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Abstract High-entropy polymer blends composed of polypropylene (PP), polystyrene (PS), polyamide 6 (PA6), poly(lactic acid) (PLA), and
styrene-ethylene-butylene-styrene (SEBS) were successfully fabricated using maleic anhydride-grafted SEBS (SEBS-g-MAH) as a compatibilizer.
Dynamic mechanical analysis (DMA), differential scanning calorimetry (DSC), scanning electron microscopy (SEM), and mechanical testing
demonstrated that SEBS-g-MAH significantly enhanced the compatibility between the polar (PA6, PLA) and nonpolar (PP, PS, SEBS) components.
The compatibilizer effectively refined the microstructure, substantially reduced the domain sizes, and blurred the phase boundaries, indicating
enhanced interfacial interactions among all the components. The optimal compatibilizer content (15 wt%) notably increased tensile ductility
(elongation at break from 5.0% to 23.7%) while maintaining balanced crystallization behavior, despite slightly decreasing modulus. This work not
only demonstrates the broad applicability of high-entropy polymer blends as a sustainable strategy for converting complex, unsorted plastic
waste into high-performance value-added materials that significantly contribute to plastic upcycling efforts, but also highlights intriguing physi-
cal phenomena emerging from such complex polymer systems.
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INTRODUCTION

High-entropy alloys (HEAs) have emerged as a transformative
concept in materials research, challenging conventional alloy
design strategies by incorporating at least five principal ele-
ments in equiatomic or near-equimolar proportions.! This in-
novative approach, first introduced by Yeh et al. in 1995 and lat-
er refined by his 2004 work, stands in sharp contrast to tradi-
tional alloys, which typically focus on single or few
components.> HEAs leverage unique effects, including the
thermodynamic high-entropy effect, severe lattice distortion ef-
fect, sluggish diffusion effect, and the "cocktail effect,” to
achieve exceptional thermal stability. These alloys can form sol-
id solution phases, nanostructures, or even amorphous struc-
tures, endowing them with outstanding properties, such as high
strength, hardness, wear resistance, oxidation resistance, and
corrosion resistance, which are rarely achieved simultaneously
in conventional alloys."~'>! Over the past few decades, signifi-
cant progress has been made in the fabrication of HEAs, with
most applications focusing on their mechanical properties.
However, recently, their potential has expanded to include ap-
plications in magnetic,'® invar,'”! and catalytic fields.['® This has
spurred the emergence of a new field that includes both high-
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entropy alloys and high-entropy ceramics and heralds exciting
directions for future material innovation.'®-2"

Despite the substantial number of studies on high-entropy
alloys, research on high-entropy polymer blends remains lim-
ited. This is primarily due to the fact that most disparate poly-
mers are thermodynamically immiscible, resulting in macro-
scopic phase separation due to their small entropic advan-
tage upon blending. Consequently, these blends exhibit in-
stability and inferior properties.22-241 To the best of our
knowledge, Jr. and co-workers were the first to propose the
concept of “high-entropy” polymer blend.i25! They employed
solvent blending to prepare blends of a range of polymers, in-
cluding polystyrene (PS), poly(methyl methacrylate) (PMMA),
polycarbonate (PC), polyvinylpyrrolidone (PVP), and polyiso-
prene (PIP). These blends demonstrate unique and promising
phenomena. For instance, they observed that the typical
phase separation observed in polymer blends can be sup-
pressed as the number of polymer species (n) in the blend in-
creases. This behavior was attributed to a “high-entropy ef-
fect,” in which steric hindrance from dissimilar macromolecu-
lar species prevents aggregation during film formation.[25.26]
Subsequent to this work, Hirai et al. developed high-entropy
polyamide (PA) blends using in situ exchange reactions, incor-
porating four types of aliphatic polyamides: PA6, PA610,
PA11, and PA12.1271 They found that quaternary polyamide
blends exhibited distinct properties, including reduced crys-
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tallinity and increased elongation at break. The numerical
analysis further revealed that the randomness of the molecu-
lar sequence in the reactive quaternary blend increased sig-
nificantly during melt mixing.

Undoubtedly, the introduction of five polymer compo-
nents to fabricate a high-entropy material inevitably results in
complex interactions. However, there are several important
reasons for the development high-entropy polymer blends.
Beyond the desire to understand the interplay between the
five polymer components within a single blend, there is grow-
ing concern over the environmental and economic chal-
lenges posed by plastic waste.28.29 Recycled plastic scrap of-
ten contains a variety of polymers, which are generally diffi-
cult to sort or separate effectively. In addition, blends derived
from such mixtures are typically thermodynamically immisci-
ble, leading to poor mechanical properties.39-321 By applying
the concept of high-entropy alloys and utilizing a compatibi-
lizer, it may be possible to transform waste plastics into high-
entropy polymer blends with enhanced mechanical and
physical properties. This innovative approach offers a practi-
cal and sustainable way to upcycle plastic waste, enhancing
its utility and value, while addressing critical environmental
concerns.3334

In this study, polypropylene (PP), polystyrene (PS),
polyamide 6 (PA6), polylactic acid (PLA), and poly[styrene-b-
(ethylene-co-butylene)-b-styrene] (SEBS) were selected to fab-
ricate high-entropy polymer blends because these polymers
are typical plastic waste constituents widely encountered in
daily life.l3536] Among these components, PP, PS, PA6, and
PLA are inherently immiscible, whereas PA6 and PLA have
weak interfacial interactions and SEBS is compatible with PP
and PS. To enhance the compatibility across these diverse
polymers, maleic anhydride (MAH)-grafted SEBS (SEBS-g-
MAH) was employed as a compatibilizer (Fig. 1). The MAH
groups in SEBS-g-MAH can react with the hydroxyl groups of
PLA and amine groups of PA6, forming block copolymers in
situ and effectively bridging the polar and nonpolar phases.
Furthermore, SEBS-g-MAH exhibits high compatibility with
SEBS, PP, and PS.37-46] Unlike traditional high-entropy poly-
mer blends, which primarily rely on entropy-driven miscibili-
ty through multiple polymer components to suppress macro-
scopic phase separation,!2526 our work uniquely integrates
compatibilization strategies using SEBS-g-MAH as an efficient
compatibilizer. As a result, the introduction of SEBS-g-MAH
significantly improved the interfacial interactions between
the polar (PA6, PLA) and nonpolar (PP, PS, SEBS) components,
producing polymer blends with substantially refined mi-
crostructures and improved mechanical properties and en-
hanced ductility. This compatibilizer-aided strategy thus rep-
resents an advanced compatibilization approach, significant-
ly advancing existing methodologies for high-entropy poly-
mer systems and offering a promising route for recycling and
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Fig. 1 Schematic illustration of the compatibilizer-aided
fabrication of a high-entropy PP/PS/PA6/PLA/SEBS blend.

upcycling complex mixed plastic wastes.

EXPERIMENTAL

Materials

Isotactic PP (HC600TF) with a melt, index (MFI) = 2.8 g/10min
(230 °C/2.16 kg)), PLA (4032D, MFI=7.0 g/10min (230 °C/2.16
kg)), PA6 (1013B, MFI=15.8 g/10min (230 °C/2.16 kg)), PS (535,
MFI=7.0 g/10min (200 °C/5.0 kg)), and SEBS (H1051, with styrene
of 42 wt% and MFI=0.8 g/10min (230 °C/2.16 kg)) were ob-
tained from Borealis, NatureWorks, UBE, Sinopec Guangzhou
Petrochemical Company, and Asahi KASEI respectively. SEBS-g-
MAH with a maleic anhydride (MAH) grafting content of 0.85
wt%, was prepared from SEBS (H1053, Asahi Kasei; 29 wt%
styrene, MFI = 1.8 g/10min at 230 °C/2.16 kg) and characterized
following previously reported procedures in the literature.3747]
In a typical grafting procedure, SEBS was first premixed with an
acetone solution containing MAH and DCP in a weight ratio of
SEBS:MAH:DCP = 100:3:0.3. The premixed materials were subse-
quently introduced into a Haake torque rheometer with a 50
c¢m3 chamber. Grafting reactions were conducted at 190 °C with
a rotor speed of 60 r/min for 8 min.

Preparation of High-entropy PP/PS/PA6/PLA/SEBS
Blends

All the blends were prepared by melt blending using a Haake
torque rheometer (Rheomix QC). The mixing temperature, rota-
tion speed, and time were 230 °C, 60 r/min, and 10 min, respec-
tively. The mixed components were dried in a vacuum oven at
80 °C for 8 h before blending. A series of blends with composi-
tions of PP/PS/PA6/PLA/(SEBS+SEBS-g-MAH) at weight ratios of
20%:20%:20%:20%:20% were prepared. The detailed composi-
tions are listed in Table 1. The blends were pressed into thin
sheets of 15 cm x 15 cm X 1 mm (length x width X thickness)

Table1 Composition of high-entropy PP/PS/PA6/PLA/SEBS blends.

PP content (g) PS content (g) PA6 content(g) PLA content(g)

SEBS content (g) SEBS-g-MAH content(g) Compatibilizer content (%)

10 10 10 10
10 10 10 10
10 10 10 10
10 10 10 10
10 10 10 10

10 0 0
75 25 5
5 5 10
25 7.5 15
0 10 20
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using a Toyoseiki MP-SCL hot press at 230 °C and under a pres-
sure of 10 MPa for 10 min. Subsequently, the sheets were cut in-
to standard tensile specimens for testing.

Characterizations

Dynamic mechanical analysis (DMA)

DMA testing was performed using DMA Q850 (TA Instruments)
in the single-cantilever mode. The test temperature ranged
from —80 °C to 230 °C, with a heating rate of 3 °C/min. The test-
ing frequency was 1 Hz and the strain of the samples was set to
0.1%.

Differential scanning calorimetry (DSC)

The melting and crystallization behaviors of the blends were
characterized using a PerkinElmer DSC2000 instrument under a
nitrogen (N,) atmosphere. The sample (5-6 mg) was sealed in
an aluminum pan and heated from room temperature to 230 °C
at a rate of 10 °C/min, held for 5 min to eliminate thermal histo-
ry, then cooled to 25 °C at the same rate, held for 5 min, fol-
lowed by reheating to 230 °C at the same rate. The cooling and
second heating curves were recorded.

Wide-angle X-ray diffraction (WAXD)

The WAXD patterns of the blends were recorded using a Rigaku
Ultima IV X-ray diffractometer (XRD). The Cu Ka radiation X-ray
source was operated at a voltage of 40 kV and a current of 40
mA. The scanning range was 10° to 30° with a step size of 0.02°.

Scanning electron microscopy (SEM) observations

The blend morphologies were analyzed using a JEOL JSM-7800F
SEM at an acceleration voltage of 10 kV. The blend samples
were cryogenically fractured and coated with gold using a sput-
tering coater. To study the distribution of different phases in the
blends, the cryogenically fractured surfaces were selectively
etched at room temperature for 24 h using formic acid, NaOH,
tetrahydrofuran (THF), and n-heptane, which correspond to the
good solvents of the PA6, PLA, PS, and SEBS phases, respectively.

Tensile and flexural testing

Tensile tests were conducted on dumbbell-shaped specimens
using a Shimadzu AGS-X universal testing machine at room
temperature at a crosshead speed of 50 mm/min. The flexural
properties were evaluated using three-point bending tests per-
formed using the same universal testing machine at a crosshead
speed of 1 mm/min at room temperature. To ensure the reliabil-
ity and reproducibility of the results, at least five specimens
were tested for each sample in both tensile and flexural experi-
ments.

RESULTS AND DISCUSSION

Dynamic Mechanical Analysis
Dynamic mechanical analysis (DMA) was performed to assess
the compatibilizing effect of SEBS-g-MAH in high-entropy
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PP/PS/PA6/PLA/SEBS blends. Fig. 2 and Fig. S1 (in the electronic
supplementary information, ESI) show the loss factor (tand)
curves as a function of temperature; the corresponding T, val-
ues are summarized in Table 2 and Table S1 (in ESI). As shown in
Fig. 2, five distinct peaks appear in the order of increasing tem-
perature, corresponding to the T, of SEBS, PP, PA6, PLA, and PS,
respectively.##8  The first peak, attributed to the
ethylene-butylene (EB) segments in SEBS, increases from
—34.7°C to —-28.5°C as the compatibilizer content increases
from 0 wt% to 20 wt%. The second peak, associated with the T,
of PP, shows a marked decrease from 18.1 °C to 6.8 °C. The third
peak is assigned to PA6, whose T increases from 72.0°C to
74.0 °C when compatibilizer content increases from 0wt% to
10 wt%. The fourth peak, corresponding to the Ty of PLA, de-
creases from 99.4 °C to 93.4 °C within the same compatibilizer
range (0 wt%-10 wt%). A higher compatibilizer content led to
the disappearance of a distinct T, for both PA6 and PLA, which
was replaced by a broad peak situated between their initial po-
sitions. The final peak, attributed to the Ty of PS, shifts slightly
upward from 125.3 °C to 126.8 °C as the compatibilizer content
increases from 0 wt% to 20 wt%.

=50 0 50 100

Temperature (°C)

150

Fig. 2 tand curves as a function of temperature for the high-
entropy PP/PS/PA6/PLA/SEBS blends with varying compatibilizer
contents.

It is evident that the SEBS-g-MAH compatibilizer signifi-
cantly influences the T, of SEBS, PP, PA6, PLA, and PS in the
PP/PS/PA6/PLA/SEBS blends. The increase in Ty of SEBS is pri-
marily attributed to the reactions between the anhydride
groups of SEBS-g-MAH and the hydroxyl groups of PLA, as
well as the amine groups of PAG, resulting in the formation of
SEBS-g-PLA and SEBS-g-PA6 copolymers.#9-531 These reac-
tions improve the dispersion of SEBS and enhance its interfa-
cial bonding with PLA and PA6, consequently restricting the
mobility of the EB segments and increasing the T of SEBS. For

Table 2 Ty of SEBS, PP, PA6, PLA, and PS in high-entropy PP/PS/PA6/PLA/SEBS blends with varying compatibilizer contents.

7,(C)

Compatibilizer MFR
content (%) SEBS PP PAG6 PLA PS (230°C, 2.16 kg)
0 -34.7 18.1 72.0 99.4 125.3 21.1+0.8
5 -33.7 17.5 729 95.7 125.5 12.5+0.6
10 -31.7 14.7 74.0 934 125.7 9.8+0.4
15 -30.1 10.5 76.4 126.2 5.1+0.5
20 -28.5 6.8 72.8 126.8 4.3+0.2
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the T, of PP, it decreases from 18.1°C to 6.8 °C, whereas that
of PS slightly increases from 125.3 °C to 126.8 °C upon the in-
corporation of SEBS-g-MAH, despite the total SEBS segment
content (SEBS + SEBS-g-MAH) remains constant. This oppo-
site Ty shift for PP and PS is attributed to the significantly al-
tered microtopology and interfacial interactions within the
multiphase blends. Specifically, as the anhydride groups re-
act with the amine groups of PA6 and the hydroxyl groups of
PLA, the resulting copolymers anchor the SEBS segments at
the polar interfaces. Consequently, partial rubbery EB blocks
protrude deeper into adjacent nonpolar PP-rich domains. This
intimate intermixing increases the local free volume and en-
hances the segmental mobility of PP, thereby effectively re-
ducing its Ty. Conversely, for PS, the two styrene end-blocks
of SEBS-g-MAH preferentially interacted and anchored within
the PS phase, causing partial EB segments to stretch out-
wards toward the nonpolar (PP) interfaces (some EB seg-
ments toward the polar PA6 and PLA interfaces due to
copolymer formation). As a result, the PS domains lose a par-
tial fraction of the flexible EB segments and instead become
more rigidly interconnected by styrene segments anchored at
both ends to the neighboring PA6 and PLA phases. This re-
duction in local free volume and increase in intermolecular in-
teractions restrict the segmental mobility of PS, leading to a
slight elevation in T,. For PA6, the T slightly increases from
72.0 °C to 74.0 °C, primarily arises from the formation of rigid
and strongly polar amide linkages between the amine groups
of PA6 and the anhydride groups of SEBS-g-MAH, significant-
ly restricting the segmental mobility of the PA6 chains. Fur-
thermore, these newly formed covalent bonds enhance inter-
molecular hydrogen bonding among the PA6 chains, thereby
further limiting the chain mobility and resulting in an elevat-
ed T,. Conversely, the decrease in T, observed for PLA (from
99.4°C to 93.4°C) can be attributed to the ester linkages
formed between PLA hydroxyl groups and SEBS-g-MAH. Un-
like the rigid amide bonds formed with PA6, these ester link-
ages were relatively more flexible. Additionally, the elas-
tomeric nature of the SEBS segments of the SEBS-g-PLA
copolymers acts effectively as an internal plasticizer, increas-
ing the free volume within the PLA-rich domains, disrupting
its crystalline order, and facilitating molecular mobility. Con-
sequently, this reduces the T, of the PLA. At elevated SEBS-g-
MAH loadings, the distinct T, peaks of PA6 and PLA disap-
peared and merged into a broad peak, indicating enhanced
chain miscibility and a significant reduction in interfacial ten-
sion, reflecting a highly compatibilized state. These results
demonstrate that SEBS-g-MAH employs diverse compatibi-
lization mechanisms, increasing T for SEBS, PA6, and PS by
restricting chain motion and lowering T, for PP and PLA
through enhanced plasticization. At higher compatibilizer
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loadings, the merging of the distinct T, of PA6 and PLA signi-
fies a more compatibilized blend structure. Additionally, the
MFR results (Table 2) showed a consistent decrease in MFR
and a corresponding increase in melt viscosity with increas-
ing compatibilizer loading. Together with the TGA results,
which reveal an increase in T, (the temperature at the maxi-
mum mass loss rate) from 441 °C without compatibilizer to
451.8 °C with 15 wt% SEBS-g-MAH (Fig. S2 in ESI). These find-
ings further support the formation of copolymers and intensi-
fied interfacial interactions created by SEBS-g-MAH.

Crystallization and Melting Behavior

The high-entropy PP/PS/PA6/PLA/SEBS blends contained three
crystalline components, PP, PA6, and PLA, whose intricate crys-
tallization interactions significantly influenced the crystal struc-
ture, crystal form, crystallinity, and melting temperature, ulti-
mately affecting the mechanical performance of the blends. The
impact of the SEBS-g-MAH compatibilizer on the crystallization
and melting behavior of these blends is presented in the DSC
curves in Fig. 3, with the relevant crystallization parameters
(crystallization temperature T. and melting temperature T,,)
summarized in Table 3. Without the compatibilizer, the DSC
cooling curves exhibit three distinct crystallization peaks at ap-
proximately 82.6, 107.5, and 186.5 °C, corresponding to PLA, PP,
and PAG, respectively. Complex interactions among these crys-
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Fig. 3 Crystallization (a) and second heating (b) curves of high-
entropy PP/PS/PA6/PLA/SEBS blends with varying compatibilizer
contents.

Table3 Crystallization and melting data of high-entropy PP/PS/PA6/PLA/SEBS blends with varying compatibilizer contents.

PP PLA PA6
Compatibilizer content (%)
T.(°Q) T,(°*Q) AH, U/9) Tq (0 To(Q) Ts(Q) T,(O  T.(°Q) T (°C) AH,, (J/9)
0 1075 1689 16.6 - 82.6 112.0 162.1 186.5 210.6 219.7 133
5 108.7 168.6 17.3 74.9 88.7 111.9 162.5 188.0 219.6 12.6
10 108.8 168.1 18.0 74.2 87.8 109.7 163.2 188.5 2194 12.0
15 1089 166.8 234 70.3 85.9 107.1 - - 219.3 103
20 107.9 166.1 17.8 74.9 87.9 105.8 - - 219.2 9.3
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talline phases lead to multiple crystal forms and melting behav-
iors.

In particular, PLA displays a melting peak (T,,,) at 162.1 °C,
PP at 168.9 °C, while PA6 exhibits two melting peaks at 210.6
and 219.7 °C, which correspond respectively to its y-form (ob-
served at 21.2° in WAXD) and a-form (observed at 20.3° and
23.6° in WAXD), as shown in Fig. 4. Additionally, during the
heating scans, a prominent exothermic peak around 112 °C
(Ts) was observed, indicating the cold crystallization phe-
nomenon characteristic of PLA.

T pa6 | T PP |
PLA @110 i a200 i|a111' PA6 a002
!

20%

I
o !
Ix pp ! I !
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Fig. 4 XRD patterns of high-entropy PP/PS/PA6/PLA/SEBS blends
with varying compatibilizer contents.

Relative intensity

The addition of the SEBS-g-MAH compatibilizer significant-
ly altered the crystallization and melting behavior, as well as
the crystal form. With only 5 wt% SEBS-g-MAH, PLA demon-
strates fractionated crystallization, evidenced by two distinct
crystallization peaks at 74.9 °C (T;) and 88.7 °C (T,). This be-
havior arises from an in situ interfacial reaction between the
PLA hydroxyl groups and MAH groups of SEBS-g-MAH, form-
ing SEBS-g-PLA copolymers.[*9->1 These copolymers signifi-
cantly enhanced PLA dispersion, creating well-distributed
heterogeneous nuclei and promoting interfacial-induced
crystallization, as indicated by the higher T, and the distinct
appearance of the a (110) crystal plane at 16.5° in the WAXD
profiles (Fig. 4). Conversely, the cold crystallization tempera-
ture (T3) decreases with increasing compatibilizer content
due to residual amorphous PLA segments confined within
thinner interfacial layers and plasticized by the rubbery EB
blocks, gaining mobility at lower temperatures, thus facilitat-
ing earlier crystallization upon reheating. Similarly, chemical
reactions between the amine groups of PA6 and MAH groups
on SEBS-g-MAH form SEBS-g-PA6 copolymers,52531 dramati-
cally reducing the size of the PA6 domains and thereby en-
hancing the crystallization of PA6. This phenomenon was evi-
denced by an increase T, and the absence of the y-form melt-
ing peak. When the compatibiliser content reached 15 wt%,
the PAG6 crystallization peak disappears completely, accompa-
nied by the absence of a (200) and a (002) reflections (at 20.3°
and 23.6°) (Fig. 4), indicative of strong confined crystallization.
Due to the higher reactivity between amine groups and anhy-
dride groups compared to hydroxyl groups, the PA6 compo-
nent primarily reacts with SEBS-g-MAH, forming abundant
SEBS-g-PA6 copolymers and resulting in the uniform disper-
sion of PA6 into tiny droplets (see SEM observations). Conse-
quently, PA6 crystallization was significantly constrained, pre-

dominantly producing the y-crystal form (Fig. 4). Additionally,
the melting peak observed at 219.3 °C in DSC heating curves
corresponds to the transformation of the metastable y-form
to the more stable a-form upon heating. Further increasing
the compatibilizer content progressively enhanced PLA crys-
tallization, achieving a maximum crystallization ability at 15
wt% SEBS-g-MAH (Fig. 4). For PP, the addition of the compati-
bilizer did not affect its crystal form, but effectively promoted
crystallization, as demonstrated by the increased T, and melt-
ing enthalpy (AH,), with the greatest enhancement ob-
served at 15 wt% compatibilizer loading. At high compatibi-
lizer loadings (20 wt%), extensive encapsulation of PP crystals
by the thickened SEBS-rich interphase and increased penetra-
tion of rubbery EB blocks dilute crystallizable PP segments, el-
evate melt viscosity, and restrict PP chain mobility, collective-
ly hindering lamellar growth and thus reducing the T, of PP.

Microscopic Phase Morphology Observations

To investigate the morphology of the high-entropy
PP/PS/PA6/PLA/SEBS blends, the cryogenically fractured sur-
faces were selectively etched using formic acid, NaOH, THF, and
n-heptane, which effectively dissolved PA6, PLA, PS, and SEBS.
PP was not etched because its typical solvents, such as xylene,
require high temperatures and would also dissolve PS and SEBS,
complicating SEM observations. Fig. 5 and Fig. S3 (in ESI) show
the cryo-fractured and etched morphologies of the blends with
varying compatibilizer contents. In the absence of the SEBS-g-
MAH (Fig. 5a) compatibilizer, the fracture surface exhibited mul-
tiple large, discrete domains (tens of micrometers in size) em-
bedded within a continuous matrix, indicating poor interfacial
adhesion between the polar (PA6, PLA) and nonpolar (PP, PS,
SEBS) components. Although the EB segments of SEBS are com-
patible with PP and its styrene segments with PS, the absence of
chemical coupling ultimately led to the blend remaining immis-
cible. Selective etching with formic acid removes the PA6 phase,
leaving large, circular, or oval voids (average domain size of 22.8
pm, Table S2 in ESI) that show PA6 poorly bonded to the sur-
rounding domains (Fig. 5b). Similarly, NaOH etching removes
the PLA phase and also reveals relatively large voids (average
size of 45.1 ym) (Fig. 5¢c and Table S2 in ESI), confirming that PLA
exists as large and discrete domains with limited interfacial
bonding. Thus, it was confirmed from Figs. 5(b) and 5(c) that
PA6 and PLA remained relatively large and isolated domains, re-
spectively. However, a close inspection of Fig. 5(c) also reveals
that some PA6 particles were partially encapsulated by PLA,
forming a core-shell-like structure. This can be attributed to hy-
drogen bonding between the hydroxyl groups in PLA and the
amine groups in PA6, as well as dipole-dipole interactions be-
tween these two polar phases. Due to PA6's higher surface en-
ergy compared to that of PLA, PLA tends to encapsulate PA6.
Etching with n-heptane selectively dissolved the SEBS phase, re-
vealing irregular yet somewhat continuous pores (Fig. 5d). This
morphology suggests that SEBS was dispersed throughout the
PP and PS matrix, driven by the compatibility of its styrene seg-
ments with PS and EB segments with PP. The PS phase, etched
by THF, appeared as irregularly dispersed pores (Fig. 5e), loosely
bonded to the surrounding matrix (PP, PA6, and PLA), once
again indicating relatively weak interfacial adhesion despite
compatibility with SEBS styrene segments. Overall, the uncom-
patibilized blend system displays a typical "sea-island" morphol-
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ogy characterized by large immiscible phases, poor interfacial
adhesion, and distinct phase separation, which is consistent
with the expected results of blending several incompatible
polymers without a compatibilizer.

With the addition of SEBS-g-MAH compatibilizer at 5 wt%
(Fig. S3a in ESI) and 10 wt% (Fig. 5a’), a notable transforma-
tion in the phase morphology of PP/PS/PA6/PLA/SEBS blends
is observed. The size of the dispersed domains is significantly
reduced to below about 5 pm, resulting in a rougher and

—'/ o\

Fig. 5 SEM images of high-entropy PP/PS/PA6/PLA/SEBS blends with 0 wt% (a—e), 10 wt% (a'-€’), and 20 wt% (a"—e") SEBS-g-MAH
loading. (a—a") cryofractured surface, (b—b") cryofractured and PA6 phase extracted with formic acid, (c—c") cryofractured and PLA phase
extracted with NaOH solution, (d—d") cryofractured and SEBS phase extracted with n-heptane, and (e—e") cryofractured and PS phase
extracted with THF. The scale bar of cryofractured surface is 5 um, the rest are 20 pm.

10 wt% 20 wt%

more irregular fracture surface compared to the smooth sur-
face seen without the compatibilizer. This reduction in do-
main size and blurring of phase boundaries indicate en-
hanced interfacial adhesion and improved compatibility
among the blend components. Selective etching with formic
acid, which specifically removes PA6, exposes uniformly dis-
tributed smaller voids (approximately 2.0 pm at 10 wt% com-
patibilizer), indicating that PA6 droplets become finer and are
better anchored within the matrix, due to chemical reactions
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between MAH groups and PA6 amine groups. Similarly, etch-
ing with NaOH dissolves PLA, revealing smaller (approximate-
ly 7.1 pm at 10 wt% compatibilizer) and more evenly dis-
persed cavities throughout the matrix, confirming the
breakup of PLA domains and stronger interfacial adhesion fa-
cilitated by reactions between MAH groups and hydroxyl
groups of PLA. Notably, the encapsulation structure observed
in the uncompatibilized blend (Fig. 5¢) evolved significantly
with the addition of the compatibilizer. Numerous smaller
PA6 particles were encapsulated by the PLA phases (Fig. 5¢').
Etching with n-heptane dissolves SEBS, revealing that the
SEBS phase appears more finely dispersed and intimately in-
tegrated with the PP and PS phases, which is attributed to
both physical compatibility (through EB segments with PP
and styrene segments with PS) and chemical linkages with
polar PA6 and PLA via MAH functionality. Etching with THF,
which selectively removes PS, resulted in smaller voids, fur-
ther confirming the refined dispersion and enhanced integra-
tion of PS into the polymer matrix. Improved interfacial bond-
ing, promoted by the styrene segments in SEBS-g-MAH and
potential interactions between MAH groups and PA6/PLA, led
to a finer PS distribution. Overall, these observations (Figs.
5a'-5e’and Figs. S3a—S3e in ESI) confirm that the incorporat-
ing of 5 wt%—10 wt% SEBS-g-MAH substantially refines do-
main sizes, enhances compatibility, and establishes a more
uniform, stable, and compatibilized microstructure in high-
entropy PP/PS/PA6/PLA/SEBS blends.

At high compatibilizer loadings (15 wt% and 20 wt%), the
fracture surface exhibits increasingly fine and homogeneous
dispersion, indicating significantly enhanced dispersion and
stronger interfacial adhesion among the components. The
phase boundaries observed at lower compatibilizer contents
became indistinguishable, signifying superior compatibility
and interfacial integration. Formic acid etching shows that
the PA6 domains are extremely small (approximately 0.8 pm

20

Stress (MPa)

a. — 0% — 5% — 10% — 15% 20%
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Fig. 6
mechanical properties for the blends.

at 20 wt% compatibilizer) and uniformly distributed, with
voids becoming barely visible. This suggests that PA6 was fur-
ther broken down into fine particles that were well embed-
ded in the matrix owing to strong interfacial interactions via
MAH and amine reactions. Similarly, NaOH etching demon-
strates significantly refined and finely dispersed PLA domains
(approximately 2.0 ym at 20 wt% compatibilizer), with no evi-
dent encapsulation of PA6 by PLA, indicating that PLA has
similarly undergone substantial interfacial interaction and
droplet breakup. Following n-heptane etching, the resulting
morphology exhibited fine dispersion of SEBS within the
polymer matrix. This indicates an effective interaction be-
tween SEBS and nonpolar components (PP and PS), along-
side partial chemical reactions via MAH with polar phases
(PA6 and PLA), resulting in a highly interfacial bonded phase
structure. Furthermore, after THF etching, the fracture sur-
face showed a uniform and strongly adhered morphology,
suggesting substantial integration of PS within the matrix,
driven by enhanced compatibility through the styrene seg-
ments in SEBS-g-MAH. Therefore, as SEBS-g-MAH increased to
15 wt% or 20 wt%, the blends exhibit dramatically reduced
domain sizes and significantly enhanced interfacial compati-
bility among PP, PS, PA6, PLA, and SEBS components, con-
firming the highly effective compatibilization.

Mechanical Properties

The influence of the SEBS-g-MAH compatibilizer on the me-
chanical properties of the high-entropy PP/PS/PA6/PLA/SEBS
blends was evaluated using tensile testing. Fig. 6(a) shows the
stress-strain curves, and the corresponding results are summa-
rized in Table 4 and illustrated in Fig. 6(b). Notably, all the blends
lost their yielding behavior. This phenomenon primarily result-
ed from the refined multiphase morphology and compatibiliza-
tion effects introduced by the SEBS and SEBS-g-MAH compati-
bilizers. Specifically, these compatibilizers significantly enhance
interfacial adhesion and compatibility, resulting in finer disper-

Elongation at break (%)

Young's modulus (%) Flexural modulus (%)

(a) Stress-strain curves of high-entropy PP/PS/PA6/PLA/SEBS blends with varying compatibilizer contents; (b) Normalized

Table4 Mechanical properties of the high-entropy PP/PS/PA6/PLA/SEBS blends.

Compatibilizer content (%) Young's modulus (MPa)

Tensile strength (MPa)

Elongation at break (%)

Flexural strength (MPa)

0 637+18
5 571+23
10 436+9
15 354453
20 27011

16.1+£1.0 5.0+0.9 22.5+0.7
17.7+0.2 8.7+0.1 21.3+0.2
15.7+0.5 19.6+0.6 18.0+£0.4
14.3£0.4 23.7+0.2 21.0+0.3
12.6+0.1 19.0+0.2 13.9+0.1
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sion of various polymer phases and more homogeneous defor-
mation. Consequently, the stress distribution and energy dissi-
pation become more efficient throughout the blends, effective-
ly reducing local stress concentrations and thus diminishing or
eliminating the distinct yielding behavior typically observed.
With increasing compatibilizer content, the Young’s modu-
lus consistently decreased, from 637.0 MPa at 0 wt% compati-
bilizer to 270.0 MPa at 20 wt%. This decrease occurred be-
cause of the increased rubber content introduced by the
SEBS-g-MAH component. Specifically, SEBS-g-MAH (made
from SEBS H1053 with 29 wt% styrene) has a higher EB rub-
ber fraction compared to SEBS H1051 component (42 wt%
styrene). Therefore, even though the total SEBS content (SEBS
+ SEBS-g-MAH) remains constant, an increase in the propor-
tion of SEBS-g-MAH, which is richer in the flexible rubber seg-
ment, results in decreased stiffness and a corresponding re-
duction in Young's modulus. At 5 wt% compatibilizer loading,
tensile strength increases from 16.1 MPa (0 wt%) to 17.7 MPa,
attributed to reduced dispersed domain sizes and improved
interfacial adhesion, facilitating efficient stress transfer within
the blend. Beyond 5 wt%, tensile strength gradually declines,
reaching 12.6 MPa at 20 wt%, which can be explained by ex-
cessive incorporation of the rubbery compatibilizer creating
overly flexible interfaces, thereby weakening the load-bear-
ing capability of the blend. In addition, constrained crystal-
lization may further contribute to this decline. The elonga-
tion at break greatly improved with increasing SEBS-g-MAH
content, rising dramatically from 5.0% at 0 wt% to a maxi-
mum of 23.7% at 15 wt%, indicating effective toughening
due to improved interfacial interactions and enhanced stress
dissipation capacity. However, at 20 wt% compatibilizer load-
ing, elongation slightly decreases to 19.0%, suggesting an op-
timal concentration at around 15 wt%, beyond which the ex-
cessive compatibilizer may lead to confined crystallization or
excessively flexible domains, thus reducing overall ductility.
The flexural strength shows a continuous decline from 22.5
MPa at 0 wt% to 13.9 MPa at 20 wt%, paralleling the trend ob-
served for Young's modulus. These results demonstrate that
the addition of the SEBS-g-MAH compeatibilizer significantly
improves the ductility of the high-entropy polymer blends,
optimally at approximately 15 wt%, while balancing other
mechanical properties such as tensile strength, and modulus.
Considering the interaction mechanism between the differ-
ent component pairs and the observed SEM morphologies, a
schematic illustration of the phase morphology with 15 wt%
SEBS-g-MAH compatibilizer is presented in Fig. 7. Within this
morphology, the nonpolar components (PP and PS) formed
irregular, ribbon-like sub-networks percolating throughout
the blend. The rubbery EB segments from SEBS and SEBS-g-
MAH interact with these ribbons, effectively plasticizing the
PP domains, which results in a decreased T, for PP, whereas
the styrene end-blocks anchor strongly within the PS do-
mains, causing a slight increase in the Ty of PS. The polar PA6
and PLA phases were finely dispersed into micron and submi-
cron droplets and substantially confined by chemically bond-
ed SEBS-g-PA6 and SEBS-g-PLA copolymers at their interfaces,
promoting heterogeneous nucleation and confined crystal-
lization. Specifically, PA6 predominantly formed isolated
droplets, some of which were partially encapsulated by PLA
domains. The compatibilizer-rich interphase, comprising both

SEBS-g-MAH and residual SEBS, continuously coated the po-
lar/nonpolar interfaces, significantly reducing the interfacial
tension and increasing T, of PLA and initially of PP, but even-
tually restricting PP lamellar growth at high loading. This elas-
tic interphase not only merges the distinct glass transitions of
PA6 and PLA into a single broad transition but also improves
the tensile ductility and toughness by uniformly dissipating
stress throughout the well-connected and compatibilized
network.

PP PS PLA PA6 SEBS+SEBS-g-MAH

Fig. 7 Schematic illustration of the phase morphology with 15
wt% SEBS-g-MAH compatibilizer.

CONCLUSIONS

The compatibilizing effect of SEBS-g-MAH in high-entropy
PP/PS/PA6/PLA/SEBS blends was systematically evaluated. DMA
analysis confirmed compatibilizer-induced variations in glass
transition behavior, signifying substantial improvements in in-
terfacial interactions and compatibility. DSC investigations re-
vealed enhanced nucleation and crystallization behavior, partic-
ularly for PLA and PAG6, attributable to the formation of chemi-
cally bonded copolymers and confined crystallization effects at
higher compatibilizer loadings. Morphological analysis further
verified the reduction in phase domains, improved distribution
uniformity, and strengthened interfacial adhesion with increas-
ing SEBS-g-MAH content. Mechanical testing revealed a signifi-
cant improvement in ductility, particularly at the optimal com-
patibilizer loading of 15 wt%, balancing mechanical strength
and flexibility effectively. Overall, the incorporation of SEBS-g-
MAH represents an effective strategy for fabricating and tailor-
ing high-entropy polymer blends, highlighting their potential
applications in plastic recycling and upcycling. This approach
can effectively transform complex, unsorted plastic waste mix-
tures containing various polymers into value-added, high-per-
formance polymer blends, thereby offering promising solutions
for sustainable plastic waste management.
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