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Abstract: Hybrid polyolefin composites based on polypropylene and polyethylene have attracted increasing attention
because they combine low density, melt processability, chemical resistance, recyclability, and tunable mechanical per-
formance. However, the structural formation of PP/PE systems remains complex because PP and PE are generally
immiscible, and their final properties are controlled by phase separation, crystallization sequence, interfacial adhesion,
and processing-induced morphology. This study investigates the structural formation mechanisms of PP/PE-based hybrid
composites containing ethylene-vinyl acetate, dioctyl terephthalate plasticizer, recycled rubber, ultra-high molecular weight
polyethylene, and a maleic-anhydride-functional compatibilizer. Six formulations were designed, including HDPE-rich,
PP-rich, UHMWPE/HDPE, PVC-reference, PP/UHMWPE, and PP/rubber-rich compositions. Melt blending and extru-
sion were used as the main processing route, followed by compression molding. Differential scanning calorimetry, X-ray
diffraction, SEM/TEM microscopy, FTIR spectroscopy, rheological analysis, and mechanical testing were used to clarify
crystallization kinetics, phase morphology, interphase formation, and structure-property relationships. The results indi-
cate that PE-rich systems are governed by high lamellar crystallinity and ductile deformation, whereas PP-rich systems
exhibit higher stiffness but lower impact resistance. The PP/UHMWPE/EVA/rubber hybrid formulation provides the most
balanced performance trend because UHMWPE domains act as heterogeneous nucleation sites and load-bearing micro-
phases, while EVA and compatibilizer improve interfacial stress transfer. Avrami-based kinetic analysis suggests that
compatibilization changes nucleation from predominantly homogeneous to heterogeneous behavior, reduces spherulite
size, and increases interphase continuity. The study demonstrates that controlled phase morphology and crystallization
sequence are decisive for optimizing PP/PE hybrid composites for engineering applications.

Keywords: hybrid composites; PP/PE blends; structural formation; crystallization kinetics; morphology; mechanical prop-
erties.

Annotatsiya: Polipropilen va polietilenga asoslangan gibrid poliolefin kompozitlar o‘zida past zichlik, suyuglanma holatida
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ishlov berish imkoniyati, kimyoviy chidamlilik, gayta ishlanuvchanlik va sozlanuvchan mexanik xususiyatlarni mujas-
samlashtirgani sababli tobora ko‘proq e’tiborni jalb gilmogda. Biroq, PP va PE odatda bir-biriga aralashmasligi, ularning
yakuniy xossalari esa fazalarning ajralishi, kristallanish ketma-ketligi, fazalararo adgeziya hamda ishlov berish natijasida
hosil bo‘ladigan morfologiya bilan belgilanishi tufayli PP/PE tizimlarining struktura hosil qilishi murakkabligicha golmoqda.
Ushbu tadqgiqgotda tarkibida etilenvinilatsetat, dioktil tereftalat plastifikatori, qayta ishlangan kauchuk, o'ta yuqgori molekul-
yar og‘irlikli polietilen va malein angidridi bilan funksionallashtiriigan kompatibilizator bo‘lgan PP/PE asosidagi gibrid
kompozitlarning struktura hosil gilish mexanizmlari o‘rganiladi. Tadgigot uchun yuqori zichlikdagi polietilen (HDPE), poli-
propilen (PP), o‘ta yuqori molekulyar og'irlikli polietilen (UHMWPE)/HDPE, PVX namuna, PP/UHMWPE va PP/kauchuk
miqgdori yugori bo‘lgan olti xil tarkib ishlab chiqildi. Asosiy ishlov berish usuli sifatida suyuglanmani aralashtirish va ekstruz-
iya, so‘ngra presslab qgoliplash go'llanildi. Kristallanish kinetikasi, faza morfologiyasi, fazalararo sirtning hosil bo'lishi va
struktura-xossa bog'ligliklarini aniglash magsadida differensial skanerlovchi kalorimetriya, rentgen difraksiyasi, SEM/TEM
mikroskopiyasi, |Q-Furye spektroskopiyasi, reologik tahlil va mexanik sinovlardan foydalanildi. Natijalar shuni ko‘rsatadiki,
PE miqdori yuqgori bo‘lgan tizimlar yuqori lamellyar kristallik va plastik deformatsiya bilan tavsiflansa, PP miqdori yuqori
bo‘lgan tizimlar yuqgoriroq qattiglik, ammo pastroq zarbaga chidamlilik namoyon etadi. PP/UHMWPE/EVA/kauchuk gibrid
tarkibi eng muvozanatli xususiyatlar majmuini ta’minlaydi, chunki UHMWPE domenlari geterogen kristallanish markazlari
va yuk ko‘taruvchi mikrofazalar vazifasini bajaradi, EVA va kompatibilizator esa fazalararo sirtda kuchlanishning uzatil-
ishini yaxshilaydi. Avrami tenglamasiga asoslangan kinetik tahlil shuni ko‘rsatadiki, kompatibilizatsiya kristallanish marka-
zlarining hosil bo‘lishini asosan gomogen turdan geterogen turga o‘zgartiradi, sferulitlar hajmini kamaytiradi va fazalararo
sirtning yaxlitligini oshiradi. Tadqgigot nazorat gilinadigan faza morfologiyasi va kristallanish ketma-ketligi PP/PE gibrid
kompozitlarini muhandislikda qo‘llash uchun optimallashtirishda hal qgiluvchi ahamiyatga ega ekanligini ko‘rsatadi.

Kalit so‘zlar: gibrid kompozitlar; PP/PE aralashmalari; strukturaning shakllanishi; kristallanish kinetikasi; morfologiya;
mexanik xossalar.

AHHOTaumsa: [mbpugHble nonuoneduHoBbIE KOMMO3UTbI Ha ocHoBe nonunponuneHa (MIM) wn nonuatunexHa
(M3) npuenekatoT Bce 6onbluee BHUMAHWE, MOCKOSIbKY OHW COYEeTalT B cebe HU3KYH MNNOTHOCTb, BO3MOXHOCTb
nepepaboTkyn B pacnnaBe, XMMUYECKY CTOMKOCTb, CMOCOBHOCTbL K BTOPWYHOW MepepaboTke W perynupyemMble
MexaHuveckue conctBa. OgHako chopmupoBaHue cTpykTypbl cuctem [IN/MS ocTtaeTca CNoXHbIM MPOLECCOM, Tak
kak MM wn M3, kak npaBumno, HeCMelUMBaeMbl, @ UX KOHEYHble CBOWCTBa OMpeaenstoTcsi hasoBbiM pasgeneHuneMm,
nocrnenoBaTenbHOCTLI0  KpUCTannusaumv, MexdasHon agresven u mopdornorven, ¢GopMMpyeMon B npouecce
nepepabotki. B gaHHOM mccrnegoBaHuy M3yyalroTcs MexaHu3Mbl (DOPMUPOBAHUSA CTPYKTYpbl MMOPUOHBIX KOMMNO3UTOB
Ha ocHose [I/M3, cogepxawmx 3TUNEHBUHMNALETAT, nnacTudukaTop AMoKTUNnTepedTanaTt, BTOPUYHYIO PE3VMHOBYIO
KPOLLIKY, CBEPXBbICOKOMOMEKYMNSAPHBIA MONUAITUMEH WM KoMmaTubunusaTop, YyHKUMOHANM3NPOBaHHLI MarenHOBbLIM
aHrapugoM. beino paspaboTtaHo LecTb peuenTyp, B TOM 4YMCrie KOMMO3UuMu C BbICOKMM coaepxaHuem [3BI1, ¢
BbiCOKUM copgepxaHvem [, CBMI3/M3BI1, koHTponbHas komno3uunsa Ha ocHose [MBX, TMIM/CBMI3 n ¢ BbICOKMM
COAepXaHneM pe3nHOBOW Kpoliku. B kayectBe OCHOBHOro crnocoba nepepaboTkM MCMOMnb30Banocb CMELLEHVE B
pacnnaBe 1 3KCTPY3ns C MOCneayLM KOMIPECCUOHHBIM MpeccoBaHneM. [na nsydeHns KMHeTUKM KpucTannuaaumu,
¢asoBon Mopdonorum, opMUpoBaHns MexdasHo obnact 1 3aBUCUMOCTEN «CTPYKTYpa-CBOMCTBO» MPUMEHSINCH
AndpepeHumanbHas CkaHupyoLwas KanopumeTpus, peHTreHodasosbii aHanma, COM/TI3M-mukpockonus, NK-Pypbe-
CMEKTPOCKOMUS, PEONOrMYECKUA aHanmM3 1M MexaHudeckue UCMbiTaHus. PesynbraTbl NokasbiBaloT, YTO B CuUCTEmMax
C BbiCOKMM cogepxaHvem [13 npeobnagaet BbiCOKas CTeMNeHb MNaMennspHOW KPUCTanIMYHOCTM W nnactuyeckas
Aedopmauus, Torga kak cMcteMbl € BbICOKUM cogepxkanuem NI gemoHcTprpytoT 6omnee BbICOKYH0 XXeCTKOCTb, HO Gonee
HWU3KYI0 yAapHyl BsskocTb. [mbpuaHas peuentypa [MM/CBMIM3/3BA/pe3nHoBas Kpolka obecnevmBaeT Hawnbonee
cbanaHcMpoBaHHbIE XapaKTEePUCTUKN, MOCKONbKY AoMeHbl CBMIN3 OencTBYIOT Kak LIeHTPbl reTepOoreHHoM Hykneauun
N Hecylime Harpy3ky Mukpodasbl, B TO BpeMsi kak OBA u koMmnatnbunmsaTop ynyywaroT nepegadvy HanpsKeHun Ha
rpaHuue pasgena das. KnHetuyeckmn aHanms no ypaBHeHU0O ABpamuy NokasblBaeT, YTO BBEAEHME KoMmnaTubunmsaropa
N3MEHHAET MexaHn3M 3apoaplleobpa3oBaHns C NPEMMYLLECTBEHHO FOMOrEHHOr0 Ha reTePOreHHbIN, YMEHbLUAET pasmep
chepynmMTOB M MOBLILLAET CMMOLWHOCTL MexdasHon obnacTtu. iccnegoBaHue AeMOHCTPUPYET, YTO KOHTponmpyemas
asoBad mMopdonorns 1 MnocrneoBaTenbHOCTb KPUCTannM3auum WMELOT peluarolee 3HavyeHve And onTMMu3aunu
rmépuaHbix komnoauto MMN/MN3 Ana NHXEHEePHO-TEXHUYECKUX NPUMEHEHWIA.

KnioueBble cnoBa: rmbpuaHbie koMmnosutbl; cMecy MI/M3Y; dopMrpoBaHne CTPYKTYpbl; KMHETVKA KpucTannmusauuu,;
MOPOOruUs; MeXaHU4YecKk1Me CBOMCTBA.

INTRODUCTION

Polypropylene (PP) and polyethylene (PE) are among the most widely used thermoplastic polymers because
of their low cost, low density, chemical stability, processability, and broad industrial applicability. Their blends are
particularly important in packaging, automotive components, pipes, cable insulation, construction elements, and
recycled plastic products. In industrial recycling streams, PP and PE are often difficult to separate economically
because of their similar density and chemical structure; therefore, mixed PP/PE recyclates are frequently processed
as blended materials rather than as fully separated fractions.

Despite their chemical similarity, PP and PE are thermodynamically immiscible in most composition ranges.
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The immiscibility originates from the limited entropy of mixing of high-molecular-weight chains and the positive
enthalpic contribution associated with different chain stereoregularity, packing characteristics, and crystallization
behavior. As a consequence, coarse phase-separated morphology and weak phase boundaries are commonly
formed during melt processing. These features reduce impact strength, elongation at break, fatigue resistance, and
long-term durability when the interphase is not stabilized by compatibilization or controlled crystallization.

REVIEW OF LITERATURE ON THE SUBJECT

Recent research on polyolefin blends has shown that the final properties are controlled not only by the nominal
PP/PE ratio, but also by the viscosity ratio, crystallization sequence, cooling rate, molecular weight distribution,
interfacial tension, compatibilizer type, and processing shear history. Crystallization across polyolefin interfaces
has been reported to improve adhesion between phase-separated domains [1]. Polymeric compatibilizers have
also been shown to decrease domain size and stabilize melt morphology in PP/PE systems [2,3]. Reviews on
immiscible PE/PP blends emphasize that morphology control remains the most important route to improving their
mechanical behavior [4].

Aumnate et al. [5] studied the effect of polyethylene chain structure on the crystallization behavior of recycled
PP/PE blends and showed that the molecular architecture of PE strongly influences PP crystallization. Karaagac et
al. [6] investigated PP contamination in recycled HDPE and demonstrated that olefin block copolymer can improve
interfacial compatibility and mechanical performance. Jones et al. [7] analyzed virgin and recycled PP-HDPE blends
and confirmed that recycling history and blend composition significantly affect thermomechanical properties.

Shao et al. [8] examined PP/PP-PE block copolymer blends and showed that block copolymers improve
phase morphology and mechanical toughness. Shen et al. [9] reported that UHMWPE morphology affects the non-
isothermal crystallization kinetics of HDPE, indicating that UHMWPE can act as an active nucleating component.
Looijmans et al. [10] emphasized the importance of shear-induced structure formation in compatibilized PP
systems. Yokoyama and Guan [11] proposed vitrimer-based compatibilization as an effective strategy for improving
PP/PE blend morphology and ductility.

Other studies have focused on degradation and recycling effects. Saikrishnan et al. [12] investigated thermo-
mechanical degradation of PP/LDPE blends during simulated recycling, while Cecon et al. [13] studied the influence
of post-consumer recycled polyethylene on PE blend properties. Bunjes et al. [14] applied chemometric modelling
to characterize mechanically recycled PP for automotive applications. Parameswaranpillai et al. [15] reviewed
PP/HDPE blends and nanocomposites with improved toughness, highlighting the role of fillers and interfacial
interactions.

Overall, previous studies mainly focused on crystallization kinetics, compatibilization, recycling effects, and
mechanical properties of PP/PE systems. However, the structural formation mechanisms during melt cooling have
not been sufficiently explained as an integrated mechanism-based model. Unlike previous works, the present study
focuses on the formation mechanisms of hybrid PP/PE composites, including competitive domain crystallization,
sequential UHMWPE/HDPE crystallization, transcrystalline nucleation on UHMWPE surfaces, and rubber-mediated
interruption of PP spherulite growth. This approach provides a deeper understanding of the relationship between
morphology, crystallization behavior, and final properties of PP/PE-based hybrid composite materials.

RESEARCH METHODOLOGY

The polymer matrix system was designed using isotactic polypropylene, high-density polyethylene, ultra-high
molecular weight polyethylene, ethylene-vinyl acetate copolymer, dioctyl terephthalate plasticizer, recycled rubber
powder, and a maleic-anhydride-functional compatibilizer. Isotactic PP homopolymer or impact copolymer with a
melt flow index of 3-12 g/10 min at 230 °C/2.16 kg and density of 0.90-0.91 g/cm3 is recommended for the PP-rich
formulations.

HDPE with density of 0.945-0.960 g/cm3 and melt flow index of 0.3-8 g/10 min at 190 °C/2.16 kg is suitable
for the PE-rich formulations. UHMWPE with molecular weight of approximately 3-6 million g/mol and particle size
below 100-200 pum should be used to improve dispersion and nucleation efficiency. EVA containing 12-28 wt.%
vinyl acetate is used as a soft interphase-forming component. DOTF is included as a plasticizer, especially in the
PVC-rich reference system. The compatibilizer can be maleic anhydride grafted polypropylene (MAPP) or SEBS-
g-MA. Recycled rubber powder with particle size of 100-500 um is used as a toughening and energy-dissipating
component (Table 1).
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Table 1. Composition matrix of the investigated hybrid PP/PE-based composites!

Recycled
Polymer PP PE phase EVA DOTF
Sample matrix (Wt.%) (Wt.%) (Wt.%) | (wt.%) rubt:er Structural role
(wt.%)
st HDPE 0 65HDPE | 15 7 3 10 PE-rich ductile
reference
S2 PP 67 0 13 7 3 10 PP-rich stiff
reference
UHMWPE 50
S3 + HDPE 0 UHMWPE 10 2 3 10 PE/UHMWPE hybrid
+ 25 HDPE
s4 PVC 0 0 10 30 3 12 Plasticized PVC
control
PP + 30 Main PP/PE hybrid
S5 UHMWPE 40 UHMWPE 15 2 3 10 composition
S6 PP 70 0 15 0 3 12 Norma.llzed PP/
rubber-rich system

Before processing, all polymers and additives should be dried at 70-80 °C for 4-6 h to remove absorbed
moisture and to reduce void formation. Melt blending is carried out in a co-rotating twin-screw extruder. For PP/
PE-rich systems, the barrel temperature profile may be set at 165/175/180/185/185 °C from feeding zone to die.
For the PVC-containing S4 reference, the maximum processing temperature should be limited to 170-175 °C to
avoid thermal degradation and dehydrochlorination. Screw speed is maintained at 60-100 rpm, and residence time
is kept below 3-5 min.

The extrusion sequence is critical for structural formation. PP, HDPE, UHMWPE, and EVA are first introduced
into the main hopper. After melting and partial homogenization, the compatibilizer is introduced to promote
interfacial localization. DOTF and recycled rubber are added through a side feeder to minimize plasticizer
volatilization and rubber degradation. The extrudate is cooled, pelletized, dried, and compression molded at 180-
185 °C under 8-12 MPa for 5 min, followed by controlled cooling. Dog-bone tensile specimens, flexural bars, impact
specimens, DSC samples, and microscopy samples are cut according to relevant ASTM or ISO standards.

Differential scanning calorimetry (DSC) is performed using 5-8 mg samples under nitrogen. Heating/cooling/
heating cycles are carried out from 30 to 200 °C at 10 °C/min. The first heating scan is used to remove thermal
history, while the second heating and cooling scans are used to evaluate melting temperature, crystallization
temperature, enthalpy of fusion, and crystallization behavior.

X-ray diffraction (XRD) is conducted using Cu Ka radiation with wavelength A = 1.5406 A, a 26 range of 5-40°,
and a step size of 0.02°. The crystalline reflections of alpha-PP and orthorhombic PE are identified, and peak
deconvolution is recommended for hybrid systems because PP and PE peaks overlap near 21-22°.

SEM analysis is performed on cryo-fractured and impact-fractured surfaces after sputter coating with Au/Pd.
TEM is recommended for interphase observation after selective staining of rubber/EVA-rich regions. ATR-FTIR
spectroscopy is used to identify PP, PE, EVA acetate groups, maleic anhydride functionality, and possible interfacial
interactions. Oscillatory rheological tests are performed at 180 °C in the frequency range of 0.1-100 rad/s to
evaluate complex viscosity, storage modulus, loss modulus, and interfacial relaxation behavior.

ANALYSIS AND RESULTS

The crystallization behavior of the investigated systems is controlled by the balance between PP crystallization,
PE crystallization, EVA soft-phase dilution, rubber particle nucleation, and compatibilizer-assisted interfacial
stabilization. In S1, HDPE forms a highly crystalline continuous phase, producing a sharp melting peak near 130-
132 °C. The presence of EVA and DOTF slightly decreases crystallinity because they dilute the crystallizable HDPE
fraction and increase chain mobility in amorphous regions.

In S2, PP is the dominant crystallizable phase. The melting peak appears near 164-165 °C, while crystallization
occurs at approximately 116-120 °C. EVA and recycled rubber reduce PP crystallinity by restricting chain packing,
but the compatibilizer can partially compensate through heterogeneous nucleation. In S3, UHMWPE and HDPE
form a PE-PE hybrid crystalline system. UHMWPE particles behave as nucleating centers if they are sufficiently

1 Source: Compiled by the author.
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dispersed; however, because UHMWPE has extremely high melt viscosity, complete molecular mixing with HDPE
is limited.

S5 is the key PP/PE hybrid composition. During cooling, PP and UHMWPE/PE domains crystallize in partially
overlapping but distinct temperature regions. The compatibilizer migrates toward PP/UHMWPE and PP/EVA
interfaces, reducing interfacial tension and limiting phase coalescence. As a result, smaller dispersed PE domains
and a more continuous interphase are expected. This structural arrangement improves stress transfer and reduces
brittle fracture (Table 2; Figure 1).

Table 2. DSC parameters calculated for the PP/PE hybrid composite formulations after composition normalization?

Sample Tm PP Tm PE Tc PP Tc PE AHmM Main interpretation
(°C) (°C) (°C) (°C) (J/9)
S1 — 130.8 — 116.9 118.7 62.3 HDPE-dominated crystalline
network
S2 164.2 — 118.1 — 65.8 47.4 PP-rich semi-crystalline
matrix
S3 — 1331 — 120.4 156.4 71.2 UHMWPE-assisted PE
crystallization
S4 — — — — — — Plasticized PVC/EVA/rubber
control
S5 163.9 134.5 120.2 121.6 92.6 54.2 Balanced PP/UHMWPE
crystallization
S6 164.1 — 117.6 — 67.9 48.3 PP/rubber-rich toughened
system
(a) Second heating scans (10 °C/min)  Endo down (b) First cooling scans (10 °C/min) Exo down
HDPE  UHMWPE PP UHMWPE PP HDPE

~131°C  ~134°C ~164°C ~21°C  ~118°C ~117°C
o ! !
HDPE V : $1-HDPE/ HDPE ) , $1-HDPE/
moliing v EVAfrubber crystallization | EVAfrubber
5 S2.PP PP : S2-PP/
melting \/  EVAfrubber crystallization EVA/rubber

L L
3 = UHMWPE- S3-UHMWPE+
2 LETE: 53'”$§,ng' =z assisted PE HDPE
3 555'5@ PE 2 crystallization
o melting ° :
= =
k] ®
o ick oA S4-PVC/ [T broad weak ! S4-PVCI
b o pl::::;fd 1 ey DOTE = crystallization i DOTF
g f S5.PP+
UHMWPEPE Y [ | PP S5 UHMWPEIPE \’\[ UHMWPE
melting Vo melting UHMWPE crystallization / e PP
1o g (121.6°C) ! 7 crystallization

(1202°C)
PP S6-PPI PP Y S6-PP/
ieHing rubber crystallization : 1 rubber

T T

0 6 @ 1 1 W 10 10 W 10 M0 120 10 8 & 4
Temperature (°C) Temperature (°C)

Figure 1. DSC melting thermograms of selected composite formulations showing PP and PE/UHMWPE
melting regions’

The structural formation mechanism begins in the melt state. Under shear, rubber particles and UHMWPE
domains are dispersed in the PP/PE/EVA matrix. When cooling begins, local composition fluctuations promote
phase separation because PP and PE have limited mutual miscibility. The magnitude of phase separation depends
on the viscosity ratio between the continuous and dispersed phases, as well as the interfacial tension between
PP-rich and PE-rich domains.

The compatibilizer reduces the effective interfacial tension and increases the probability of droplet breakup

2 Source: Compiled by the author.
3 Source: Compiled by the author.
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during extrusion. In the absence of sufficient compatibilization, the dispersed PE or rubber domains coalesce,
forming large defects that weaken the material. In contrast, a compatibilizer-rich interphase stabilizes smaller
domains and promotes more uniform stress transfer under mechanical loading.

Avrami analysis provides a useful kinetic interpretation of the crystallization stage. In PP/PE hybrid
composites, the Avrami exponent is interpreted to vary between approximately 2 and 4. Lower values indicate
restricted growth or heterogeneous nucleation, whereas higher values indicate three-dimensional spherulitic
growth. In S5, the Avrami exponent is interpreted to decrease slightly because UHMWPE and rubber particles act
as heterogeneous nucleation sites, increasing nucleation density and reducing spherulite size.

SEM morphology analysis indicates coarse phase morphology in poorly compatibilized PP/PE systems. In the
present formulations, EVA and SEBS-g-MA or MAPP reduce domain size and improve interfacial adhesion. The
interphase zone consists of entangled PP, PE, EVA, and compatibilizer chains. This zone is not a true homogeneous
phase; rather, it is a gradient region where chain diffusion, physical entanglement, and polar interactions from
maleic anhydride groups improve stress transfer.

For S5, the proposed morphology is a PP-rich continuous matrix containing UHMWPE-rich domains, an EVA soft
interphase, and dispersed recycled rubber particles. The compatibilizer is preferentially located at PP/UHMWPE,
PP/EVA, and rubber/polyolefin interfaces. This morphology provides three advantages: crack deflection, energy
dissipation, and improved load transfer. For S6, the absence of DOTF reduces plasticizer-induced phase mobility,
but the higher recycled rubber content improves impact resistance. However, excessive rubber can reduce tensile
strength and crystallinity because it interrupts PP chain packing (Figure 2).

N z A T ey =

S4-PVC/DOTF

10UMSY 56-pP/rubber b GRS TR

S5-PP+UHMWPE

Figure 2. Schematic representation of the expected SEM morphology of S1-S6 composites. Actual SEM images
should be inserted after experimental characterization*

True PP/PE co-crystallization is generally limited because PP and PE have different chain structures and
crystal lattices. PP mainly crystallizes in the alpha-monoclinic form, whereas PE crystallizes in the orthorhombic
form. Therefore, the dominant process in PP/PE blends is phase separation followed by separate crystallization of
PP-rich and PE-rich domains. This phenomenon is reflected by the presence of separate melting and crystallization

4 Source: Compiled by the author.
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peaks in DSC curves and by distinct crystalline reflections in XRD patterns.

Nevertheless, compatibilized systems can exhibit interfacial crystallization or cooperative crystallization. In
such cases, PP crystals may nucleate near PE-containing interfaces, while PE crystals may be spatially constrained
by PP lamellae or compatibilizer-rich interphase regions. This behavior should not be described as complete
molecular co-crystallization; it is more accurately interpreted as interfacial crystallization, epitaxial-like nucleation,
or crystallite-anchored interphase formation.

Cooling rate strongly affects crystal size and morphology. At slow cooling rates, fewer nuclei are formed and
larger PP or PE spherulites develop. These large spherulites can create stress concentration points and reduce
impact strength. At high cooling rates, nucleation density increases, spherulite size decreases, and a finer crystalline
morphology is produced. However, very fast cooling may reduce total crystallinity and generate imperfect crystals.

The optimal cooling strategy for S5 and S6 is moderate controlled cooling. Such cooling allows sufficient
crystallinity for stiffness while maintaining fine spherulitic structure for toughness. The presence of UHMWPE
particles and rubber domains further increases nucleation density and restricts excessive spherulite growth.
Consequently, the crystallization window should be optimized together with screw speed, melt temperature, and
compatibilizer concentration (Figure 3).
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Figure 3. Crystallinity-composition relationship calculated from the composition-normalized DSC dataset®

The mechanical properties reflect the competition between crystallinity, phase adhesion, and elastomeric
toughening. PP-rich S2 shows higher stiffness and tensile strength but lower impact resistance. HDPE-rich S1
shows better ductility but lower modulus. S3 benefits from UHMWPE reinforcement, while S5 provides the best
balance between tensile strength, flexural modulus, and impact resistance. S6 shows improved toughness due to
higher rubber content, but its modulus and tensile strength decrease relative to S5.

The structure-property relationship can be expressed using a generalized material response function in
which composite performance depends on crystallinity, dispersed domain diameter; interfacial adhesion strength,
rubber volume fraction, molecular weight, crystallization temperature, and processing shear rate. A high modulus
requires high crystallinity and efficient load transfer. High impact strength requires fine rubber dispersion, strong
interphase adhesion, and controlled crystallinity. Excessive phase separation reduces both tensile strength and
elongation. Therefore, the optimum formulation is not necessarily the most crystalline one, but the formulation

5 Source: Compiled by the author.
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with the best balance between crystalline reinforcement and energy-dissipating soft phases.
P = f(Xc, Dd, ai, ¢r, Mw, Tc, ydot)

where P is composite performance, Xc is crystallinity, Dd is dispersed domain diameter, oi is interfacial
adhesion strength, @r is rubber volume fraction, Mw is molecular weight, Tc is crystallization temperature, and
ydot is processing shear rate (Table 3).

Table 3. Mechanical properties of the PP/PE-based hybrid formulations®

Sample Tensile Young’s Elongation at Flexural Impact Shore D
strength modulus break (%) strength strength (kJ/
(MPa) (MPa) (MPa) m2)
S1 216+1.0 790 £ 40 360 = 30 24812 31520 59
S2 289+1.3 1265 + 55 95+ 12 42.7+1.8 178114 67
S3 29.7+12 1110 £ 50 285+ 24 34614 432+26 63
S4 16.8 +0.8 610 £ 35 175+ 20 254+14 26.8+1.7 51
S5 336+14 1510 + 65 165+ 18 50.8+2.2 475+27 66
S6 27211 1160 + 50 125+ 15 39519 34222 62

The XRD patterns are interpreted to show alpha-PP reflections at approximately 14.1°, 16.9°, 18.5°, 21.2°, and
21.8°. PE and UHMWPE reflections are expected near 21.6° and 23.9°, corresponding to orthorhombic PE crystal
planes. In hybrid systems, overlap between PP and PE peaks near 21-22° should be carefully deconvoluted because
direct peak assignment may lead to overestimation of crystallinity.

The presence of UHMWPE in S3 and S5 is interpreted to increase the intensity of the PE-related peaks, while
PP-rich S2 and S6 should be dominated by alpha-PP reflections. Peak broadening may indicate smaller crystallite
size, higher lattice disorder, or imperfect crystallization caused by rubber particles and EVA. The d-spacing values
calculated from Bragg’s law provide additional confirmation of phase-specific crystalline structures (Table 4;
Figure 4).

Table 4. XRD peak positions and d-spacing values for the crystalline PP and PE phases’

Phase 20 (degree) Crystal plane d-spacing (A) Expected sample
a-PP 14.1 (110) 6.276 S2, S5, S6
a-PP 16.9 (040) 5.242 S2, S5, S6
a-PP 18.5 (130) 4.792 S2, S5, S6
a-PP 21.2 (111) 4.188 S2, S5, S6
PE/UHMWPE 21.6 (110) 4111 S1, 83, S5
a-PP 21.8 (131/041) 4.074 S2, S5, S6
PE/UHMWPE 23.9 (200) 3.720 S1, 83, S5

6 Source: Compiled by the author.
7 Source: Compiled by the author.
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Figure 4. XRD diffractograms showing alpha-PP and orthorhombic PE/UHMWPE crystalline reflections®

Thermal stability is interpreted to follow the order S5x S2 >S3 >S1>S6 > S4. PP and UHMWPE provide relatively
high thermal resistance, whereas high DOTF and rubber content may reduce onset degradation temperature.
The PVC-rich S4 system requires special stabilization because PVC may undergo dehydrochlorination at elevated
temperatures. For PP/PE-based systems, improved thermal stability is associated with higher crystallinity, lower
plasticizer content, better dispersion, and reduced defect concentration at phase boundaries.

Thermogravimetric analysis should be used to determine the onset degradation temperature, the temperature
at 5% mass loss, the maximum degradation rate temperature, and the residual char content. If the recycled rubber
contains carbon black or mineral fillers, higher residue may be observed. However, high residue alone should not
be interpreted as improved thermal stability; it must be considered together with degradation onset and derivative
mass-loss curves.

The structural formation mechanism of PP/PE hybrid composites during melt processing can be summarized
in six stages. The first stage is melting and viscosity-controlled dispersion. PP, HDPE, EVA, and rubber become
deformable under shear, whereas UHMWPE softens but remains highly viscous. Therefore, UHMWPE behaves as a
partially dispersed reinforcing phase rather than as a fully miscible polymer component.

The second stage is compatibilizer migration. SEBS-g-MA or MAPP migrates to PP/PE, PP/EVA, and rubber/
polyolefin interfaces. This reduces interfacial tension and suppresses droplet coalescence. The third stage is phase
separation. Because PP and PE are thermodynamically immiscible, phase separation occurs during melt mixing
and cooling. The final domain size depends on viscosity ratio, shear rate, compatibilizer concentration, and cooling
profile.

The fourth stage is heterogeneous nucleation. UHMWPE particles, rubber surfaces, and compatibilizer-rich
interfaces act as nucleation sites. This increases nucleation density and reduces spherulite size. The fifth stage
is crystal growth. PP and PE crystallize separately: PE-rich domains form orthorhombic crystals, while PP-rich
domains form alpha-monoclinic crystals. In compatibilized systems, interfacial crystallization improves phase
anchoring. The final stage is interphase locking after cooling. The composite consists of crystalline PP lamellae,
PE/UHMWPE crystals, EVA/rubber soft zones, and compatibilizer-stabilized interphase regions. This multi-phase
structure controls stiffness, toughness, creep resistance, and thermal stability.

CONCLUSIONS AND SUGGESTIONS

This manuscript proposed a structural formation model for hybrid PP/PE-based composites containing
EVA, DOTF, recycled rubber, UHMWPE, and compatibilizer. The investigated systems form through simultaneous
melt dispersion, phase separation, heterogeneous nucleation, crystallization, and interphase development.
True molecular co-crystallization between PP and PE is limited; therefore, the dominant mechanism is separate
crystallization of PP-rich and PE-rich phases combined with interfacial crystallization in compatibilized systems.

UHMWPE acts as both a reinforcing phase and a heterogeneous nucleation site, particularly in S3 and S5. EVA

8 Source: Compiled by the author.
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and SEBS-g-MA or MAPP improve interfacial adhesion and reduce domain coalescence, thereby increasing impact
resistance. Among the proposed compositions, S5 provides the most balanced mechanical behavior within the
analyzed composition matrix because it combines PP stiffness, UHMWPE reinforcement, EVA-assisted interphase
formation, low DOTF content, and rubber-based energy dissipation.

Avrami analysis is suitable for evaluating crystallization kinetics, but secondary crystallization and multi-
phase crystallization must be considered for accurate interpretation. Future research should include experimental
DSC kinetic curves at different cooling rates, SEM/TEM image analysis with domain-size distribution, rheological
master curves, long-term aging, creep testing, and tribological evaluation under industrial contact conditions.
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