing and thus limiting 
the application scope of the material. The toughness of thermo-
plastic resins is notably affected by temperature and decreases 
when the ambient temperature decreases; this transition is often 
referred to as the brittle–ductile transition. 

The initial temperature at which the change from brittle to 
ductile occurs is called the brittle–ductile transition temperature 
(Tbd) [2]. Pseudo-ductile thermoplastic polymers such as PP exhibit 
a sharp change in toughness when the ambient temperature 
varies [1]. Hence, reducing Tbd is crucial for improving the tough-
ness of PP. A standard method for increasing the toughness of 
thermoplastic polymers involves adding elastomers to form 
microparticles [3–6]. 

However, increasing the rubber content increases the toughness 
of polymer materials, while their strength or modulus are mono-
tonically decreased. One strategy for maintaining a balance among 
the strength, modulus, and toughness involves the precise control 
of the phase morphology. Chen et al. [7,8] blended PP with high-
density polyethylene (HDPE) and ethylene–propylene rubber 
(EPR) and obtained a core–shell structure with an HDPE core 
encapsulated by an EPR shell in the PP matrix. The HDPE core
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increased the effective volume fraction of rubber without 
increasing the actual rubber content. Dou et al. [9] controlled the 
morphology of HDPE-grafted maleic anhydride filler/ethylene– 
propylene–diene rubber/polyamide, forming small HDPE-core 
rubber and multiple-HDPE-core rubber particles. The composite 
comprising multiple-HDPE-core rubber had a strong influence on 
toughness at room temperature, and the performance of the com-
posite which comprised small HDPE-core rubber was acceptable. 
These hard-core soft-shell structures (HDPE as the core and the 
elastomer as the shell) can toughen PP; however, the mechanism 
underlying core–shell structure formation is not clear. To the best 
of our knowledge, no reports indicate whether other toughened PP 
composites, which have core–shell structures, such as soft-core 
hard-shell (the elastomer as the core, HDPE as the shell), can be 
prepared by blending. Therefore, the investigation of hard shell 
structure by precisely controlling the phase morphology and 
exploring its effect on the strength, modulus, and toughness are 
necessary for comprehensively understanding the regulation and 
toughening mechanisms of core–shell structure systems. 

In this study, we blended PP with HDPE and polystyrene-b-
ethylene-co-propylene-b-polystyrene (SEPS) to obtain an unusual 
SEPS@HDPE core–shell structure with SEPS as the core and HDPE 
as the shell in PP. The core–shell structure had a low elastomer 
content, high low-temperature toughness, and low stiffness loss. 
For clarity, PP/SEPS composite with the fixed mass ratio of 70/30 
was denoted as PPM, and HDPE was used as additive to further 
toughen the PPM. We investigated the temperature dependence, 
Tbd, and rheological behavior of the composite as well as the evo-
lution of the HDPE-stacked SEPS microparticle morphology. 
Finally, we established the relationship between the particle mor-
phology and rheological behavior and proposed a possible tough-
ening mechanism for the composite. 
2. Materials and methods 

2.1. Materials 

All materials used in this study were commercially available. PP 
(T300; melt mass-flow rate (MFR): 3.0 g per 10 min 
(International Organization for Standardization (ISO) 1133); iso-
tacticity: > 96%; tensile strength: 32.9 MPa; Young’s modulus: 
1452 MPa; elongation at break: 69%) was purchased from Sinopec 
Shanghai Petrochemical Co., Ltd., China. SEPS (YH4053; number 
average molar mass (Mn): ∼1.65×105 ; hydrogenation degree: 
≥98%; theoretical styrene content: 30%) was supplied by Baling 
Petrochemical Co., Ltd., China. HDPE (5000S; MFR: 0.9 g per 10 
min) was purchased from Daqing Petrochemical Co., Ltd., China. 
The antioxidant, Irganox 1010, was purchased from BASF (Germany). 

2.2. Sample preparation 

A one-step preparation method was used, in which PP, SEPS, 
and HDPE were mixed at 195 °C for 20 min at a stirring speed of 
50 r∙min−1 using HAAKE PolyLab QC (Thermo Fisher Scientific 
Inc., USA). The mass ratio of the PP/SEPS/HDPE composites was 
denoted as xPPM/yHDPE, where x and y represent the masses of 
PPM and HDPE, respectively, as the ratio of the total mass of 
PPM/HDPE which are indicated in the figures. All composites men-
tioned in this paper were named according to this rule. For com-
parison, PP/HDPE and PP/SEPS composites were prepared with 
mass ratio of PP/HDPE=80/20 and PP/SEPS=70/30. To prevent 
polymer aging, all samples were treated with 2% (in mass ratio) 
antioxidant Irganox 1010 (pentaerythritol-3-(3,5-di-tert-butyl-4-
hydroxyphenyl propionate)). Standard specimens for the following 
mechanical property tests were prepared by using an injection 
129
molding machine (BP-8180-A, Baopin Precision Instrument Co., 
Ltd., China) at 205 °C, with an injection mold pressure of 5 MPa 
and dwelling time of 15 s to ensure complete mold cavity filling. 

2.3. Notched Charpy impact strength test 

Before the measurement, samples with a 45° V-shaped notch 
were stored in an incubator (GDWJS-100C, Shanghai Suying Test 
Instrument Co., Ltd., China) at a predetermined temperature for 
5 h. The notched Charpy impact test was performed according to 
ISO 179-1:2000 and ISO 179-2:1997 standards using a Charpy 
impact testing machine (XJJUD-5.5(5), Xiamen Chongda Intelligent 
Technology Co., Ltd., China). The reported results are the averages 
of at least five samples. 

2.4. Tensile properties test 

The standard tensile test was conducted on dumbbell-shaped 
specimens at room temperature (25 °C±3  °C), using a computer-
controlled universal testing machine (5969, Instron, USA), with a 
test speed of 50 mm∙min−1 in accordance with ISO 527-1:2012 
and ISO 527-2:2012 standards. The reported results are the aver-
ages of at least five samples. 

2.5. Measurement of contact angle 

To determine the surface tension of all the composite compo-
nents, the contact angle between the surface of the polymers and 
two testing liquids, namely, deionized water and methylene iodide, 
was measured. Measurements were conducted using a sessile drop 
analysis system (DSA100, KRUSS, Germany) with at least five drops 
(5 mL) of the two liquids used to measure the contact angles. Sur-
face tension was calculated using the Owens–Wendt–Rabel– 
Kaelble (OWRK) method [10,11]. 
2.6. Scanning electron microscopy 

Scanning electron microscopy (SEM) was used to observe the 
morphology of the dispersed phase, in particular, the distribution 
of rubber components. To remove the SEPS phase, the sample 
was first cryogenically fractured in liquid nitrogen, and the 
cryo-fractured surface was etched in n-octane at 50 °C for 4 h. 
Thereafter, the samples were dried in a vacuum oven at 60 °C for 
12 h before being examined with a scanning electron microscope 
(GeminiSEM 360, ZEISS, Germany) at a working voltage of 5 kV. 

2.7. Transmission electron microscopy 

Transmission electron microscopy (TEM) can further confirm 
the core–shell microstructure of the dispersed phase. Ultrathin 
sections, with a thickness of approximately 60 nm, were prepared 
using an ultramicrotome (EM UC7, Leica Microsystems, Japan) at 
−100 °C. The slices were observed under a transmission electron 
microscope (JEM-1230, JEOL, Japan) at an accelerating voltage of 
200 kV. 

2.8. Measurement of rheological properties 

A rotary rheometer (ARES-G2, TA Instruments, USA) was used to 
measure the rheological properties of the composites. Parallel plates 
with a diameter of 25 mm were used along with a sample having a 
diameter of 25 mmand thickness of 2 mm. The dynamic rheological 
properties of the sample were tested by sweeping the amplitude 
oscillation frequency from 0.01 to 100 rad∙s−1 at 195 °C, with 5% 
strain. Stress relaxation behavior was also observed at 195 °C.
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2.9. Atomic force microscopy 

An Asylum Research atomic force microscopy (AFM) system 
(MFP-3D, Oxford Instruments, UK) was used to investigate the 
modulus of the interlayers between the dispersion phases and PP 
matrix by amplitude modulation (AM)–frequency modulation 
(FM) mold, at a scan rate of 1 Hz and scan size of 3 lm. All AFM 
operations were conducted under room temperature and ordinary 
pressure. 

2.10. Dynamic mechanical analysis 

The dynamic mechanical properties of the composites were 
obtained in the single cantilever mode using a dynamic mechanical 
analysis (DMA) analyzer (DMA 242 E, NETZSCH, Germany). The 
samples were heated from −120 to 50 °C at an oscillation fre-
quency of 1 Hz and a heating rate of 3 °C∙min−1 . 

2.11. Monitoring the crack evolution process 

The crack initiation and propagation stages were observed via a 
part-impact test, which was performed with an impact test 
machine (CEAST 9050, Instron); the specimens were maintained 
at −10 °C for 5 h. The pendulum was raised at angles of 30°,  50°, 
and 150° from the vertically fixed specimen and then released to 
hit the specimen. The propagation of cracks stopped in the interior 
of the PPM/HDPE specimens .

3. Results and discussion 

3.1. Brittle–ductile transformation behavior of PPM/HDPE composites 

Fig. 1(a) shows the plots of the impact strength against temper-
ature for the pure PP, PP/HDPE binary, and PPM/HDPE composites 
Fig. 1. (a) Plots of notched impact strength versus temperature for the PPM/HDPE compo
and PP/HDPE (70/30) samples. (b) Tbd of the PPM/HDPE composites with different HDPE
modulus for PPM and PPM/HDPE composites with different HDPE contents. 
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with different HDPE contents. The impact strength of the PP/HDPE 
composites increases with temperature, similar to that of pure PP, 
and remains below 6 kJ∙m−2 between 0 and 40 °C. Thus, the addi-
tion of HDPE alone did not suffice to improve the toughness of pure 
PP. When HDPE is added to PP/SEPS, leading to the formation of the 
PPM/HDPE composites, a significant brittle–ductile transition 
occurs between −15 and −10 °C. At −10 °C, the impact strength 
of PPM is 13.6 kJ∙m−2 , which rapidly increases to 49.3 kJ∙m−2 at 
−5 °C. As shown in Fig. 1(b), the initial Tbd of the PPM/HDPE com-
posites depends on the HDPE content. Tbd decreases with an 
increasing HDPE content, reaching a minimum upon the addition 
of 10% HDPE, after which Tbd remains stable. However, a slight 
decrease in the impact strength of PPM/HDPE at −10 °C is observed 
when the HDPE content exceeds 15% (composites with 90/10, 
85/15, and 80/20 proportions exhibit impact strengths of 38.0, 
38.8, and 33.8 kJ∙m−2 , respectively). The composites of PP and SEPS 
with 10%–20% HDPE exhibit an improvement in impact resistance 
performance of more than 100% in relation to that of PPM at 
−10 °C. The reduction in the ductility of the control experimental 
PP/HDPE binary composites at lower temperatures indicates that 
this phenomenon is associated with the synergistic effect of both 
the HDPE and SEPS components in the PPM/HDPE composites, 
enhancing the impact strength. 

As shown in Fig. S1 in Appendix A, DMA was performed to 
determine the glass transition temperature (Tg) of the rubber 
component. For the PPM and PPM/HDPE composites, two 
distinct damping peaks appear from low to high temperatures 
(Fig. S1(b)), which are related to the glass transitions of SEPS and 
PP, respectively. Notably, the Tg of SEPS is −60 °C and remains 
unchanged when the HDPE content changes, indicating a minimal 
correlation between Tbd and Tg in this system. 

Tensile strength is a crucial mechanical property of the 
PPM/HDPE composites. In relation to those of pure PP, the yield 
and tensile strengths of PPM decreased, whereas the elongation
sites with different HDPE contents. The inset image provides the plot for the pure PP 
 contents. (c, d) Histogram of (c) the yield strength and yield strain, and (d) Young’s 
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at break increased. Fig. S2 in Appendix A illustrates the tensile 
strength of the PPM/HDPE composites; all PPM/HDPE and PPM 
composites exhibit excellent mechanical properties, with > 500% 
elongation at break and > 25 MPa tensile strength. The tensile 
yield strength and strain at the yield point were also investigated. 
Fig. 1(c) illustrates the tensile properties of the PPM/HDPE compos-
ites comprising various contents of HDPE. In comparison to that of 
PPM, the increase in the HDPE content has a minimal impact on the 
tensile strength, causing only a slight decrease in the yield strain. 
Therefore, HDPE is an excellent choice for maintaining the strength 
of PPM. A slight downward trend is observed in the Young’s mod-
ulus (Fig. 1(d)), corresponding to a reduction in rigidity, possibly 
owing to a decrease in the PP composition. However, the negligible 
loss in the Young’s modulus is within the acceptable range, consid-
ering its effect on the comprehensive mechanical performance. 
According to the mechanical performance results, the addition of 
HDPE to PPM can achieve a balance between rigidity and tough-
ness. Other researchers have added rigid fillers to rubber-
toughened PP [12–14] or introduced a third phase to form a 
core–shell structure [8,15] to achieve the desired balance of tough-
ness and strength of the final product. The toughness and strength 
of rubber-toughened polymer materials are related to the rubber 
phase and interfacial adhesion between rubber and the polymer 
matrix [1]. To further explore the underlying mechanism of the 
aforementioned phenomenon, the rubber phase and interfacial 
adhesion of PPM/HDPE composites with various HDPE contents 
were investigated. 

3.2. Phase morphology evolution of PPM/HDPE composites 

Fig. 2 shows the SEM images of the PPM/HDPE composites. 
Irregular holes are observed because the SEPS particles are etched. 
Considering that the superficial area of a sphere is the smallest of 
all spatial geometries when their volumes are equal, the system 
has a higher interfacial area than spherical systems [12]. The 
dimensional variations in the phase morphology were calculated 
using the following methods. 

The rubber particle size and size distribution of the PPM/HDPE 
series as well as the matrix ligament thickness corresponding to 
the size were analyzed through SEM; the results are shown in 
Fig. 2. The mean diameter (dw, lm) of the elastomer region and 
matrix ligament thickness (particle spacing, l, lm) were calculated 
using the method proposed by Wu [16] and modified by Liu et al. 
[17] for the analysis of the PPM/HDPE composites. 
Fig. 2. SEM images of the PPM/HDPE composites with different HDPE contents: (a) 100/0
mean diameter of the dispersion phase particles (lm); l: particle spacing (lm); r: the p
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where di, ni, u, and r denote the diameter of the SEPS particle, num-
ber of SEPS particles with diameter di, SEPS volume fraction, and 
diameter distribution of SEPS particles, respectively. To determine 
the differences, the dw and l values of the composites with specific 
ratios were used, and the dw of the irregular regions was defined by 
the line connecting the two farthest points. The size of the dispersed 
phase decreases notably with an increase in the HDPE content. In 
particular, the addition of 10% HDPE results in the maximal reduc-
tion in dw of 46% and l of 76.0%. The particle size distribution coef-
ficient (r) also decreases with a reduction in size. Thus, HDPE 
addition results in finer and denser SEPS microparticle phases. 
However, the l values do not decrease further upon the addition 
of more HDPE because the volume fraction of SEPS in the matrix 
decreases. Nonetheless, the addition of HDPE refines the size of 
the dispersed elastomer phase and promotes more uniform phase 
distribution. Interestingly, the addition of a small amount of HDPE 
(1%) is effective for toughening PP without significantly changing 
the phase dispersion, as indicated by the negligible distinctions in 
dw, r, and l between the 100/0 and 99/1 samples, as shown in 
Fig. 2(a) and Fig. S3 in Appendix A. Additionally, a gradually devel-
oping wrinkle is observed at the phase boundary in the highly mag-
nified images, with an increase in the HDPE content from 0% to 20%, 
indicating that the HDPE content affects the phase interface. 

TEM analysis was performed on the ultrathin-sectioned PPM/ 
HDPE composites to further study the phase interface morphology 
(Fig. 3). SEPS is distributed in PP as dark domains, with polystyrene 
(PS) segments in SEPS separating as black microphases. The gray 
regions in Figs. 3(f)–(h) are attributed to HDPE, and have features 
different from those of the PP matrix. Therefore, the PP, SEPS, 
and HDPE phase domains are visible in the TEM images. The 
PPM/HDPE composites exhibit stacked structures when the HDPE 
content is < 10%. As indicated by the circles in Fig. 3(h), the 80/20 
samples show complete and clear HDPE shells, while the 90/10
, (b) 95/5, (c) 90/10, and (d) 80/20; and (e–h) are the ×5 magnification of (a–d). dw: 
article size distribution, defined by a log-normal distribution. 
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Fig. 3. TEM images of the PPM/HDPE composites with different HDPE contents: (a) 100/0, (b) 95/5, (c) 90/10, and (d) 80/20; and (e–h) are the ×4 magnification of (a–d). 

Fig. 4. Schematic of phase evolution and origin of PPM/HDPE toughening with 
increasing HDPE content. l1, l2, and l3 are particle spacing. 
samples in Fig. 3(g) show thin shells. In previous studies, the 
appearance of HDPE in PP/EPR increased the size (∼2 lm) and 
decreased the particle spacing of the elastomer core–shell struc-
ture without increasing the elastomer proportion, leading to 
improved toughness of PP [6]. In this study, the addition HDPE to 
PP/SEPS results in a new core–shell structure with SEPS as the core 
and HDPE as the shell and the sizes of the SEPS particles decreased 
to < 1 lm. Thus, the phase morphology and core–shell structure 
notably influenced the toughening of PP. 

The evolution of the phase structure can be attributed to the 
spreading coefficient of each component [18–20]. The surface 
and interfacial tensions were measured to determine the spreading 
coefficients of the PP/HDPE, PP/SEPS, and HDPE/SEPS composites. 
The corresponding calculation processes and results are presented 
in Tables S1 and S2, respectively. The calculated spreading coeffi-
cients kPP, kSEPS, and kHDPE are −0.68, −0.83, and −0.17, respectively. 
The specific phase morphologies of the mixtures were predicted 
based on their spreading coefficients [18]. As illustrated in Fig. S4 
in Appendix A, HDPE and SEPS do not induce diffusion between 
each other and PP. Because PP is not spread between HDPE and 
SEPS, a stacked microstructure was formed in the PP matrix. 

According to the spreading coefficient theory, this stacked 
microstructure of HDPE and SEPS spreads within the PP 
matrix [19], which is consistent with the TEM images shown in 
Figs. 3(b) and (c), provided that the HDPE content does not exceed 
10%. However, at the HDPE content of > 10%, as in the case of 80/20, 
SEPS exhibits a dispersed phase morphology wrapped by the HDPE 
phase, as shown in the TEM images (Fig. 3(d)). The variation in the 
PPM/HDPE microstructure from a stacked microstructure to a 
core–shell structure may be attributed to the viscosity ratio 
because the component with a lower viscosity encapsulates the 
component with a higher viscosity [21]. 

The morphological evolution of the dispersed phase is shown in 
Fig. 4. The addition of HDPE causes a notable decrease in the size of 
the SEPS particles, which were gradually encapsulated by HDPE. 
The change in surface energy is associated with the phase mor-
phology and particle size. Low interfacial tension facilitates the for-
mation of a large interfacial area. In a binary composite of two 
polymers A and B, the third polymer C acts as an emulsifier when 
the interfacial tension between A and C is lower than that between 
A and B [22]. The interfacial tension of PP/SEPS and PP/HDPE inter-
faces are 0.76 and 0.43 mN∙m−1 , respectively. Hence, the experi-
mentally observed decrease in the composite droplet diameter 
with increasing HDPE concentration can be attributed to a decrease 
in the interfacial tension between the matrix and dispersed phase 
due to the encapsulation of SEPS by HDPE. Furthermore, the dro-
plet size of the dispersed phase tends to decrease with decreasing 
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viscosity ratio of the dispersed phase/matrix [23]. Therefore, HDPE, 
which has a lower viscosity than that of SEPS, can reduce the size of 
the SEPS phase by lowering the viscosity of the dispersed phase. In 
the absence of HDPE, the broken SEPS droplets inevitably coalesce 
under continuous shearing. However, if HDPE is stacked or covers 
the SEPS phase, coalescence is suppressed, resulting in a significant 
decrease in the size of the SEPS domains. When the rubber volume 
fraction is fixed, the decrease in particle size is accompanied by a 
decrease in particle spacing (l1 > l2≈ l3), resulting in toughening [16]. 

3.3. Rheological behavior of PPM/HDPE composites 

Fig. 5(a) illustrates the variation in the dynamic modulus of the 
PPM/HDPE composites. When the HDPE content is less than 3%, the 
storage modulus (G′) decreases considerably with a decrease in the 
shear frequency. Fig. 5(b) illustrates the dependence of l and 01 

on dw, where 01 denotes the value of storage modulus G′ at 
low frequencies (x = 0.01 rad s−1 ). In the presence of 3%–20% 
HDPE, a modulus plateau appears for PP/PPM at low frequencies, 
indicating a solid-like response [24,25]. The appearance of a sec-
ondary modulus plateau at low frequencies is a typical character-
istic of solid-particle-filled polymer melts or rubber-modified 
systems. Additionally, Fig. 5(c) shows the Han plots for PPM and 
PPM/HDPE. The slope of storage modulus (G′) versus loss modulus 
(G″) at low frequencies decreases with the incorporation of HDPE 
into PPM, and the inflection point shifts to higher frequencies. 
Regardless of the temperature, any deviation from a slope of 2

G0 

G0
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Fig. 5. (a) Frequency (x) dependence of storage modulus (G′). (b) Correlativity of l, dw, and (x = 0.01 rad s−1 ). (c) Storage versus loss modulus (Han plots). (d) Stress 
relaxation behavior of the PPM/HDPE composites with different HDPE contents and with dw and l marked. Gt: shear relaxation modulus. 

G0 01 
indicates microheterogeneity instead of the melting of homoge-
neous polymer to form solutions [26]. The change in the slope of 
G′ versus G″ indicates significant microstructural changes in the 
PPM matrix upon HDPE addition. Similar tendencies are observed 
in the stress relaxation behaviors (Fig. 5(d)); a relaxation plateau 
is observed when the HDPE content exceeds 3% and continues to 
increase until the HDPE content exceeds 10%. This represents the 
relationship between the microheterogeneity and relaxation 
behavior, referred to as a long-term relaxation unit.

A skeletal structure forms when the concentration of dispersed 
domains is sufficiently high to dominate interparticle interactions 
or the dispersion of aggregates [27,28]. Therefore, investigating 
the causes for the formation of long-term relaxation units is critical 
for elucidating the specific role of HDPE in the system. 

Based on the correspondence between the particle size and 
spacing (matrix ligament thickness) of elastomer-toughened PP 
and the stress relaxation behavior [29], we combined the statistical 
results of the particle size (dw) and particle spacing (l) with the rhe-
ological behavior. Our findings indicate that the existence of a per-
colated network microstructure resulting from an increase in the 
particle dispersion or a change in the specific surface area 
[21,24,27] may be the source of the long-term relaxation unit. 
Because the calculation of l involves comparable percentages of 
SEPS, the influence of the difference in the volume fraction can 
be neglected. Therefore, it is found that a smaller particle size 
and higher particle density contribute to a closer spacing between 
the particles in Fig. 5(b). An inverse relationship is observed 
between 1, dw, and l, indicating that a closer spacing of particles 
leads to long-term relaxation. Furthermore, as illustrated in 
Figs. 5(c) and (d), a decrease in the slope of G′ versus G″ at low fre-
quencies and an increase in the height of the shear relaxation mod-
ulus (Gt) platform are correlated with the matrix ligament 
thickness. These findings indicate that a percolated network

G0 0 
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microstructure results in the formation of long-term relaxation 
units. 

A relatively low concentration of HDPE (3%) promotes the for-
mation of physical networks of SEPS particles. However, when 
the HDPE content exceeds 10%, all relevant parameters across the 
full frequency range decrease slightly, possibly because of a 
decrease in the SEPS content accompanied by an increase in the 
lower-viscosity HDPE content [27], thereby weakening the physi-
cal network. As indicated by the TEM images, a fully coated struc-
ture appears when the HDPE content exceeds 10%, and the SEPS 
particle size variation becomes relatively stable. Therefore, the 
evolution of the core–shell structure is not considered a determin-
ing factor for the relaxation behavior. 

3.4. Toughening mechanism of PPM/HDPE composites 

Typically, the impact toughness of polymer materials is influ-
enced by the content, size, and diameter of homogeneous rubber 
microparticles [1]. The diameter of the composite droplets 
decreases according to the brittle–ductile transition owing to the 
transition in the matrix deformation mode from excessively large 
rubber void-initiated localized crazes to that of fine rubber void-
initiated extensive shear yielding [30]. 

Fig. 6 depicts the topography of the failure surface tested at 
−10 °C. When the HDPE content is less than 10%, only cavitation 
is observed in the matrix, corresponding to brittle fracture. At 
lower temperatures, the toughness of the matrix decreases, and 
the cavitation of rubber is more likely to form cracks, resulting in 
brittle failure. However, when the HDPE content reaches 10%, the 
sample exhibits ductile fracture characteristics and the matrix 
undergoes continuous shear yielding perpendicular to the impact 
direction. Similar shear yielding of the matrix is observed in the 
80/20 composites. Therefore, unlike the hard-core soft-shell struc-
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Fig. 6. SEM images of the failure section of the PPM/HDPE composites after the impact test at −10 °C: (a) 100/0, (b) 95/5, (c) 90/10, and (d) 80/20. 

Fig. 7. AFM image analysis of (a) PPM/HDPE (90/10) and (b) PPM, where (c) and (d) represent the modulus distribution on the lines shown in (a) and (b), respectively. The 
arrows indicate the direction of distance increase. 

Fig. 8. Crack initiation progress of (a) PPM/HDPE (90/10) and (b) PPM. 
ture that toughens PP, the toughening mechanism of the PPM/ 
HDPE composites can be attributed to the unusual soft-core 
hard-shell structure caused by the HDPE-induced transition of 
the matrix failure source from cavitation to continuous shear 
yielding. 

Although the 95/5 and 80/20 samples contain dispersed phases 
with similar particle sizes, their impact properties and fracture 
profiles are dissimilar, indicating that HDPE addition can consider-
ably affect the samples in addition to altering the phase size. 
Therefore, further investigation of the intermediate HDPE layers 
is required. Figs. 7(a) and (b) display the images obtained from 
the AFM analysis of the 90/10 and PPM samples, respectively; 
the Young’s modulus is shown in Figs. 7(c) and (d). Interestingly, 
two modulus plateaus are observed at the interface of the PPM/ 
HDPE sample corresponding to the moduli of SEPS, HDPE, and PP, 
which range from low to high; by contrast, PPM exhibits a single 
sharp change. Hence, HDPE forms an intermediate layer that 
induces a moderate modulus that helps disperse stress concentra-
tions [31]. 

As shown in Fig. 8, the initial crack originates from the tip of the 
notch, leading to stress whitening, which is indicative of cavitation 
and plastic deformation. Compared to pure PPM, the PPM/HDPE 
composites display stress-whitening regions with larger radii. 
Moreover, the PPM/HDPE composites exhibit smaller crack 
lengths. In the impact test, with the pendulum raised to an angle 
of 150°, the crack terminates inside the PP/HDPE specimen, 
whereas the PPM specimen is completely destroyed. These obser-
vations confirm that the SEPS@HDPE core–shell structure within 
the PPM/HDPE composites facilitates the enhanced dispersion of 
the internal stress. This enhanced stress dispersion promotes a 
wider range of plastic deformation around the crack tip, and conse-
quently, effectively suppresses the progression of cracks. 

We propose a mechanism for enhancing the toughness of the 
samples at low temperatures using the SEPS@HDPE core–shell 
structure by adding HDPE. HDPE affects the interface between 
other materials via its specific surface tension, tending to form a 
134
large interface area and suppressing SEPS coalescence, thereby 
considerably reducing the dispersed phase size. Therefore, a larger 
number and smaller size of the dispersed phases are more likely to 
result in a wide range of matrix shear yields, which is considered to 
be the cause of the increased material toughness. Moreover, an 
HDPE interlayer disperses concentrated stress, further reducing 
the volume of cavitation holes. Owing to the stronger yield ten-
dency of PP than fracture, the matrix undergoes shear yielding. 
The decreased size of the dispersed phase and the presence of 
the HDPE-coated structure cause a notable increase in the impact 
strength of the PPM/HDPE samples. 

4. Conclusions 

This study demonstrated that the addition of HDPE to PPM, 
forming the PPM/HDPE composites with the SEPS@HDPE core–
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shell structure, effectively alters Tbd and improves toughness. Also, 
the PPM/HDPE composites were found to maintain a tensile 
strength comparable to that of PP/SEPS composites. The evolution 
of the dispersed phase in the PPM/HDPE composites was explained 
by the spreading coefficient theory, which posits that a stacked 
structure of the dispersed phase is observed at low HDPE contents, 
and a core–shell structure is formed at high HDPE contents. The 
rheological behavior further confirmed the correlation between 
the dispersed phase evolution and mechanical properties of the 
PPM/HDPE composites, and the soft-core hard-shell structure 
toughened PP. This work also proves that the composition and 
phase morphology of toughening agents are very important to 
the strength and toughness of PP composites, and the low-
temperature toughening strategy based on soft-core hard-shell 
mechanism may be used for other thermoplastic polymers. 
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