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Abstract: The integration of compatibilisers with thermoplastics has revolutionised the field of poly-
mer composites, enhancing their mechanical, thermal, and rheological properties. This study investi-
gates the synergistic effects of incorporating SEBS-g-MAH on the mechanical, thermal, and rheological
properties of polycarbonate/acrylonitrile-butadiene-styrene/graphene oxide (PC/ABS/GO) (PAGO)
and the properties of polycarbonate/acrylonitrile-butadiene-styrene/graphene oxide (PC/ABS/rGO)
(PArGO) composites through the melt blending method. The synergistic effects on thermal stabil-
ity and processability were analysed by using thermogravimetry (TGA), melt flow index (MFI),
and Fourier-transform infrared spectroscopy (FTIR). The addition of SEBS-g-MAH improved the
elongation at break (EB) of PAGO and PArGO up to 33% and 73%, respectively, compared to the un-
compatibilised composites. The impact strength of PAGO was synergistically enhanced by 75% with
the incorporation of 5 phr SEBS-g-MAH. A thermal analysis revealed that SEBS-g-MAH improved
the thermal stability of the composites, with an increase in the degradation temperature (T80%) of
up to 17% for PAGO at 1 phr SEBS-g-MAH loading. The compatibilising effect of SEBS-g-MAH was
confirmed by FTIR analysis, which indicated interactions between the maleic anhydride groups and
the PC/ABS matrix and GO/rGO fillers. The rheological measurements showed that the incorpo-
ration of SEBS-g-MAH enhanced the melt flowability (MFI) of the composites, with a maximum
increase of 38% observed for PC/ABS. These results demonstrate the potential of SEBS-g-MAH as a
compatibiliser for improving the unnotched impact strength (mechanical), thermal, and rheological
properties of PC/ABS/GO and PC/ABS/rGO composites, achieving a synergistic effect.

Keywords: compatibilisation; synergistic reinforcement; toughening mechanism; thermally stable;
graphene derivatives; polycarbonate; acrylonitrile butadiene styrene; polymer nanocomposites
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1. Introduction

Advanced polymer composites with enhanced mechanical, thermal, and rheological
properties are a significant area of research in materials science. Polycarbonate/acrylonitrile-
butadiene-styrene (PC/ABS) blends are commonly used for various industrial applications
due to their excellent toughness and processability. PC/ABS blends often encounter limita-
tions from the immiscibility of the constituent polymers [1–5]. The lack of compatibility
between PC and ABS leads to poor interfacial bonding, resulting in compromised mechani-
cal properties and reduced quality of the final products.

Incorporating fillers such as graphene oxide (GO) and reduced graphene oxide (rGO)
shows a promising strategy to improve these properties significantly. While the exact
structure of GO remains elusive, its potential applications span a wide range of fields,
including energy storage, electronics, biomedicine, and environmental remediation [6–11].
In energy storage applications, GO is a promising material for supercapacitors and batteries
due to its large surface area and high electrical conductivity [12]. In electronics, GO
finds applications in transparent electrodes, flexible devices, and conductive composites.
GO’s unique properties in biomedicine make it a valuable material for drug delivery,
tissue engineering, and biosensing [12]. Moreover, GO holds promise in environmental
remediation for water purification and heavy metal removal [12].

Reduced graphene oxide (rGO) is produced through various reduction methods to
overcome the insulating behaviour of GO, including chemical, thermal, and photothermal
reduction to remove the oxygen functional groups [6,13,14]. The reduction process of GO
significantly alters its structural, mechanical, and electrical properties. The removal of
oxygen-containing groups and the restoration of the sp2 carbon structure lead to enhanced
electrical conductivity (up to 6300 S cm−1), increased mechanical strength (Young’s modu-
lus of ~1.0 TPa and breaking strength of ~130 GPa), high thermal stability, and high mobility
(320 cm2 V−1 s−1), comparable to pristine graphene [6,15–17]. However, the dispersibility
of rGO decreases due to its increased hydrophobicity [6,15–17].

Uniform dispersion and strong interfacial bonding between the polymer matrix and
fillers remain challenging to achieve. The lack of compatibility between the components
results in a significant difference in surface tension, leading to weak bonding at the inter-
face and ultimately resulting in poor end-product properties [18]. Compatibilisers can be
added to the blend to enhance the compatibility between PC/ABS and graphene-based
fillers [19–24]. Compatibilisers are molecules that can be oriented at the interface between
the two polymer phases, which decreases the strain at the interface and enhances compati-
bility [18].

The two main types of compatibilisers are known as non-reactive and reactive [25,26].
Non-reactive compatibilisers are the most common type and consist of segments or blocks
with specific interaction or miscibility with one or both components [25,26]. The effi-
ciency of non-reactive compatibilisers depends on the respective blocks and the molecular
weight of the compatibiliser [26]. Reactive compatibilisers are formed at the interface
between the two immiscible polymers [25,26]. These compatibilisers can be created via
different processes, including trans-reaction; reactive production of graft, block, or weakly
crosslinked copolymers; formation of ionically bound structures; and mechano-chemical
blending [23,26–28]. The addition of a compatibiliser can significantly improve the proper-
ties of polymer blends. Compatibilisers can stabilise the morphology of the blend, resist
phase separation, and improve mechanical properties by reducing interfacial tension and
increasing interfacial adhesion [25,26].

Styrene-ethylene-butylene-styrene grafted with maleic anhydride (SEBS-g-MAH) is
a new material that has recently attracted considerable interest because of its distinct
characteristics and prospective uses in other fields. SEBS-g-MAH is a block copolymer
composed of three distinct segments: styrene (S), ethylene-butylene (EB), and styrene
(S) blocks [28]. The EB midblock provides elastomeric properties, while the styrene end
blocks enhance the material’s processibility and compatibility with other polymers [29].
Introducing ionic functional groups such as maleic anhydride (MA) grafted onto the
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styrene blocks can impart hydrophilic and amphiphilic characteristics to the polymer
blends [30–33]. This unique structure enables SEBS-g-MAH to exhibit a combination of
elastomeric, thermoplastic, and interfacial properties, making it a versatile material for
various applications [34].

This study investigates the formulation and characterisation of PC/ABS blends rein-
forced with GO and rGO, incorporating SEBS-g-MAH as a compatibiliser (PAGOS and
PArGOS, respectively). The aim is to explore the effects of additions that synergistically en-
hance the mechanical, thermal, and rheological properties of the composites. By addressing
the challenges associated with polymer immiscibility and filler dispersion, this study aims
to contribute to developing high-performance polymer composites with potential applica-
tions in medical devices, automotive components, and electrical industries. The literature
has not reported work concerning the mechanical, thermal, and rheological properties of
PAGOS and PArGOS.

2. Materials and Methods
2.1. Materials

Polycarbonate/Acrylonitrile-Butadiene-Styrene (PC/ABS) commercial blends (Bay-
blend T85 XF) were supplied by Covestro AG (Leverkusen, Germany). This blend has a
melt volume-flow rate of 19 cm3/10 min, melting temperature of 260–260 ◦C, and den-
sity of 1140 kg/m3. Graphene oxide (GO) and reduced graphene oxide (rGO) (CAS no.
7782-42-5 [Graphite]) were obtained from BT Corp Generiques Nano PVT. Ltd. (Bengaluru,
India). GO consists of a 10–20 nm thin sheet with <10 µm lateral dimension, purity of
99%, and bulk density of 0.35 g/mL. rGO is a very light powder with a bulk density of
0.49 g/mL and an electrical conductivity of >107 Siemens per meter (along the X and Y
axes). SEBS-g-MAH, under the trade name of Kraton FG 1901X, was supplied by Shell
Chemical Co. (The Hague, The Netherlands). The formulations of the samples are stated in
Table 1.

Table 1. Formulations of samples.

No. Sample PC/ABS
(phr)

GO
(phr) rGO (phr) SEBS-g-

MAH (phr)

1 PC/ABS 100.0 - - -
2 PAS1 - - 1
3 PAS5 - - 5
4 PAGO4.0 100.0 4.0 - -
5 PArGO4.0 100.0 - 4.0 -
6 PAGO4.0-S1 100.0 4.0 - 1
7 PAGO4.0-S5 100.0 4.0 - 5
8 PArGO4.0-S1 100.0 - 4.0 1
9 PArGO4.0-S5 100.0 - 4.0 5

2.2. Methods
2.2.1. Fabrication of Samples

Compounded materials were fabricated in a twin-screw extruder, with the recom-
mended processing temperature for the barrel zone temperature steadily increasing as fol-
lows: 190/210/220/230/240/245/250/255 ◦C. The extrudates were then injection-moulded
into standard tensile, flexural, and Charpy impact samples using an injection moulding
machine. The moulding temperature was fixed at 80 ◦C, with the recommended processing
temperature for the barrel zone steadily increasing as follows: 230/250/270/275 ◦C. The
schematic diagram of the fabrication of samples are shown in Figure 1.
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Figure 1. The schematic diagram of the production and analysis of the PAGO and PArGOS composites
through melt blending.

2.2.2. Mechanical Properties Analysis
Tensile Testing

Mechanical property tests were performed on the composites. Each recipe was tested
five times, and the average value was reported. The samples were tested for tensile
strength following ASTM D638 utilising an Instron Universal Testing Machine at a speed
of 5 mm/min [35]. The test specimen was kept at 23 ◦C for 48 h. The test was placed at
room temperature.

Flexural Testing

According to ASTM D790, a three-point bending flexural test was performed using
the Lloyd Universal Testing Machine at a speed of 15 mm/min [36]. The flexural strength
and modulus were averaged from a minimum of five reported values.

Impact Testing

The notched Charpy impact test was conducted using a Ray-Ran Pendulum Impact
Tester System (Ray-Ran Test Equipment Ltd., Warwickshire, UK) with a hammer weight of
1.189 kg, following ISO 179 [37]. Following the composite fabrication process, the notches,
which had a depth of 2.54 mm and a radius of 0.25 mm, were machined. Each given
value was obtained by testing a minimum of seven impact specimens, and the results
were averaged.

2.2.3. Thermal Properties Analysis

The thermal properties of the composites were assessed. The composites were sub-
jected to thermal examination using a thermogravimetric analyser (TGA) (model 851e)
(Mettler Toledo, OH, USA) under nitrogen combustion conditions. Prior to the test, the
samples underwent a drying process for 2 h at a temperature of 100 ◦C to mitigate the
influence of moisture. To examine the thermal deterioration characteristics, the temperature
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was systematically altered from 30 ◦C to 800 ◦C with a heating rate of 10 ◦C per minute in
an environment of nitrogen.

2.2.4. FTIR Analysis

The composites were tested with FTIR to investigate the functional groups’ presence
in the samples. Nicolet i10s FTIR with attenuated total reflection (FTIR-ATR) was used to
conduct the infrared spectroscopy investigations. Each spectrum was the result of 16 scans
conducted at a spectral range from 4000 to 500 cm−1 with a resolution of 8 cm−1 using
diamond ATR crystal. In the absorbance mode, the results were recorded in compliance
with ASTM E168 [38].

2.2.5. Rheological Properties Analysis

The melt flow index (MFI) of the blends was measured using the ASTM D1238-90b
standard at a temperature of 260 ◦C and a load of 3.8 kg [39]. The apparatus utilised was
a Ray-Ran (Model 5MPCA) melt flow index testing machine. Around 12 g of the sample
was placed inside the barrel and heated to 260 ◦C. The sample was then allowed to melt
and reach a state of thermal equilibrium for 4 min. The load was exerted on the molten
substance, causing the material to be forced out through the die. The extrudates were sliced
at consistent time intervals, typically every 20 s. The extrudates that were cut off were
measured in terms of weight and then converted into units of grams per minute. The mean
value of 3 extrudates was calculated for the MFI measurement.

3. Results and Discussion
3.1. FTIR

The FTIR was investigated to confirm the incorporation of SEBS-g-MAH into the
composites. Figure 2 shows the FTIR spectra of PC/ABS composites with the presence of
SEBS-g-MAH. The pristine PC/ABS spectrum exhibits deformation of the C–H bond of
hydrogen atoms attached to the alkenic bond of 1,4-butadiene and 1,2-butadiene of ABS
components at 965 cm−1 and 912 cm−1, respectively. The absorption of acrylonitrile in
ABS can be seen at 2236 cm−1, indicating the presence of a nitrile stretching (C≡N) peak.
Triple PC bands can be seen in all formulations at 1159 cm−1, 1188 cm−1, and 1221 cm−1,
corresponding to C–O–C stretching, characterising the presence of ester bonds in PC/ABS.
The absorption of the carbonyl (C=O) stretching peak of PC can be seen at 1770 cm−1. The
spectra exhibit the methyl (C–H) stretching peaks at 3000 cm−1–2800 cm−1, presumably
the aliphatic stretching and absorption of the methyl group of PC/ABS for all formulations.

No significant change in peak positions was observed in the PAGO and PArGO
composites compared to pristine PC/ABS, as shown in Figure 2, suggesting that the
incorporation of GO and rGO did not result in a drastic transformation in the chemi-
cal structure of the PC/ABS matrix. However, the incorporation of GO and rGO into
the PC/ABS composites shows an increment in oxygen-containing functional groups at
1850 cm−1–1650 cm−1. The increment of visible peaks at 1570 cm−1–1530 cm−1 indicates
the presence of GO and rGO carbon skeletons (C=C) due to thermal reduction, and the
peak at 1637 cm−1 disappeared due to mechanical blending. A weak CO2 adsorption peak
in range of 2400 cm−1–2300 cm−1 shows that GO and rGO were successfully incorporated
into the composite.

From the FTIR spectra of the prepared composites, as shown in Figure 2, a slight
decrease in C–H bands in the range of 3000 cm−1–2800 cm−1 resulted from incorporating
1 phr and 5 phr of SEBS-g-MAH into the PC/ABS composites, as reported by Rodrigues
et al. [40]. The peak intensity decrease resulted from the formation of an anhydride group
from the SEBS-g-MAH functional group interacting with hydroxyl in PC/ABS. Rodrigues
et al. [40] also reported that grafting of the MAH group can occur via loss of vinylic
hydrogen from the polybutadiene fraction or interaction with the C=C bond [23]. Thus, the
grafting degree can be estimated by analysing the C≡N bond.
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The IR spectra also showed a higher peak intensity at 2400 cm−1–2300 cm−1 with the
addition of 1 and 5 phr of SEBS-g-MAH, which indicates an interaction between the MAH
functional group and the hydroxyl and carboxyl groups of GO and rGO in PC/ABS.

The compatibilising effect was due to the interaction of SEBS chains in SEBS-g-MAH,
which are compatible with ABS. The grafted maleic anhydride (C(=O)OC=O) in SEBS-g-
MAH can react with the carboxyl (–COOH) and hydroxyl groups (O–H) of GO and rGO
and the polybutadiene backbone chemical structure, leading to a coupling effect [40,41],
as proposed in Figure 3. The terminal –OH group of PC is expected to react with MAH
grafted on SEBS, as mentioned by Rodrigues et al. [40], who also proposed that the reaction
will establish a chemical connection on the interphase of the elastomeric and PC phases
without disrupting the core structure of SEBS or ABS.
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3.2. Rheological Analysis

The addition of SEBS-g-MAH into the composites synergistically improved the pro-
cessability and reduced the viscosity of the composites. Table 2 shows that the incorpo-
ration compatibiliser increased the MFI of the PC/ABS blends from 13.27 g/10 min to
17.79 g/10 min with 1 phr of SEBS-g-MAH. Further addition of compatibiliser into the
PC/ABS blends slightly decreased the MFI to 17.07 g/10 min. This can be due to a better
dispersibility of ABS in the PC matrix and better interfacial adhesion between PC and
ABS [42–44].

Table 2. Melt flow index (MFI) of PC/ABS composites.

Samples PC/ABS PAS-1 PAS-5 PAGO4.0 PAGO4.0-S1 PAGO4.0-S5 PArGO4.0 PArGO4.0-S1 PArGO4.0-S5

MFI (g/10 min)
260 ◦C, 3.8 kg 13.27 17.79 17.07 12.68 19.29 19.31 11.14 16.63 17.98

The incorporation of compatibiliser in the PAGO composites synergistically improved
the flowability from 12.68 g/10 min to 19.29 g/10 min and 19.31 g/10 min for 1 phr
and 5 phr, respectively. SEBS-g-MAH also significantly enhanced the flowability from
11.14 g/10 min to 16.63 g/10 min and 17.98 g/10 min when added into PArGO at 1
and 5 phr, respectively. This is due to the chemical interaction of the maleic anhydride
group with the oxygen functional groups of the PAGO and PArGO composites. Due to
these interactions, the interfacial interaction between the matrix and fillers improved and
increased the mobility of the polymer chain, hence leading to a higher MFI, which is
reflected in the enhancement of the thermal properties of the composites. These results
differ from those of Sousa Filho et al. [45], who reported that the incorporation of SEBS in
PS/ABS significantly reduced the MFI, indicating more interaction between the components.
However, they are broadly consistent with earlier studies on PC/ABS/SEBS-g-MA [31],
PP/SEBS [46], and PET/HDPE/SEBS-g-MA [33].

The observed rheological enhancements have significant implications for the process-
ing and application of these composites. The improved MFI implies that these materials can
be processed at lower temperatures and pressures, saving energy and reducing production
costs. Additionally, the enhanced flowability facilitates the fabrication of complex shapes
and thin-walled components, broadening the application scope of these composites in the
automotive, aerospace, and consumer electronics industries.

3.3. Mechanical Analysis

For this study, the blends were produced using the melt blending method in a twin-
screw extruder, and the samples were produced using injection moulding according to
ASTM standards. The composites were produced to evaluate the potential of SEBS-g-
MAH as a compatibiliser between the matrix, namely PC/ABS, with the GO and rGO
fillers, focusing on the mechanical, thermal, and physical characterisation. The mechani-
cal properties reported are flexural strength (FS), flexural modulus (FM), tensile strength
(TS), Young’s modulus (YM), elongation at break (EB), unnotched impact strength (ISUN),
and notched impact strength (ISN). To enhance the readability and streamline the sec-
tion, PC/ABS/GO/SEBS-g-MAH and PC/ABS/rGO/SEBS-g-MAH will be addressed as
PAGOS and PArGOS composites, respectively.

The effect of different loadings of SEBS-g-MAH on the PC/ABS, PAGO, and PArGO
systems on TS can be seen in Table 3. The trend shows an increment in TS at 1 phr before
the further addition of SEBS-g-MAH at 5 phr deteriorated the composites’ TS values. The
value of pristine PC/ABS is 38.84 MPa, and the TS values slightly increased to 39.38 MPa
and then decreased to 37.80 MPa with the addition of 1 phr and 5 phr, respectively. This
shows that SEBS-g-MAH is compatible with PC/ABS and forms a miscible system that can
support localised deformation by the rubber phase in the matrix.
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Table 3. Mechanical Properties of PC/ABS composites.

Sample TS (MPa) YM (MPa) EB (%) FS (MPa) FM (MPa) ISN (kJ/m2) ISUN (kJ/m2)

PC/ABS 38.84 ± 1.2 c,d,e 1041.60 ± 27.4 c,d 29.09 ± 10.8 b 29.55 ± 0.9 f 421.52 ± 17.3 e 38.68 ± 0.4 a 54.11 ± 8.6 d,e

PAS-1 39.38 ± 0.4 b,c,d 1049.40 ± 20.9 b,c,d 51.33 ± 9.0 a 29.77 ± 0.1 e,f 433.94 ± 10.0 d,e 37.32 ± 0.3 a 75.14 ± 4.6 b,c

PAS-5 37.80 ± 1.3 d,e 1062.40 ± 33.0 a,b,c,d 45.83 ± 3.4 a 30.44 ± 0.2 d,e 423.74 ± 4.3 e 36.91 ± 3.0 a 86.69 ± 13.8 b

PAGO-4.0 40.17 ± 1.1 a,b,c 1092.40 ± 31.7 a,b 13.14 ± 1.3 d 31.57 ± 0.2 b,c 456.24 ± 2.2 b,c 9.70 ± 0.2 d 48.75 ± 5.4 e

PArGO-4.0 42.35 ± 1.1 a 1095.00 ± 13.4 a 9.97 ± 1.4 d 32.39 ± 0.2 a 485.28 ± 3.6 a 5.47 ± 0.2 e 52.54 ± 1.8 e

PAGO4.0-S1 39.82 ± 0.5 b,c,d 1067.60 ± 18.7 a,b,c,d 15.40 ± 2.1 c,d 31.97 ± 0.2 a,b 460.11 ± 4.0 b 10.50 ± 0.2 d 79.97 ± 3.9 b,c

PAGO4.0-S5 36.60 ± 0.5 e 1028.20 ± 12.5 d 17.51 ± 1.4 b,c,d 30.82 ± 0.7 c,d 440.71 ± 4.8 c,d 11.47 ± 0.2 d 85.28 ± 12.3 b,c

PArGO4.0-S1 41.36 ± 0.7 a,b 1074.80 ± 15.5 a,b,c 10.84 ± 1.6 d 32.04 ± 0.2 a,b 464.16 ± 7.3 b 4.66 ± 0.2 e 51.18 ± 2.7 e

PArGO4.0-S5 37.93 ± 2.1 c,d,e 1068.80 ± 11.3 a,b,c,d 17.28 ± 1.1 b,c,d 31.48 ± 0.1 b,c 455.36 ± 7.1 b,c 4.61 ± 0.3 e 69.57 ± 4.6 c,d

Any results which do not share a letter are significantly different (p < 0.05).

The addition of 4 phr of GO and rGO into the PC/ABS composites increased the
strength by 3.4% and 9%, respectively. The homogenous distribution of filler throughout
the matrix enhanced the strength of the matrix fibre interaction, which prevented the
matrix from deforming drastically. The tensile properties show that the matrix with rGO
particles has a higher tensile strength than the GO-filled composites. These results are
in accordance with a previous study comparing GO and rGO; the study suggests that
rGO promotes better properties compared to GO in PET/PBT/G composites [21]. The
higher surface-to-volume ratio of rGO compared to GO provides more surface area for
the interfacial bonding between the matrix and the filler [47]. Although GO is expected to
have better properties due to its higher number of oxygen-containing groups, the planar
geometry and higher surface area of rGO contribute to the better mechanical properties of
the PC/ABS composites [47].

The incorporation of SEBS-g-MAH into the PAGO and PArGO systems showed a
comparable TS at 1 phr and a decrease with 5 phr of compatibiliser in both systems.
Adding 1 phr of SEBS-g-MAH into PAGO4.0 showed an insignificant reduction (p > 0.05)
compared to uncompatibilised PAGO. A significant reduction (p < 0.05) could be seen with
the addition of 5 phr of compatibiliser into the PAGO system, decreasing from 40.17 MPa
to 36.60 MPa. A similar trend could be seen with the addition of the compatibiliser into
the PArGO system, where the addition of SEBS-g-MAH showed an insignificant reduction
at lower loadings and a significant reduction at higher amounts of SEBS-g-MAH loading
compared to the compatibilised and uncompatibilised composites. This concurs with the
findings by Abedin et al. [41] on the study of ABS/Talc/GO with SEBS-g-MAH, which
reported insignificant enhancement of TS properties with the addition of compatibiliser
into the composites. This shows that the addition of SEBS-g-MAH has a counteractive
effect on the TS properties of the ternary systems of PAGO and PArGO composites.

A similar trend could be seen for YM in Table 3. The fillers showed significant im-
provement compared to pristine PC/ABS, as the YM increased to 1092 MPa and 1095 MPa
for PAGO and PArGO, respectively. This study shows that the stiffness of the PAGO and
PArGO composites increases as the filler increases. SEBS-g-MAH promotes the interfacial
interaction between the PC and ABS phases, which leads to an improvement in tensile
properties. Pristine PC/ABS has a value of 1041 MPa, and the addition of the compatibiliser
increased the value from 1041 MPa to 1049 MPa and 1062 MPa with the addition of 1 phr
and 5 phr, respectively. This is in accordance with a previous report by Debbah et al. [31] on
the study of the PC/ABS ratio with SEBS-g-MAH, where the addition of the compatibiliser
enhanced the dispersion of ABS in the PC matrix and the interfacial adhesion between
PC and ABS [31]. The addition of the compatibiliser into PAGO and PArGO at all loading
amounts significantly reduced the composites’ stiffness compared to the uncompatibilised
composites. The addition of more than 1 phr of SEBS-g-MAH into the systems drastically
reduced the stiffness of the composites. The addition of 5 phr of SEBS-g-MAH further
reduced the stiffness from 1092 MPa to 1028 MPa and 1095 MPa to 1068 MPa for the PAGO
and PArGO composites, respectively. The decrease in YM and TS could be explained by
the elastomeric nature of the impact modifier as a toughening agent [48,49]. It is worth
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noting that the YM of the PArGOS system is higher than that of the PAGOS system at all
loading amounts.

The EB of the PAGO and PArGO composites decreased with the addition of fillers, as
illustrated in Table 3. For instance, the elongation at break of pristine PC/ABS decreased
from 29% to 13% and 10% for the composite with 4 phr of GO and rGO, respectively.
This is probably related to the higher surface-to-volume ratio of rGO compared to GO, as
mentioned in the study conducted by Tayebi et al. [47] on incorporating GO and rGO into
LDPE/EVA nanocomposites. The results concur well with a previous study, where the
higher surface area available for bonding results in higher composite stiffness and decreased
elongation at break. The incorporation of SEBS-g-MAH into the PC/ABS blends and the
PAGO and PArGO composites showed a synergistic effect in increasing the elasticity of
the composites. The trend showed a higher amount of SEBS-g-MAH in the system, further
improving the elongation at break. The EB of PC/ABS blends increased from 29% to 51%
with 1 phr of compatibiliser and decreased to 45% with further addition of SEBS-g-MAH.
The presence of GO and rGO fillers in the PC/ABS blends drastically reduced the elasticity
of the composites. A synergistic effect could be seen with the compatibiliser added to the
PAGO composites, with an increment of up to 17% for 1 phr and 33% for 5 phr of SEBS-
g-MAH. A similar trend could be seen with the addition of SEBS-g-MAH to the PArGO
composites, where the EB increased by 8% and 73% when adding 1 phr and 5 phr of SEBS-
g-MAH, respectively. As mentioned by Chow et al. [32] in their study of PLA/HNT/SEBS-
g-MAH, the compatibiliser can induce an energy dissipation mechanism in the composites
and elongate to a higher extent [32]. This confirms that SEBS-g-MAH contributes to
synergistic compatibilisation, as the EB improved while the stiffness was reduced.

The effect of SEBS-g-MAH as a compatibiliser in PC/ABS is demonstrated in terms of
flexural strength and modulus, as shown in Table 3. From the results, it can be seen that
the addition of fillers significantly enhanced the FS and FM of the composites compared
to pristine PC/ABS. The FS increased up to 7% and 10%, and the modulus also increased
up to 8% and 15% for the PAGO and PArGO composites, respectively. The results show
improvement as the compatibiliser is introduced into the system. For instance, adding 1 phr
and 5 phr of SEBS-g-MAH into PC/ABS blends showed only an insignificant improvement
from 29.55 MPa to 29.77 MPa and 30.44 MPa compared to the pristine PC/ABS. A similar
trend with TS shows that the addition of 1 phr of the compatibiliser has comparable values
with the uncompatibilised composites, and the properties deteriorate with higher loadings.
When the amount of loading of SEBS-g-MAH was 1 phr, the FS was 31.97 MPa and the
FM was 460 MPa for the PAGO composites, which further deteriorated to 30.82 MPa and
440 MPa, respectively. In the PArGO composites, the FS was 32.04 MPa and the FM was
464 MPa with the addition of 1 phr, and they further decreased to 31.48 MPa and 455 MPa
with the addition of 5 phr of SEBS-g-MAH. This might be due to the high viscosity of
the system and the agglomeration of compatibilisers in the systems. The results are in
concordance with the study of SEBS-g-GO/Epoxy, which shows that a higher content
of SEBS-g-GO in epoxy deteriorates the overall mechanical properties [23]. This shows
that the compatibiliser has a counteractive effect on the FS and FM of the PAGO and
PArGO composites.

The impact strength of PC/ABS-based composites was evaluated to study the mate-
rial’s toughness and resistance to shock loading. Table 3 shows the notched and unnotched
Charpy impact strengths of the PC/ABS blends, PAGO, and PArGO with different loadings
of SEBS-g-MAH. The addition of fillers drastically decreased the impact strength of the
composites. The PArGO composite showed lower impact strength compared to PAGO.
In order to improve the impact properties, an impact modifier was introduced. The un-
notched impact strength clearly showed synergistic reinforcement with the addition of
SEBS-g-MAH as an impact modifier. The ISUN showed an increment from 54.11 kJ/m2

to 75.14 kJ/m2 and 86.69 kJ/m2 with the addition of 1 phr and 5 phr of compatibiliser.
The toughening agent synergistically improved the ISUN PAGO composites up to 64% and
75% as the amount of loading increased. There was a slight reduction in ISUN with the
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addition of 1 phr of SEBS-g-MAH from 52.54 kJ/m2 to 51.18 kJ/m2, which might be due to
the void that was present within the composites [45]. A higher loading of SEBS-g-MAH
synergistically enhanced the impact strength by up to 32% for the PArGO composites.
The increment could be due to the toughening effect of the impact modifier within the
ternary PAGO and PArGO composites, which caused effective load transfer and led to
higher cross-linking [15]. The impact strength for notched Charpy impact strength (ISN)
showed an improvement in IS with the addition of SEBS-g-MAH as an impact modifier
into the PAGO composites. The higher the SEBS-g-MAH content in the system, the higher
the IS N. The ISN for the PAGO composites increased from 9.70 kJ/m2 to 10.50 kJ/m2 and
11.47 kJ/m2 for 1 phr and 5 phr, respectively. However, the addition of SEBS-g-MAH into
the PArGO systems showed an insignificant reduction in the ISN. The enhancement of
impact strength in the PAGO composites could be due to the large surface area of GO and
the high oxygen content in the system compared to rGO.

It is noteworthy to observe that SEBS-g-MAH has higher synergistic reinforcement
with PAGO compared to PArGO composites. This can be confirmed by EB, ISN, and ISUN,
which show much higher enhancement in the PAGO composites. Thus, it can be concluded
that SEBS-g-MAH acts as an impact modifier in the PAGO composites by enhancing the
ductility and toughness of the composites.

The incorporation of graphene oxide (GO), reduced graphene oxide (rGO), and SEBS-
g-MAH compatibiliser to PC/ABS thermoplastics dramatically modified the mechanical
properties, as seen by the stress–strain curves provided in Figure 4. The changes are
needed to enhance certain properties, such as strength, stiffness, and toughness, which
are crucial for a variety of engineering applications. The unmodified PC/ABS blend
shows typical ductile behaviour with a distinct yield point, followed by strain hardening
and necking. Adding GO increased stiffness and yield strength, as indicated by the
higher initial slope and elevated yield point. However, this also reduced ductility, making
the material more brittle. rGO further enhanced mechanical properties, resulting in a
higher modulus and yield strength compared to GO. Despite this, ductility decreased
even more, which could limit applications requiring significant elongation. The SEBS-g-
MAH compatibiliser improves interfacial adhesion between the polymer matrix and the
fillers, leading to balanced improvements in strength and toughness. The stress–strain
curve shows increased modulus and yield strength, with significant elongation at break,
indicating enhanced toughness. Combining GO or rGO with SEBS-g-MAH produced
a synergistic effect, resulting in composites with a high modulus, yield strength, and
improved toughness. These materials exhibit high initial slopes and yield points, with
better elongation at break compared to those without the compatibiliser, making them
suitable for applications requiring both high strength and ductility.

3.4. Thermal Analysis

The TGA thermal degradation and differential thermogravimetry (DTG) of PC/ABS,
PAGO, and PArGO with different amounts of SEBS-g-MAH loading and the values of the
weight loss at different temperatures are summarised in Table 4 and illustrated in Figure 5.
The data analysis clearly shows that the PAGO and PArGO composites incorporating
compatibiliser have higher thermal stability than the pristine PC/ABS blend. T10%, T50%,
and T80% are the decomposition temperatures at 10, 50, and 80% of weight loss, respectively.

Figure 5 clearly shows that PC/ABS underwent two-step degradation, with the first
decomposition attributed to ABS and the second degradation attributed to PC [39,42,50].
The main weight loss occurred in the region of 400 ◦C to 540 ◦C for all samples due to
the decomposition of the organic components of the composites. All the composites show
higher thermal stability compared to pristine PC/ABS. The incorporation of SEBS-g-MAH
into PC/ABS showed an improvement in thermal stability, as the degradation temperature
shifted to a higher temperature from 488 ◦C to 497 ◦C at 1 phr, but then decreased to 481 ◦C
at 5 phr at 80% weight loss. The residual weight at 800 ◦C also seemed to increase from
6.25% to 11.93% and 9.82% at 1 phr and 5 phr, respectively, representing the composite’s
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compatibiliser amount. This concurs well with previous studies, which suggest enhanced
interfacial interaction between the MAH group of SEBS-g-MAH and the terminal hydroxyl
group of the composites [31,51–56].
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Table 4. TGA data of PC/ABS, PAGOS, and PArGOS at different amounts of SEBS-g-MAH loading.

Sample
Degradation Temperature Inflection Point

(◦C)
Char Residue
at 800 ◦C (%)T5% T10% T50% T80%

PC/ABS 410 423 457 488 462 6.24
PAS1 400 415 466 497 478 11.93
PAS5 408 420 451 481 445 9.82

PAGO04.0 357 402 438 461 438 4.80
PAGO4.0-S1 403 420 497 538 502 14.66
PAGO4.0-S5 404 419 486 521 497 13.63
PArGO4.0 397 415 449 512 449 14.40

PArGO4.0-S1 400 415 461 502 458 14.17
PArGO4.0-S5 402 417 469 510 464 13.69
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The addition of SEBS-g-MAH clearly showed a synergistic effect with the GO filler
as the thermal stability for the PAGOS composites at 1 phr and 5 phr increased. From
the DTG curve, it can be observed that the composites underwent two-step degradation
compared to one-step degradation without the presence of a compatibiliser. At 1 phr, the
thermal stability of PAGOS increased by 10% and 17% compared to pristine PC/ABS and
PAGO without compatibiliser, respectively. However, the thermal stability decreased when
a higher loading of 5 phr was added. The enhancement in thermal stability is attributed to
better cross-linking between PC/ABS and GO with the presence of a compatibiliser [15].
This TGA trend concurs well with [23], which indicates that SEBS-g-GO contributes to
the barrier effect, which hinders volatilisation and enhances thermal stability. The char
residue increased from 4.80% to 14.66% and 13.63% at 1 phr and 5 phr, respectively. Higher
char residue at 800 ◦C indicates that the presence of SEBS-g-MAH improved the thermal
oxidative resistance, resulting in increased char residue [23].

The addition of SEBS-g-MAH in the PArGO composites showed synergistic effects,
as the most significant rate of change, known as the inflection point, shifted to a higher
temperature compared to uncompatibilised PArGO. The inflection point for the addition of
1 phr was 458 ◦C, and for 5 phr it was 464 ◦C. The addition of compatibiliser into PArGO
resulted in only one-step degradation. The char residue for PArGOS at 1 phr and 5 phr
decreased with higher compatibiliser loading. This proves that SEBS-g-MAH synergistically
improved the thermal stability of the composites.

4. Conclusions

The embedment and incorporation of GO and rGO have been successfully produced
using the melt blending method without the involvement of any chemical alteration during
the fabrication. The synthesis of PC/ABS composites filled with GO, rGO, and SEBS-g-
MAH was proven by FTIR peak shifts and changes in intensity, as discussed previously in
the FTIR sections. Although the FTIR of the PC/ABS blends and PAGO, PArGO, PAGOS,
and PArGOS retain the original spectra of PC/ABS blends, the changes in peak intensities
and peak shift show the possibility of bond formations and stacking of functional groups
between the matrix and the fillers.

The shifting to higher temperatures in TGA for PAGO, PArGO, PAGOS, and PArGOS
shows that the fillers and the compatibiliser are embedded in the matrix, proving that the
composites have high thermal stability, which also reflects enhanced mechanical properties,
as discussed earlier.

From the results, it can be concluded that the incorporation of fillers does impact the
ductility of the composite but offers numerous advantages, such as high stiffness, strength,
and thermal stability, compared to pristine PC/ABS. The optimum amount of fillers with
enhanced mechanical and thermal properties is 4 phr. The incorporation of fillers increased
the thermal stability by up to 5% for PArGO4.0, with the enhancement of tensile strength
(TS), flexural strength (FS), and flexural modulus (FM) by up to 9%, 10%, and 15%, respec-
tively. The enhancement of the PAGO composites was due to a 5% increase in the stiffness
of the composites. The addition of SEBS-g-MAH into the composites shows an influence
on thermal stability, with the compatibiliser shifting the thermal degradation tempera-
ture up to 521 ◦C for PAGO4.0-S5 without significantly influencing the enhancement of
mechanical properties.
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