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Abstract
Incompatible polypropylene (PP) and polyethylene (PE) are di�cult to separate in mixed recycling
streams such as waste plastic packaging, which makes these polyole�n mixtures unsuitable for high-
quality products. In this work, based on the free radical branching reaction, a co-branching reaction of
isotactic polypropylene (iPP) and high-density polyethylene (HDPE) blends was carried out in the
presence of the peroxide, free radical regulator and multifunctional acrylate monomer, and a star-like
long-chain branching (LCB) copolymer was acquired. The effect of in situ compatibilization on the
structure and mechanical properties of iPP/HDPE was investigated, and the compatibilization
mechanism was discussed. Results showed that the mechanical properties of the modi�ed blends were
largely improved, and e�cient in-situ compatibilization of iPP and HDPE could be taken place in a wide
process window. Moreover, the size of the dispersed phase in the modi�ed blend was clearly decreased,
and the interfacial thickness increased. Compared with the pure iPP/HDPE blend, the initial crystallization
temperature of iPP in the modi�ed iPP/HDPE blend was increased, and long branched chains of the LCB
copolymer were physically entangled with the chemical identical homopolymers or even participate in the
crystallization of iPP and HDPE. Thanks to the in situ compatibilization strategy, the compatibility of
iPP/HDPE was signi�cantly improved. 

Introduction
As the main varieties of polyole�ns, polyethylene (PE) and polypropylene (PP) account for approximately
two-thirds of the global consumption of thermoplastic polymers [[i]]. However, the recycling rate of the
polyole�n wastes in nature such as packaging is less than 10% [[ii]], which causes serious “white
pollution”. Recent studies have reported that the harmful "microplastics" produced by discarded and
buried plastics are widely found in water and organisms [[iii],[iv]]. PE and PP are incompatible nonpolar
polyole�ns and are usually mixed together in polyole�n wastes. Moreover, when plastic wastes are melt
blended, the amorphous materials are usually enriched at the phase interface [2,[v]], which leads to a
signi�cant decrease in the compatibilizing effect of common compatibilizers such as short segment or
random copolymers. The decline in the mechanical properties and processing properties of the hybrid
PE/PP wastes restricts its high-quality reapplication, resulting in a low rate of recycling [[vi],[vii]].
Consequently, realizing the high-quality reuse of recycled polyole�n materials in a convenient way will
help to improve the sustainability of polyole�n material applications.

In recent years, researchers have proposed many methods to solve this problem, including: recycling
LDPE and PP through mechanical–chemical [[viii]]; making use of an alkylation reaction to improve the
compatibility of PP/PE blends [[ix]]; using radiations [[x]] or peroxides [[xi]] to crosslink PP/PE blends;
adding PE-g-PP graft copolymers [[xii]] or the nanoclay [[xiii]]. Recently, the high compatibilization
e�ciency of long block copolymers of ethylene and propylene is paid more attention to. In the research of
Eagan et al. [1], long diblock and multiblock copolymers of ethylene and propylene synthesized by living
polymerization were used as an adhesive layer between heterogeneous-grade PE and iPP laminates, and
cocrystallization along the �lm interfaces or physical entanglement of the internal blocks with the
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semicrystalline homopolymer lamellae at the interface was formed, which made PE and PP exhibited
cohesive failure with the application of stress in the peel test. Therefore, the application of long block
copolymer compatibilizers that can produce an interfacial "stitch" is an effective way to improve the
recovery rate and reusability of polyole�n wastes [7,[xiv]]. Xu et al.[[xv]] found that long block copolymers
replaced oligomers and impurities at the interface of the PE/PP blends, and only 0.2 wt % diblock
copolymers could e�ciently improve the interfacial adhesion. Furthermore, studies have shown [[xvi]] that
adding 1.7 wt % synthetic comb copolymers can produce a signi�cant compatibilization effect, which
indicates that the compatibilization effect of the long-chain branched (LCB) copolymer is similar to that
of the multiblock copolymer. Studies have also shown that the requirements of effective entanglement
for PE/PP block copolymers are as follows: the PP block molecular weight is more than 2 times the
entanglement molecular weight (PP entanglement molecular weight is approximately 5000 g/mol.), and
the PE block molecular weight is more than 3 times the entanglement molecular weight (PE entanglement
molecular weight is approximately 1000 g/mol.) [[xvii]]. If the block copolymer is required to form
interphase co-crystals in the PE/PP blend, the requirements for molecular weights of the block copolymer
are even larger[1].

However, the preparation of PE/PP long blocks and LCB copolymers are mainly through complex
chemical synthesis [1,9,10] or polar group reaction [[xviii],[xix]] methods. Due to the low market value of
recycled plastic materials, the application of expensive compatibilizers is restricted. Therefore, it is an
economical and effective method to add a small amount of additives in the process of melting and
mixing PE/PP wastes to generate long-chain copolymers in situ. Studies have shown that peroxides, free
radical activity modi�ers and trifunctional acrylate monomers could be used to prepare star-like LCB iPP
or LCB HDPE [[xx],[xxi]]. Although PE and PP are immiscible polymers, they have good melt-mixability in
the molten state [[xxii],[xxiii]], and maleic anhydride grafted PE and PP can be obtained simultaneously
when the radical graft reaction occurs in the PE/PP blend [[xxiv]]. This result indicates that the probability
of the reaction of monomeric radicals with macromolecular radicals of the two components is similar.
Therefore, when the melt radical branching reaction system is applied to the iPP/PE blend,
multifunctional monomers can be combined with different types of macromolecules to form a monomer-
centric LCB copolymer, and the effect of an in situ high-e�ciency compatibilization for PE/iPP blends can
be produced.

In this work, iPP/HDPE blends in the presence of a small amount of peroxide initiator, multifunctional
acrylate monomer and free radical regulator were melt blended to produce a LCB copolymer under
different reaction times. Subsequently, the mechanical properties, compatibility, rheological behavior and
crystallization behaviors of the blends were investigated, and the in situ compatibilization mechanism of
the LCB copolymer on the blends was discussed.

Experimental Section
Materials. The isotactic polypropylene (iPP T30S, MFR=2.5 g/10 min at 230 °C with 2.16 kg) and high-
density polyethylene (HDPE 5000S, MFR=1.7 g/10 min at 190 °C with 2.16 kg) in this work were both
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obtained from Lanzhou Petrochemical Co., Ltd., China. 2, 5-Dimethyl-2, 5-di (tert-butylperoxy) hexane
(DHBP) came from Aladdin-Aladdin Reagent Co., Ltd., China. Trifunctional trimethylolpropane triacrylate
(TMPTA) was obtained from Liyang Runda Chemical Co., Ltd., China. Zinc dimethyldithiocarbamate
(ZDMC) was purchased from Hebi Lianhe Chemical Co., Ltd. C., China. All reagents were used directly
without further puri�cation.

Preparation of the cobranched copolymers. The preparation of HDPE and iPP cobranched copolymers
was carried out in a torque rheometer (XSM-500, Shanghai Kechuang Rubber & Plastic Machinery Co.,
Ltd., China). All the materials used in the reactive blending test were accurately weighed according to
Table 1. Firstly, the DHBP and TMPTA were dissolved in an appropriate amount of acetone, and all of
them were sprayed evenly on the already mixed HDPE and iPP. Then, ZDMC were added and mixed well.
These samples were placed in an oven at 50 °C for 6 hours and then placed in the torque rheometer for
mixing. During the mixing process, the rotor speed was 80 r/min and the temperature was 200 °C. The
samples were taken at the reaction peak (about 140 s) and at the equilibrium point (about 220 s), which
were used for the subsequent performance and structural tests. The above reaction products were cooled
and then placed in a strong crusher. Finally, modi�ed and pure pellets of the iPP/HDPE blends with a
relatively uniform particle size were obtained.

Table 1. Formulation table for the modi�ed component.

iPP(%) HDPE(%) DHBP (phr) TMPTA(phr) ZDMC(phr)

90 10 0.05 1.2 0.1

70 30 0.05 1.2 0.1

50 50 0.05 1.2 0.1

30 70 0.05 1.2 0.1

phr: mass parts of additives per 100 mass parts of polymer.

Mechanical performance testing. The mechanical properties of the samples were tested using a CMT
6104 test machine (Meister Industrial Systems Co., Ltd., China). The pellets of the blends, pure iPP and
HDPE were injection molded into standard samples using a PL860 injection molding machine (Wuxi
Haitian Machinery Co., Ltd., China). The tensile properties, bending performances and notched impact
strengths of the samples were tested according to ISO 1184-1983, ISO 178-2001 and ISO 180-2000,
respectively. The test environment was at room temperature, and the average for each group was reported
after being tested 5 times.

Scanning electron microscopy (SEM) analysis. After placing the samples in liquid nitrogen for 2 hours,
the prenotched samples were quickly broken with an impact tester, and then the fracture surfaces of the
samples were sprayed with gold. Finally, a scanning electron microscope (JEOL JSM-7500F, Japan) was



Page 5/26

used to observe the surface of the impact section. The accelerating voltage was set to 5 kV, and the
magni�cation was set to 1000 times.

Raman imaging technology analysis. The iPP/HDPE blend samples were analyzed with a laser confocal
micro Raman DXR 2 spectrometer from American Thermo Fisher Co., Ltd. The notched samples were
premade with a sharp blade and soaked in liquid nitrogen for 2 h before brittle fracture. The sections were
frozen and �attened by the EMUC7 cryo-microtome of Leica, Germany, at -140 °C so that the section of
the sample was smooth. Finally, the smooth section was analyzed with the Raman microscope.

Dynamic rheological analysis. This experiment used an ARES-G2 rotary rheometer from the American TA
company for the rheology test in �at plate mode. The parallel plate diameter was 25 mm, and the upper
and lower plate spacing was 1 mm. Firstly, a dynamic strain scan was performed to determine the linear
viscoelastic range of the sample. The test temperature was 200 °C, and the strain was 1%. Then, a
dynamic frequency sweep was performed in the linear viscoelastic region. The frequency sweep range
was 0.05-500 rad/s.

Uniaxial elongation rheological characterization. Uniaxial elongation rheological characterizations were
tested on a Haake Mars III rheometer (Thermo Fisher Scienti�c, USA) using the extensional viscosity
�xture (EVF) at 200 °C under the nitrogen atmosphere. The strain rates in this test were 0.05 s−1 and 0.2
s−1, respectively. The samples were hot-compressed into sheets with a width of 10mm and a thickness of
1mm for the uniaxial elongational viscosity tests. Before the rheological tests, all the samples were
placed in the rheometer and heated for 5 min to completely melt the samples.

Thermal Analysis. Differential scanning calorimetry (DSC, TA-Q10, American) was utilized to study the
crystallization and melting behavior of the iPP/HDPE samples. A sample (6-10 mg) was sealed in an
aluminum pan and loaded in the DSC instrument. N2 was used as the shielding gas, and the �ow rate
was set to 40 mL/min. The sample was quickly heated to 200 °C and kept at this temperature for 5 min to
erase the previous thermal history before being cooled to 40 °C at a rate of 5 °C/min. The sample then
underwent another heating cycle back to 200 °C at a rate of 5 °C/min. The crystallization and melting
curves were recorded, and the reported peak crystallization (Tc) and melting temperatures (Tm) were
obtained from the second heating cycles. In addition, the sample crystallinity (Xc) was calculated
according to Formula 1:

where ΔH100%
m was the theoretical melting enthalpy of iPP or PE with a crystallinity of 100%, and Wf was

the mass fraction of iPP or PE in the blend. The values of ΔH100%
m for PE and iPP were 293 J/g and 207

J/g, respectively.
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Polarized microscopy (POM) analysis. A small amount of sample was placed on the loaded piece, heated
at 200 °C for 3 min to melt the sample, and then covered with a cover glass. During this period, a certain
pressure was applied to make it into a �lm. The spherulite growth process of the sample was observed
using an Axio Scoppe A1 polarizing microscope from the German ZEISS company. The temperature was
increased to 200 °C at a heating rate of 20 °C/min, and the temperature was maintained for 5 min to
eliminate the thermal history. Then, the temperature was decreased to 100 °C at a cooling rate of 2
°C/min to observe the growth process of the polymer spherulites.

Results And Discussion
Melt cobranching reaction process. Figure 1 shows the torque-time curves of the iPP, HDPE, pure and
modi�ed iPP/HDPE 90/10 blends and 70/30 blends. The �rst and second torque peaks on the curves
correspond to the melting peaks of HDPE and iPP, respectively. During this period, the material in the
barrel changes from a solid to a melt, accompanied by an increase and decrease in torque. The pure
iPP/HDPE blend has only two melting peaks throughout the mixing time range, and the torque is almost
constant when it is completely melted. However, a third peak appears in the curves of the cobranched
samples, which are the branching reaction peak of iPP/HDPE.

Figure 2 is the mechanism of reaction process for the formation of the long-chain co-branched
copolymer. First, the hydrogen atom on the methylene group in the HDPE molecular chain and the
hydrogen atom on the tertiary carbon atom in the iPP molecular chain are easily seized by primary
radicals produced by the decomposition of the organic peroxide and then the macromolecular radicals
are produced. Moreover, multiple double bonds of the trifunctional acrylic monomer (M) are opened by
the primary radicals to form monomer radicals. Then, these active monomer radicals are coupled with
macromolecular radicals. Because a trifunctional acrylic monomer can be combined with different types
of macromolecules, a cobranched structure centered on the trifunctional monomers is formed. However,
iPP macromolecular tertiary carbon radicals are extremely unstable, which can easily cause a β-scission
of the iPP molecular chain, and the methylene radicals of HDPE can easily combine with each other to
produce a cross-linked structure. Therefore, the dithiocarbamate is added as a free radical activity
regulator.

As shown in Figure 3 (taking iPP as an example), the dithiocarbamate can react with various active free
radicals in the system, becoming a dithiocarbamoyl radical that does not have the ability to capture
hydrogen (Process ). The reversible reactions of combining and separating occur between the generated
dithiocarbamoyl radical and active radicals in the system [22], which decreases the instantaneous
concentration of active radicals in the initial stage of the reaction. As the macromolecular free radicals in
the system are continuously consumed in the branching reaction, the balance of the reversible reaction
begins shifting to the reverse reaction, and the macromolecular radicals combined with the
dithiocarbamoyl radicals are gradually released (process ), which extends the life of the macromolecular
radicals, thereby promoting the branching reaction with multifunctional monomers and reducing the side
reactions.
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Mechanical performance testing. The mechanical properties of iPP, HDPE, pure and modi�ed iPP/HDPE
blends were tested, including the tensile properties, impact resistances and bending strengths of the
materials. The results were listed in Table 2.

The tensile strength and rigidity of iPP are better than those of PE, but the impact toughness is poor; in
contrast, PE has good impact toughness. Although the chemical structures of PE and iPP are similar, but
because of the thermodynamically incompatible and difference in crystal structure, the mechanical
properties of blends of HDPE and iPP are poor. It can be seen from Table 2 that compared with the pure
blended samples, the overall mechanical properties of the cobranching modi�ed samples are improved,
especially the impact strength and elongation at break. For example, from Figure 4, the HDPE and iPP
homopolymers are tough materials and their elongation at break are over 600%, however, the elongation
at break of the pure iPP/HDPE 70/30 blend and 50/50 blend are just 75.2% and 123.3% respectively.
Unexpectedly, the modi�ed blends exhibit high toughness, and their elongation at break reaches 475.8%
for iPP/HDPE 70/30 and 522.2% for iPP/HDPE 50/50. This result indicates that the introduction of a
cobranched structure by chemical modi�cation can signi�cantly improve the compatibility of HDPE and
iPP. And it can be seen from Figure 5, the modi�ed iPP/HDPE 70/30 blend shows an obvious
improvement in impact strength, but the improvement is not very signi�cant. However, the modi�ed
samples of the iPP/HDPE 30/70 blend have approximately three times the impact strength of this pure
blended sample. This is because improving the impact toughness of iPP dominant blends requires
greater amounts of compatibilizer, when the more brittle iPP is the majority phase [25,26].

Table 2. Mechanical properties of iPP, HDPE, pure and modi�ed iPP/HDPE blends.
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Sample Tensile
(MPa)

Bending strength
(MPa)

Notched impact
strength (kJ·m-2)

Elongation at
break (%)

iPP 36.3 42.1 3.9±0.13 680.3±35.6

HDPE 22.2 14.5 22.7±1.63 621.1±32.3

iPP/HDPE: 90/10 30.7 37.5 4.8±0.36 14.1±2.5

Modi�ed1

iPP/HDPE: 90/10

33.8 39.3 4.8±0.55 233.3±10.8

iPP/HDPE:70/30 30.2 31.1 4.8±0.24 75.2±5.7

Modi�ed1

iPP/HDPE: 70/30

31.1 30.1 9.8±1.12 475.8±28.2

Modi�ed2

 iPP/HDPE: 70/30

31.1 33.7 10.7±1.25 361.2±31.5

iPP/HDPE: 50/50 26.6 24.9 6.1±0.98 123.3±10.3

Modi�ed1

iPP/HDPE: 50/50

27.6 27.2 23.1±1.95 522.2±37.4

Modi�ed2

iPP/HDPE: 50/50
25.6 26.4 24.6±2.19 480.5±34.6

iPP/HDPE: 30/70 24.2 21.9 12.8±1.23 195.5±18.5

Modi�ed1

iPP/HDPE: 30/70

24.6 22.6 35.5±4.52 450.6±43.6

Modi�ed2

iPP/HDPE:30/70
25.4 23.5 38.7±6.86 430.9±39.6

1: taken at the equilibrium point; 2: taken at the peak top

Furthermore, From the data in Table 2, compared with the specimen taken at the equilibrium point, the
impact strength of the specimen taken at the torque peak is slightly higher, but the elongation at break is
slightly lower, and the overall performance difference is not obvious, which indicates that there is a wide
process window for achieving an e�cient in situ compatibilization of iPP and HDPE.

To observe the in situ compatibilization effect more intuitively, the appearance of tensile fracture
specimen of iPP/HDPE 70/30 blends is shown in Figure 6. The severe delamination of the pure
iPP/HDPE 70/30 blend can be seen during the tensile process, indicating its poor compatibility. In
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contrast, the surface of the tensile deformed cobranching modi�ed specimen is smooth and �at,
indicating that a good in situ compatibilization effect has occurred.

Cryogenic fracture morphology. The notched samples were placed in a liquid nitrogen for 2 h and then
immediately fractured using an impact test machine. Subsequently, the failure morphologies of the pure
and unmodi�ed HDPE/iPP 90/10 blends and 70/30 blends by imaging the fracture surface with SEM
were investigated, as shown in Figure 7.

As shown in Figure 7a and 7b, which are the SEM images (magni�ed 1000 times) of the fracture of the
pure iPP/HDPE 90/10 and 70/30 blends, the morphologies show an obvious gully, and the gully widens
and deepens when the content of HDPE increases. This result is mainly due to the poor interfacial
adhesion and interfacial strength, resulting in the phase interface breaking in the cryogenic fracture [27].
However, it can be observed from Figure 7c and 7d that the fracture morphologies of the modi�ed
iPP/HDPE 90/10 and 70/30 blends are uniform and smooth, indicating that interfacial adhesion of the
iPP and HDPE phases is greatly improved after the cobranching modi�cation.

Raman spectroscopy mapping. To detect the distribution of the two components in the iPP/HDPE blends,
FT-Raman mapping was performed. The Raman spectra of the HDPE and iPP are shown in Figure 8a.
The peak at 1295 cm-1 in the Raman spectrum of HDPE does not appear in the spectrum of iPP. This
peak is the consecutive -CH2 trans conformation peak in the crystalline polyethylene structure [28,29].

Therefore, we regard the Raman peak at 1295 cm-1 as the characteristic peak of the HDPE. The untreated
Raman mapping images of the pure and modi�ed iPP/HDPE 70/30 blends are shown in Figure 8b and
8c. The HDPE and iPP domains are denoted in the Raman mapping images as a red and green color,
respectively. A yellow color appears at the interface, which is the area of mixed HDPE and iPP. For the
modi�ed sample, the size of the red domains decreases and the yellow area at the interface between two
phases increases in the Raman mapping image, which means that the size of the dispersion phase of
HDPE decreases and the interfacial thickness evidently increases. Because the Raman peak at 1295 cm-1

is the HDPE mark associated with a consecutive trans conformation, compared with the pure blend, many
ordered or crystalline PE chains are present in the interfacial layer of the modi�ed blend.

Dynamic rheological measurement. The van Gurp-Palmen (vGP) map can qualitatively re�ect the
molecular topological structure of the polymer. To eliminate the difference in molecular weight, molecular
weight distribution and relaxation time of each sample, the complex modulus |G*| is normalized to the
platform modulus GN to obtain the reduced modulus G*

red. Then, the reduced vGP map of each sample is

obtained by plotting the phase angle δ against lgG*
red. Figure 9a shows that iPP exhibits clearly linear

polymer characteristics, and its δ monotonically decreases with an increasing G*
red in the test range.

Although the curve of the pure iPP/HDPE blend shows a small �uctuation, the overall monotonic
decrease is obvious, and there is no obvious in�ection point. This result is caused by the relaxation of the
dispersed phase of the system and the existence of the phase interface [30]. An obvious in�ection point
can be seen on the vGP curve of the modi�ed samples, which corresponds to the relaxation process of
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the long-chain branch in the samples. Liu et al. [31] studied the vGP maps of various branched
polyethylenes and produced a topology map based on them. As seen from Figure 9a, the curves of the
modi�ed sample exhibits a "bump" shape after the in�ection point, indicating that the samples contain a
typical star-like branched structure [33,32,33]. Moreover, the in�ection point of the modi�ed sample taken
at the equilibrium point is earlier than the in�ection point of the modi�ed sample taken at the top of the
reaction peak, which indicates that the modi�ed cobranched material exhibits characteristics of a more
stable star-like LCB structure with the extension of reaction time [34,35].

Comparing with the dynamic shear rheology, elongational rheology is more sensitive to the branched
molecular structure. The evaluation of the strain-hardening behavior of melt in elongational �ow can be
used to con�rm the existence of long chains branched molecular structure in the iPP/HDPE blend [36].
The transient elongational viscosities of pure and modi�ed iPP/HDPE 70/30 blends at different strain
rates are showed in Figure 9b. It can be seen that the transient elongational viscosities of pure iPP/HDPE
70/30 blends increase with time at the beginning of stretching, but decrease before the end of the tests,
which is so-called strain-softening behavior [37]. This trend indicates a lack of branched chains in pure
iPP/HDPE 70/30 blends due to their linear molecular structure. On the contrary, the strain-hardening
behavior is evident in modi�ed samples, and this behavior is more obvious at low rates. The remarkable
strain hardening behavior con�rms the long branched molecular structure in the modi�ed iPP/HDPE
70/30 blend. Therefore, similar to the bimodal P(E-cb-P) comb block, the remarkable strain hardening
observed in modi�ed blends may arise from the increases in the blend interfacial area and the
entanglement of the branched chains of LCB copolymers within the homopolymer phases [38].

Analysis of the crystallization behavior. Differential scanning calorimetry (DSC) was performed on the
iPP, HDPE, pure and modi�ed iPP/HDPE blends. The results are shown in Figure 10, and the onset
temperature of crystallization and the crystallinity calculated from the melting curves are listed in Table 3.

In Figure 10a, the crystallization temperature of iPP is clearly higher than that of HDPE, and the
crystallization temperature ranges of iPP and PE partly overlap with each other. As shown in Table 3, the
crystallinities of iPP and HDPE are 45.63% and 59.39%, respectively. iPP and HDPE components in the
pure blends crystallize separately in their own cells; thus iPP and HDPE components in the melt blends
repel each other and form separated phase structures in the crystallization process. This mechanism
results in a decrease in crystallinity. Figure 10c, 10e and Table 3 show that the initial crystallization
temperature of iPP in the modi�ed iPP/HDPE blend increases. This phenomenon is mainly because the
long-chain cobranched structure are easily discharged into the crystal lattice and play a role in nucleation,
which promotes the increase in the initial crystallization temperature of the modi�ed iPP/HDPE blend. On
the other hand, the regularity of the polymer structure is destroyed by cobranched structures [39], which
decreases the degree of crystal perfection and results in a wide crystallization temperature range.

Table 3. Crystallinity and onset crystallization temperature of HDPE, iPP and iPP/HDPE blends.
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Sample Crystallinity of
iPP/HDPE(%)

Crystallization onset temperature of
iPP/HDPE (°C)

HDPE 0/59.39 0/120.28

iPP 45.63/0 124.63/0

Pure iPP/HDPE: 70/30 29.99/53.03 126.21/120.00

Modi�ed1 iPP/HDPE:
70/30

33.71/47.07 135.33/120.75

Modi�ed2 iPP/HDPE:
70/30

32.89/44.50 132.61/119.96

Pure iPP/HDPE: 30/70 24.30/49.24 125.5/119.93

Modi�ed1 iPP/HDPE:
30/70

22.60/51.59 133.08/121.84

Modi�ed2 iPP/HDPE:
30/70

15.83/42.94 134.00/121.49

1: taken at the equilibrium point; 2: taken at the peak top

In addition, the crystallinity of the modi�ed blends taken at the peak top is lower than that of the modi�ed
blends taken at the equilibrium point in Table 3, which means that the main chain regularity of the
polymers becomes better with the extension of blending time. Therefore, the degree of branching does
not increase after the branching reaction peak in the melt modi�cation process. As shown in Figure 10e,
when the content of iPP is low in the pure blend, the steric hindrance effect of HDPE causes the iPP
crystallization undercooling to increase, and only a single peak almost appears in the cooling curve.
However, the LCB copolymer distributed at the interface of iPP and HDPE in the modi�ed blend [16] can
release its propylene chain into the iPP lattice; thus the steric hindrance effect of PE decreases, and the
crystallization of iPP is completed before the crystallization of PE.

To further investigate the crystallization behavior of the samples, the spherulite growth processes of the
pure and modi�ed iPP/HDPE 70/30 blends were observed using a polarizing microscope. The pure
iPP/HDPE blend and the modi�ed sample taken at the equilibrium point were cooled at a rate of 2 °C/min
starting at 200 °C, and the spherulite growth process was observed (photographed every 60 s). According
to the initial crystallization temperature of different samples in Table 3, the polarizing microscopy
pictures at different temperatures were selected, and these are shown in Figure 11 and 12.

As shown in Figure 11, for the pure iPP/HDPE blend, the mutual restriction between the two components
makes the spherulites obviously incomplete, and it is worth noting that the initial crystallized iPP
spherulites cannot enter the PE domains indicated by the arrows. The reason for this behavior is that the
�rst crystallized iPP constantly repels the melted PE with an increasing spherulite size. After the
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temperature drops to a certain level, the PE phase nucleates and crystallizes by itself, thus forming a sea-
island structure.

As shown in Figure 12, for the modi�ed iPP/HDPE blend, the spherulites are complete and grow
continuously. An obvious phase boundary cannot be found, and the spherulites of the later crystallized
HDPE indicated by the arrows in the Figure 12 are intertwined with those of iPP. Furthermore, different
from the dense spherulites in Figure 11, obvious gaps between the lamellae inside the spherulites can be
seen in Figure 12. This result is mainly because spherulites are composed of radially growing lamellae,
and when a part of the branch chains of the branched copolymer cocrystallize with the chemical identical
homopolymer, another kind of branch chains cannot enter the crystal lattice and is retained between the
lamellae, which leads to the formation of the obvious gaps between the lamellae inside the spherulites. It
is speculated that the ethylene and propylene molecular chains of the cobranched copolymer enriched at
the interface of HDPE and iPP participate in the crystallization of HDPE and iPP, respectively, thereby
decreasing the restriction effect between the two components.

Compatibility mechanism models. To facilitate a better understanding of the role of the LCB copolymer
between the HDPE and iPP crystals, we made the schematic diagram, as shown in Figure 13. The chains
and spherulites of HDPE and iPP are shown in different colors to facilitate identi�cation.

As seen from Figure 13, the cobranched copolymers enrich on the interface of the different kinds of
spherulites, which produce microphase separation and the formation of ordered structures, and the
branched chain of LCB copolymers participate in the crystallization of chemical identical homopolymer
spherulites. In addition, some of the cobranched copolymers are concentrated in the gap between the
lamellae in the homopolymer spherulites, which exist mainly in the amorphous state due to the limit of
the molecular chain motion, and a part of their chemical identical branched chains participate in
crystallization of the homopolymer spherulites.

Summary And Conclusions
A cobranched reaction system composed of iPP/HDPE blends in the presence of the peroxide, free radical
regulator and polyfunctional acrylate monomer was used to synthesize LCB copolymers in situ for the
e�cient compatibilization of iPP/HDPE blends in an economical and convenient manner. The star-like
cobranched molecular structure was formed in situ in the melt blending and the strain-hardening behavior
is evident in modi�ed samples. The comprehensive mechanical properties of the modi�ed blend were
signi�cantly improved. For example, compared with the pure iPP/HDPE 50/50 blend, the elongation at
break of the modi�ed samples was increased by over 4 times and the notched impact strength was
increased by approximately 4 times. In addition, for the modi�ed blends with the same composition but
different blending times, the difference in the overall performance was not obvious, which indicated that
there was a wide process window for the e�cient in situ compatibilization of iPP and HDPE. As a result,
the size of the dispersed phase in the modi�ed blend clearly decreased while the interfacial thickness
increased. The initial crystallization temperature of iPP in the modi�ed iPP/HDPE blend was increased by
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the nucleation effect of the long-chain branches. Furthermore, compared with the incomplete spherulites
and clearly separated phase structures of the pure iPP/HDPE blend, the spherulites of the modi�ed
iPP/HDPE blend were complete and grew continuously, which was due to LCB copolymer participating in
the crystallization of HDPE and iPP, making these two crystallizations almost simultaneously. The long
branched chain LCB copolymers at the interface of the two phases entangled with iPP and HDPE at the
interface of the two phases and were even involved in the crystallization of iPP and HDPE, which
signi�cantly improved the compatibility of iPP and HDPE.

Our work offers a novel approach to solve the current bottleneck for the low-cost compatibilization of the
mixture of polyole�n wastes and short the reapplication cycle.
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Figures

Figure 1

Torque-time curves of HDPE, iPP, pure and modi�ed iPP/HDPE blends. (a: HDPE, iPP and the iPP/HDPE
90/10 blend; b: HDPE, iPP and the iPP/HDPE 70/30 blend.)
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Figure 2

Schematic diagram of the co-branching reaction of iPP/HDPE.

Figure 3

Mechanism of action of free radical activity regulators.
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Figure 4

Stress-strain curves of iPP, HDPE, and iPP/HDPE blends (a: iPP/HDPE 90/10 blends; b: iPP/HDPE 70/30
blends; c: iPP/HDPE 50/50 blends; d: iPP/HDPE 30/70 blends).
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Figure 5

Notched impact strength of iPP, HDPE, pure and modi�ed iPP/HDPE blends taken at an equilibrium point.
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Figure 6

Tensile specimens of pure and modi�ed iPP/HDPE 70/30 blends (a, the pure iPP/HDPE 70/30 blend; b,
the modi�ed iPP/HDPE 70/30 blend).



Page 21/26

Figure 7

SEM image of pure and modi�ed iPP/HDPE blends cryogenic fracture. (a, c: the cryogenic fracture
morphologies of pure and modi�ed iPP/HDPE 90/10 blends; b, d: the cryogenic fracture morphologies of
pure and modi�ed iPP/HDPE 70/30 blends.)

Figure 8
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(a) Raman spectra of HDPE and iPP in the wavenumber region of 0~3400 cm-1; (b, c) Raman mapping
images of pure and modi�ed iPP/HDPE 70/30 blends (Red represents the distribution of HDPE in the
blend.).

Figure 9

a: Van Gurp-Palmen plots of iPP, pure and modi�ed iPP/HDPE 70/30 blends; b: Transient elongational
viscosity versus a time of pure and modi�ed iPP/HDPE 70/30 blends at different elongational rates.
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Figure 10

DSC thermograms. (a) Cooling curves and (b) melting curves of HDPE and iPP; (c) Cooling curves and (d)
melting curves of iPP/HDPE 70/30 blends; (e) Cooling curves and (f) melting curves of iPP/HDPE 30/70
blends.
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Figure 11

Polarized optical pictures of pure iPP/HDPE 70/30 blend during the crystallization process.
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Figure 12

Polarized optical pictures of modi�ed iPP/HDPE 70/30 blend during the crystallization process.
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Figure 13

Schematic diagram showing the in situ compatibilization of the iPP/HDPE blend by the LCB copolymer
(Red represents iPP, and yellow represents HDPE.).


