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By introducing low-entanglement UHMWPE, the mechanical properties of polyolefins are improved to varying degrees. For
polypropylene, the lack of interaction between UHMWPE and polypropylene results in an unsatisfactory reinforcement effect,
and the disentangled state makes it easier for the particles to form defects driven by a chain explosion. In contrast, regarding
polyethylene and elastomer containing ethylene segments, low-entanglement UHMWPE plays a better role in reinforcement. A
series of measurements including scanning electron microscopy (SEM), rheological measurements, differential scanning
calorimetry (DSC), and mechanical measurement were used to investigate the mechanisms for the different enhancement
effects. It originates from interdiffusion and entanglement forming of polyethylene segments across the interface, endowing the
material with different aggregated and defect structures. For instance, EPDM possesses a higher optimal dosage of UHMWPE
particles reflected in good interfacial interdiffusion with UHMWPE particles, leading to significant optimized mechanical
performance.

1. Introduction

Metallocene-catalyzed polyolefin represents a revolutionary
generation of petrochemical products with good toughness,
impact resistance, transparency, and low odor [1]. Com-
pared with the commonly used Ziegler-Natta catalysts, the
metallocene catalysts possess the advantages of high catalytic
activity, more applicable monomers, single active site, pro-
viding the polymer with uniform comonomer distribution,
and reduced fraction of low-molecular-weight chains [2, 3].
Owing to the narrow molecular weight distribution (Mw/
Mn = 2 to 3) of metallocene polyolefin, it exhibits good melt
processability, high tensile strength, impact strength, and
puncture resistance [4]. The metallocene polyolefin family

includes different types of polyethylene (PE), polypropylene
(PP), and ethylene copolymer. A variety of novel ethylene
copolymer elastomers is invented, including metallocene
EPDM, ethylene-octene copolymer (POE), and olefin block
copolymers (OBCs), with the advantage of good affinity with
conventional PE [5, 6].

Ultrahigh molecular weight polyethylene (UHMWPE) is
a superior material concerning its exceptional toughness,
low abrasion, and high impact resistance [7–9]. Nowadays,
it is applied into the polymer composites to enhance the
mechanical properties, such as toughness and tensile
strength. The advantage of using UHMWPE particles is that
the macromolecular chains at the surface are capable of
reptating and entangling with the polymer matrix, in which
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traditional inorganic particles are hard to bring about [10].
Interfacial bonding between a matrix and reinforcing parti-
cles is critical to determine the final mechanical properties
of polymer blends.

Usually, a commercial UHMWPE is synthesized by a
Ziegler-Natta catalyst at a high temperature (>60°C), where
the chain growth rate is greater than the chain crystallization
rate leading to the formation of many entanglements in the
amorphous region [11]. An entangled UHMWPE (weight
average molecular weight of 106 g/mol) chain exhibits a ter-
minal relaxation time of 15 h at 180°C according to the
reptation theory and the tube model [12], which shows that
it is difficult for entangled UHMWPE segments to diffuse
well into the matrix in the very limited shear rate and pro-
cessing time. In contrast, the diffusion model of the low-
entanglement material is different from that of entangled
UHMWPE, which is presented in a chain explosion mode
and is companied by a fast sideways motion [13, 14]. In
our research group, Yang et al. has found that UHMWPE
with the different entangled state has different effects on
the structural and mechanical properties of HDPE/
UHMWPE blends. UHMWPE with a low-entanglement
state is much easier to relax and overlap the adjacent HDPE
chains, leading to more excellent mechanical behaviors [15].

For metallocene polyolefin, the use of ultrahigh molecu-
lar weight polyethylene for reinforcement is a very attractive
attempt. To the best of our knowledge, there are rarely any
reports concerning the reinforcement of metallocene poly-
olefins by low-entanglement UHMWPE particles. In addi-
tion, there is no study on the enhancement mechanism of
UHMWPE-reinforced material from the perspective of
interfacial interdiffusion. Therefore, we select three kinds
of metallocene polyolefins containing different fractions of
polyethylene segments (0%, 70.5%, and 100%) as PP, EPDM,
and LLDPE. The synthesized nascent UHMWPE particles
with a disentangled state based on our previous work is used
for enhancement [16, 17]. We aim to observe the entangle-
ment formation by the low-entanglement UHMWPE parti-
cles and the evolution of microstructures and mechanical
properties through a series of investigations including scan-
ning electron microscopy (SEM), rheological measurements,
differential scanning calorimetry (DSC), and mechanical
measurement.

2. Experiments

2.1. Materials. Metallocene polypropylene is supplied by
Sinopec Group (China). EPDM (NORDEL™ IP 3722P) with
70.5wt% of ethylene content, 29.0wt% of propylene content,
0.5wt% of ethylidene norbornene (ENB), and metallocene
LLDPE (ELITE, 5401G) are purchased from Dow (USA).
The low-entanglement ultrahigh molecular weight polyeth-
ylene (Dis-UHMWPE) with the melt flow rate (MFR) of
0.5 g/10min (230°C, 21.6 kg) was synthesized based on our
previous work [16]. Antioxidant (Irganox 1010) for Dis-
UHMWPE is supplied by J&K Chemical Corp (China).

2.2. Blend Preparation. The weight fractions of Dis-
UHMWPE particles melt-mixed into the metallocene poly-

olefin matrix are selected as 0wt%, 1wt%, 3wt%, 5wt%,
10wt%, 20wt%, 30wt%, and 40wt%. In addition, 0.6wt%
of antioxidant 1010 is added to prevent the oxidative degra-
dation in subsequent experiments. The polymers were
blended in the torque rheometer (HAPRO MIX-60, China)
at 190°C for 5 minutes with a speed of 60 rpm. These
blended samples are denoted as PP/Ux, PE/Ux, and EPDM
/Ux, where x represents that the weight fraction of Dis-
UHMWPE particles in the polymer blends is x wt%.

Afterwards, the blends were compressed under 10MPa
at 190°C for 5 minutes to produce samples by using the com-
pression machine (XLB-HD, Dongfang Machinery Com-
pany, China). Samples were cooled down to the room
temperature, and compressed dumbbell samples and disk
samples were used for mechanical tests and rheological tests,
respectively. The schematic diagram of blend preparation is
shown in Figure 1.

2.3. Characterizations

2.3.1. Laser Particle Size Analysis. The dimensions of Dis-
UHMWPE particles were determined by laser particle size
analyzer (LS-230 Coulter, USA) with ethanol as dispersion
medium. The principle of measurement was laser diffrac-
tion. The intensity of scattered light represents the number
of particles with this particle size. In this way, the particle
size distribution of the sample can be obtained by measuring
the intensity of scattered light at different angles. The test
results of particle size were D10, D50, and D90, which,
respectively, indicated the particle size when the cumulative
distribution was 10%, 50%, and 90% in the particle size vol-
ume distribution curve, and D50 was also called the average
particle size.

2.3.2. Microscopic Observation. The morphology of Dis-
UHMWPE particles was investigated by optical microscope
(Leica DM500) with HD digital camera (ICC50W). The
Dis-UHMWPE particles were spread evenly on the glass
slide and then photographed by the aid of the digital camera.

The characteristics of fractures were performed by scan-
ning electron microscopy (SEM, JEOL JSM-7500F). The
three kinds of blends mentioned above were immersed into
the liquid nitrogen for 15 minutes and then fractured into
two pieces. To enhance the conductivity of the fracture sur-
face of the material, the fractured sections were gold-
sputtered before examining surface morphology.

2.3.3. Rheological Measurements. MFR measurement was
conducted on the melt flow tester (HS-XNR-400A, Hesheng
Company, China). The load during the experiment was
selected as 2.16 kg. The piston and the tested polymer were
preheated for 5 minutes and the temperature was kept at
230°C. The MFR value was recorded with the unit g/
10min. The melt flow index of each sample was tested at
least two times, and the average values were taken.

The viscoelasticity of the blends was analyzed on a
strain-controlled rheometer (HR10, TA Instruments, USA)
with a parallel plate with a diameter of 20mm. The dimen-
sion of disks for rheological tests were fixed at a diameter
of 20mm and a thickness of 2mm. The disk between the
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parallel plates of the rheometer was heated to 190°C under a
nitrogen environment, and the rheological measurements
were performed on the oscillation mode. After waiting for
200 seconds to ensure the thermal stability of the sample,
the rheological measurements were started. Frequency
sweep tests of the blends were performed at a frequency
range from 100 to 0.01Hz with the strain amplitude of
1.0% in the linear viscoelastic regime.

The shear rate applied to the samples was linearly
increased with the time from 0 s-1 to 10 s-1 and 18 s-1, respec-
tively. All samples were treated for 360 s. For the sake of
convenience, the samples were named by the content of
Dis-UHMWPE particles and the termination shear rate.
For instance, PP/U3-10 denotes that the content of Dis-
UHMWPE particles was 3wt% and the termination shear
rate was 10s-1. Oscillation time sweep was carried out by
the strain amplitude of 1.0% and the frequency of 5Hz after
the shear modification to track the reentanglement process
of blends.

2.3.4. Thermal Behaviors. Thermal behaviors of the samples
were recorded on differential scanning calorimetry (DSC)
(TA DSC25, USA) in a nitrogen atmosphere. The samples
were heated from 30°C to 190°C at a ramping rate of 10°C/
min. Afterwards, five minutes were held to eliminate thermal
history, and the samples were cooled to 30°C at the rate of
10°C/min. The temperature scan was repeated in the heating
and cooling range between 30°C and 190°C at 10°C/min as
the second cycle.

As for EPDM and LLDPE, crystallinity of LLDPE (XcPE)
was calculated by

XcPE =
ΔHm

ΔHPE0
× 100%, ð1Þ

where ΔHm is the melting enthalpy of the samples and Δ
HLLDPE0 is the melting enthalpy of the fully crystalline poly-
ethylene (293.0 J/g) [18].

As for PP blends, the crystallinity of PP was estimated by
the second cooling curve using

XcPP =
ΔHmPP

ΔHPP0 × ωPPð Þ × 100%, ð2Þ

where ΔHmPP is the enthalpy of cooling crystallization of PP
during the second cooling process, ΔHPP0 is the melting
enthalpy of 100% crystalline PP, which was taken to be
209 J/g [19], and ωPP is the weight fraction of PP component
in the blend.

Similarly, the crystallinity of UHMWPE in PP blends
was estimated by using

XcUHMWPE =
ΔHmUHMWPE

ΔHPE0 × ωUHMWPE
× 100%, ð3Þ

where ΔHmUHMWPE is the enthalpy of cooling crystallization
of UHMWPE during the second cooling process and
ωUHMWPE is the weight fraction of UHMWPE component
in the blend.

2.3.5. Mechanical Tests. The tensile tests were carried out on
an electromechanical universal test system (Model 5566,
Instron, USA) at room temperature (25°C) with a tensile
speed of 50mm/min. The dumbbell splines were produced
with the length, width, and thickness of 30mm, 5mm, and
2mm, respectively. For each group of tests, more than four
samples were tested, and the average values and standard
deviations were recorded.

The hardness of EPDM/U, PP/U, and LLDPE/U was
measured by using a Shore hardness tester (Shore “D”).

m-PE

m-EPDM

m-PP

UHMWPE m-polyolefn

Compression moldingMelt compounding

Temperature: 190 °C
Speed: 60 rpm
Mixing time: 5 min

Temperature: 190 °C
Pressure: 10 MPa

Dis-UHMWPE

Figure 1: Schematic diagram of blend preparation.
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The specimens were placed on a flat plane. The indenter of
the hardness tester was then pressed on the samples without
any vibration, making sure that it was parallel to the surface.
The tested values must be recorded within 1 second after the
indenter and the samples were fully touched. Each type of
samples was measured for five times at different position
and the average values were taken.

3. Results and Discussion

3.1. Morphology and Distribution of Dis-UHMWPE
Particles. The mean diameters of Dis-UHMWPE particles
investigated by laser particle size analysis and their morphol-
ogy are shown in Figure 2. The mean diameter D50 of Dis-
UHMWPE particle is close to 135μm, which corresponds
well with the images taken under an optical microscope.
Dis-UHMWPE nascent particles of different particle sizes
are typically “grape-shaped,” which are directly composed
of loosely stacked nodular particles [20]. Compared with
highly entangled UHMWPE, the size of nodular particles
of Dis-UHMWPE is generally smaller, and different num-
bers of nodular particles agglomerate to form new particles
of different sizes.

These UHMWPE particles were incorporated into differ-
ent metallocene polyolefin matrices. The SEM images of
fractured sections of the melt-processed blends are illus-
trated in Figure 3. After the melt processing, the Dis-
UHMWPE particles have undergone a significant evolution.
It reflects the biphasic miscibility of the blends and distribu-
tion of UHMWPE particles. When the concentration is low,
a relatively homogeneous system is formed without observ-
able particles. As for PP/U, obvious particles appear when
the UHMWPE content is 3wt%. As the content of
UHMWPE increases, tremendous particles gradually appear
on the surface indicating deteriorated miscibility, especially
when 10wt% of Dis-UHMWPE particles are incorporated,
with the volume average diameter of 0.9μm. In contrast,
the frequency of appearance of UHMWPE particles in
EPDM and LLDPE is significantly lower compared with
PP/U samples, even if the addition content of Dis-
UHMWPE particles reaches 10wt%. Meanwhile, the volume
average diameter of the UHMWPE particles is increased in
EPDM reaching 4.1μm due to varied surface tension and
rheological properties of different blending systems.

The fracture section of LLDPE/U in Figure 3 presents a
clear three-dimensional network structure. When the addi-
tion content of Dis-UHMWPE particles reaches more than
5wt%, as shown in Figures 3(c5) and 3(c10), obvious parti-
cles begin to appear on the fractured surface. 90% of
UHMWPE particles are concentrated in 0.5-1.0μm with
the volume average of 0.6μm exhibiting good mixing char-
acteristic. SEM results intuitively provide a judgment of
biphasic miscibility. Based on the above-mentioned observa-
tion, it is concluded that when the Dis-UHMWPE particles
are mixed with the polyolefin, the nodular particles are
separated and physically interacted with the matrix, of which
the schematic figure is shown in Figure 3(e). It exhibits
different particle sizes of UHMWPE based on the choice of
polymer matrix and addition content of Dis-UHMWPE

particles. Furthermore, from the perspective of the macro-
molecular chain segments, the interfacial interdiffusion
between the UHMWPE particles and the polyolefin matrix
needs to be revealed.

3.2. Interfacial Interdiffusion. The melt flow rates (MFR) and
its normalized values of the polymer blends are illustrated in
Figure 4. EPDM performs relatively weak fluidity compared
with PP and LLDPE. In addition, the introduction of Dis-
UHMWPE particles gradually decreases the fluidity of the
polyolefin matrix. The content of Dis-UHMWPE particles
should be controlled within a low range to ensure sufficient
melt processing performance. When the addition amount
of UHMWPE is 10wt%, the fluidity reduction ratio of
LLDPE and EPDM is very similar, approximately
approaching 64%. Meanwhile, the PP blend shows 30%
attenuation of melt flow index. It hints different interfacial
affinity with UHMWPE of polypropylene and polyolefin
containing polyethylene segments.

The miscibility and interdiffusion behaviors of blends
with different weight fraction of UHMWPE are evaluated
by high-temperature dynamic frequency scanning. Taking
the samples with 1wt% UHMWPE as an example, as shown
in Figure 4(c), in the high frequency regime, the storage mod-
ulus (G′) of the blends is greater than the loss modulus (G″).
Materials tend to behave more like solid under high fre-
quency stimulation due to oscillatory shear deformation,
where it is over the crossover frequency with inability in the
motion of entire molecular chains. By comparing the change
of the crossover frequency of the blends, we understand the
effect of the UHMWPE content on relaxation behavior. As
shown in Figure 4(d), with the increase of UHMWPE con-
tent, the crossover frequency gradually decreases and longer
relaxation time is required. LLDPE matrix is more sensitive
to UHMWPE changes, and the liquid-like to solid-like tran-
sition shifts quickly to low frequencies. It originates from the
formation of networked structures with the incorporation of
Dis-UHMWPE [21–23].

As shown in Figure 5, the viscosity of the blends
increases gradually with the increment of UHMWPE frac-
tion, which results from the hindrance by the ultralong
molecular chain of UHMWPE [18]. EPDM exhibits higher
viscosity compared with PE, corresponding well with the
MFR results. The LLDPE/U and EPDM/U show a relatively
high complex viscosity compared with the pristine ones,
demonstrating that the introduction of Dis-UHMWPE par-
ticles improves the intermolecular entanglements of the
blends and shows long-period relaxation behavior [24].
The LLDPE/U and EPDM/U exhibit a typical shear thinning
behavior in contrast to the apparent Newtonian behavior
regime of pure LLDPE, which is beneficial for melt process-
ing at high shear rate. Figures 5(b)–5(e) present the evolu-
tion of storage modulus of EPDM/U and LLDPE/U blends
with different UHMWPE content. The storage modulus rep-
resents the elasticity of the melt and the relaxation behaviors
of the molecular chains. As shown in the storage modulus
versus frequency curves, the blended samples have larger
modulus at low shear frequency compared with pristine
samples, which is ascribed to the longer relaxation time.
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The change of modulus for EPDM/U is negligible compared
to that of LLDPE/U when the UHMWPE fraction is less
than 10wt%. With the further increase of UHMWPE con-
centration, the storage modulus is improved significantly at
low frequency region ranged from 0.01Hz to 0.1Hz, which
means that a large amount of entanglement points and
mechanical network between UHMWPE chains and the
adjacent chains are formed.

Loss tangent (tan δ) is an important parameter to mea-
sure the viscoelastic transition of melt, illustrating the bal-
ance between energy loss and storage. The smaller tan δ
corresponds to the better elasticity [25]. A relative apparent

positive slope occurs in the EPDM/U blend at low shear fre-
quency (Figure 5(c)), which is attributed to the interface
strength effect between EPDM and UHMWPE by forming
tight entanglement networks [26]. Compared with EPDM/
U, tan δ of LLDPE/U decreases more obviously with the
increase of frequency, indicating viscous fluid behavior and
less pronounced elasticity [27]. In summary, UHMWPE
has a great influence on the viscoelasticity of EPDM and
LLDPE by forming a certain degree of entanglements.

To gain a deeper understanding of the miscibility of the
two polymers, the above-mentioned data is remapped in
Figure 6. The log-additivity rule is a common method to
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Figure 2: (a) Morphology of Dis-UHMWPE particles. (b) Mean diameters of Dis-UHMWPE particles in cumulative distribution of 10%,
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analyze the miscibility of biphasic blends [28]. Figures 6(a)–
6(d) show the variation of complex viscosity and storage
modulus at 0.01Hz versus UHMWPE content at 190°C for
EPDM/U and LLDPE/U. Compared with LLDPE/U,
EPDM/U exhibits obviously higher linearity in the curves
concerning the linear variation of log Gð0:01HzÞ′ and log
ηð0:01HzÞ versus UHMWPE content. It indicates that the
biphasic miscibility of EPDM/U blend is more impressive
than that of LLDPE/U.

Cole-Cole curve is an empirical correlation tool to ana-
lyze the miscibility of the blends, which illustrates the rela-
tionship between real viscosity (η′) and imaginary viscosity
(η″). The degree of downward bending of Cole-Cole curves
represents phase separation and relaxation process of dis-
persed particles [29], of which the smooth semicircle repre-
sents good miscibility [30, 31]. As shown in Figure 6(f), the
LLDPE matrix and UHMWPE with the content below 3wt%
exhibit good miscibility reflected in observable semicircles.
The shape of the curve sharply deviates from the semicircle
to a straight line with an upturn tail at the concentration
of 10wt% due to deteriorated biphasic miscibility. In con-
trast, the Cole-Cole curve of pristine EPDM is slightly bent
due to its intrinsic structure of hard blocks of polyethylene

segments and soft blocks of polypropylene segments. There
is violent phase separation with an upturn tail in the curve
when the addition fraction of Dis-UHMWPE particles
exceeds 20wt%.

The variation of Han curves with different compositions
also indicates the phase separation behavior based on molec-
ular viscoelasticity theory [32]. The obvious difference
between heterogeneous polymer system and homogeneous
polymer system lies in whether there exists composition
dependence. If there is no composition dependence, the
polymer melt is homogeneous. Therefore, it proves that
there is no distinctive phase separation in melt state when
the fraction of UHMWPE in EPDM/U is below 10wt%. In
contrast, for the LLDPE/U system, the Han curve has a sig-
nificant deviation within the fraction of 10wt%, which
shows that the obvious phase separation occurs in the melt
state. When the content of UHMWPE exceeds 10wt%,
LLDPE/U blends exhibit perceptible composition depen-
dence, which is ascribed that a large amount of UHMWPE
is difficult to be well miscible with the matrix. Meanwhile,
regarding better miscibility, the maximum addition thresh-
old of Dis-UHMWPE particles for EPDM reaches 20wt%,
which corresponds well with Cole-Cole curves. In terms of
rheology, the maximum addition amount of blending
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Figure 9: Continued.
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modification is 10wt% and 20wt% for LLDPE and EPDM,
respectively.

Different from nanoparticles, the molecular chains of
UHMWPE are disentangled under the shear modification,
and the disentangled chain segments tend to reentangle to
equilibrium state in the form of random coil originated
from the entropy driven in the molten state [33]. There-
fore, we use rheological methods to track the recovery
process of entanglement, reflecting the situation of
biphasic interfacial interdiffusion. Figures 7(a) and 7(b)
record the recovery process of storage modulus of the
biphasic blends versus time after reaching the terminal
shear rates of 10 s-1 and 18 s-1, in logarithmic form, respec-
tively. The recovery process is generally divided into two
stages including chain explosion stage and reptation stage,
respectively [34]. In the chain explosion stage, the chain
segment moves and forms large number of physical entan-
glement nodes rapidly. Subsequently, the motion of the
chain segment is greatly limited in the reptation stage,
and it takes a long time to reach the platform. We define
the time for the storage modulus to recover to half equi-
librium and total equilibrium as half reentanglement time
and reentanglement time, respectively, and the related data
are illustrated in Figures 7(c) and 7(d). PP/U blends only
takes 318 s to reach the equilibrium state, which shows
that the chain segments of Dis-UHMWPE particles do
not effectively diffuse into the chain segments of PP
matrix existing in the form of agglomeration. After shear
modification, the chain segments of PP quickly return to
equilibrium under the action of entropy drive. The interfa-
cial interdiffusion between UHMWPE and PP is very weak
compared with the other two polymer blends, and it is dif-
ficult to form an effective entanglement network to retard
the recovery process which is still dominated by the PP
molecular chains.

Two different shear rates are selected to track the dif-
ferences, and the order of recovery time among different
materials remains unchanged, reflected in significantly
shorter recovery time of PP/U and prolonged time of
LLDPE/U and EPDM/U. It is attributed that the motion of
these two polymers is greatly constrained by UHMWPE,

and the longer recovery time probably corresponds to better
interfacial interdiffusion. Molecular chains of UHMWPE
diffuse into the molecular chains and form entanglement net-
works with EPDM and LLDPE. In detail, when the terminal
shear rate is 10 s-1, EPDM/U3 takes 1168 s to reach the semi-
equilibrium state, almost four times that of LLDPE/U3. It
gives evidence that the interaction between EPDM and
UHMWPE is strong enough to form entanglements between
polyethylene segments.

Based on these findings, the structure diagram of the
UHMWPE-containing blends with different polyolefin is
given in Figure 8. There are weakly any strong intermolecu-
lar forces between PP and UHMWPE with slightly entangled
interface. For LLDPE and EPDM, there exists some degree
of intermolecular diffusion of UHMWPE towards the poly-
olefin matrix forming entanglements between molecular
chains. Although there are relatively larger particles of
EPDM in the matrix, the interdiffusion force of UHMWPE
into EPDM matrix is still very strong due to the presence
of a large fraction of polyethylene segments.

3.3. Crystallinity. Figure 9 illustrates the second heating and
cooling curves of the blends in the DSC tests, where the
related data regarding crystallinity are presented in
Figures 9(d)–9(f). The cooling curves of the first cycle and
the second cycle almost coincide, indicating that the thermal
history of the blends has been effectively eliminated. The
melting enthalpy of PP/U is gradually increased with the
addition of Dis-UHMWPE particles. It is mainly due to
enhanced crystallization ability and high melting enthalpy
for 100% crystalline polyethylene segments. The crystallinity
of PP (low-temperature peak) is estimated from the cooling
process (Figure 9(g)) ranging from 13.3% to 14.5%, while the
crystallinity of UHMWPE (high-temperature peak) is from
31.9% to 35.8%. Although the crystallinity of PP does not
change much, its crystallization temperature is significantly
advanced from 70.0°C for pristine PP to 73.2°C for PP/U1,
where UHMWPE plays the role of a nucleating agent. The
two melting peak temperatures of pristine PP (Figure 9(a))
are 114.3°C and 127.2°C, representing two kinds of confor-
mations in PP. The low-temperature peak and high-
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Figure 9: DSC curves of three kinds of blends. (a–c) The second heating scan of PP/U, EPDM/U, and LLDPE/U. (d) Melting enthalpy of
PP/U. (e, f) The crystallinity of EPDM/U and LLDPE/U. (g–i) The second cooling scan of PP/U, EPDM/U, and LLDPE/U.
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temperature peak represent isotactic PP and syndiotactic PP,
respectively. Two peaks of PP/U samples have 1°C shift to a
higher temperature. Meanwhile, there appears a shoulder
peak of UHMWPE at 134.5°C when the addition amount
of UHMWPE is greater than 3wt%. As a nucleating agent,
UHMWPE does not participate in the cocrystallization pro-
cess of PP and only slightly improves the aggregated struc-
ture of PP. It increases the melting point of PP without
significantly impacting its crystallinity.

EPDM with an ethylene content of more than 65% is
often classified as crystallizable products as semicrystalline.
When there is no UHMWPE in the EPDM matrix, the poly-
mer does not crystallize without obvious melting points,
because methyl groups from propylene units interrupt crys-
tallization of EPDM. The situation is changed when Dis-
UHMWPE particles are incorporated. The melting points
of UHMWPE usually exceed 130°C [35]. When Dis-
UHMWPE particles are incorporated into the matrix, the
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Figure 11: Normalized diagram of mechanical properties: (a) tensile strength (TS), (b) Young’s modulus (YM), (c) breaking elongation
(BE), (d) breaking work (BW), (e) hardness (H), and (f) yield stress (YS).
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melting point of UHMWPE content in the blend is approx-
imately 133.8°C. In addition, there appears a shoulder peak
at 128.2°C, which is ascribed to the crystallization of polyeth-
ylene segments from EPDM. The incorporation of Dis-
UHMWPE particles promotes the nucleation process and
growth of the crystallization process [36, 37]. During the
cooling process, the blend cocrystallizes at 118.3°C, which
gives evidence of good interfacial interdiffusion between
EPDM and UHMWPE. The overall crystallinity of the
EPDM/U is slightly increased with the addition of
UHMWPE, remaining a low level within 5%, ensuring that
EPDM retains the characteristics of rubber.

In Figure 9(i), there is no obvious cocrystallization
between LLDPE and UHMWPE. However, the melting peak
of LLDPE/U blends is shifted from 122.3°C to 128.2°C
(Figure 9(c)), which is illustrated that the crystallization
behaviors are greatly affected by the addition of UHMWPE.
Similarly, the melting point of UHMWPE is close to
133.8°C. It is worth noting that a small amount of
UHMWPE results in great change for crystallinity of
LLDPE. When 1wt% of Dis-UHMWPE particles are incor-
porated, the crystallinity is increased from 24.9% to 30.4%
as shown in Figure 9(f). When the addition amount is fur-
ther enhanced, the increment in crystallinity becomes very
small, which is distinct from the crystallization behavior of
EPDM. As shown in Figure 9(e), EPDM has a stable increase

in crystallinity within a larger content range, which is due to
its high filling threshold and good interdiffusion with
UHMWPE.

3.4. Mechanical Performance. The typical stress-strain curves
of three series of blends are shown in Figure 10. PP and
LLDPE exhibit the mechanical performance of ductile mate-
rials with very high breaking elongation. At the beginning of
stretching, stress-strain curves show a sharp slope which
represents general elastic deformation till the yield point,
followed by necking and cold drawing during which LLDPE
exhibits the strain hardening behavior. As for EPDM, it acts
as a typical elastomer without necking.

The mechanical properties of the three blends, including
tensile strength, breaking elongation, Young’s modulus,
hardness, yield stress, and breaking work, are also presented
in Figure 10. The mechanical properties of PP/U blends are
enhanced only when the amount of UHMWPE is tiny
(1wt%). When the addition amount is further increased,
there is a sharp decline in the tensile strength, breaking elon-
gation, and breaking work. Its Young’s modulus, hardness,
and yield strength basically keep unchanged. From the radar
chart, it shows that in the biphasic system, UHMWPE is not
suitable for enhancing the mechanical properties of PP. It is
mainly ascribed that the crystalline structure of PP remains
basically unchanged, and the addition of UHMWPE
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presents in the PP matrix in the form of defects leading to
stress concentration, which corresponds well with the SEM
results.

In contrast, as shown in Figure 11, Dis-UHMWPE parti-
cles have significantly better reinforcement effects on LLDPE
and EPDM. As for LLDPE/U blends, 5wt% of UHMWPE
successfully improves the comprehensive mechanical perfor-
mance compared with pristine LLDPE, especially tensile
strength by 11%, yield strength by 11%, and hardness by
5%. Meanwhile, the breaking elongation is slightly decreased
compared with LLDPE/U3, which may be ascribed to deteri-
orated miscibility as the UHMWPE content increases. As for
EPDM, when the addition amount of UHMWPE into
EPDM is 5wt%, the enhancement effect in mechanical per-
formance is significant, including tensile and yield strength,
breaking elongation and work, Young’s modulus, and hard-
ness. When the addition amount reaches 10wt%, Young’s
modulus is dramatically enhanced from 3.1MPa to
12.4MPa by 3 times. Meanwhile, its yield strength, hardness,
and breaking work are continuously enhanced, and the
related values are increased by 26%, 30%, and 19%, respec-
tively. It hints that UHMWPE plays an excellent role in
enhancement in EPDM, originated from the good interfacial
interdiffusion and promoted aggregate structure caused by
cocrystallization.

In order to highlight the difference between low-
entanglement UHMWPE and high-entanglement one, we
also tried to add high-entanglement UHMWPE into the
polyolefin matrix for comparison. As shown in Figure 12,
compared with the high-entanglement UHMWPE, low-
entanglement UHMWPE has a more significant effect on
improving the mechanical properties of polyethylene. This
is because the structure of the low-entanglement UHMWPE
entanglement network is looser, and the chain segments of
LLDPE are easier to enter the inner part of the low-
entanglement UHMWPE chain. From the previous analysis,
UHMWPE exists in the PP matrix in the form of defects,
and the low-entanglement UHMWPE is more prone to
chain explosion than the high-entanglement UHMWPE.
Therefore, the low-entanglement UHMWPE will form
larger defects during the blending process, resulting in the
degradation of the mechanical properties of PP/U. In con-
trast, highly entangled fillers form smaller-scale defects. So
for low-entanglement UHMWPE, we have to distinguish
its application scenarios. It is aimed to form better entangle-
ment between UHMWPE and the matrix, and we need to
ensure that the filler does not reentangle itself during the
blending process.

4. Conclusion

The interfacial interdiffusion and mechanical evolution of
metallocene polyolefins by introducing low-entanglement
UHMWPE particles have been demonstrated. PP has very
poor miscibility with UHMWPE with tremendous
UHMWPE particles and exhibits poor interfacial interdif-
fusion without effective entanglement network. From the
perspective of the macromolecular chain segments probed
by rheological measurement, the interfacial interdiffusion

force of UHMWPE is more significant regarding the two
polyolefins containing polyethylene segments, leading to
enhanced mechanical properties especially EPDM. EPDM
possesses a higher maximum addition threshold concerning
rheological and mechanical behaviors. UHMWPE cocrystal-
lizes with EPDM with promoted aggregate structure, and the
blend shows superior comprehensive mechanical properties
especially Young’s modulus. Therefore, low-entanglement
UHMWPE particles can be regarded as an ideal reinforcing
filler for metallocene polyolefins containing polyethylene
segments to broaden their application fields. The key to
enhancement is forming entanglements through efficient
interfacial interdiffusion of polyethylene segments. This
research provides a reference for designing the UHMWPE-
reinforcing polymer. For example, polyethylene segments
are expected to be introduced into the matrix by copolymer-
ization or blending, helping UHMWPE perform a better
enhancement effect.
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