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Abstract
This article presents the possibility of strength improvement and energy absorption of carbon fibre reinforced polymer
composites by matrix modification. In this study, the mechanical properties of bisphenol-A epoxy matrix and carbon fibre
reinforced polymer composites were modified with four different wt.% of star-shaped polymer n-butyl methacrylate (Pn-
BMA) block glycidyl methacrylate (PGMA). The tensile strength of the epoxy with 1 wt.% star-shaped polymer showed
128% increase in comparison to unmodified epoxy samples. Two different wt.% were then used for the modification of
carbon fibre-reinforced polymer composite samples. Tensile tests and low-velocity impact tests were conducted for
characterising modified samples. Tensile test results performed showed a slight improvement in the tensile strength and
modulus of the composite. Low-velocity impact tests showed that addition of 1 wt.% star-shaped polymer additives
increase composite energy absorption by 53.85%, compared to pure epoxy composite specimens. Scanning electron
microscopy (SEM) analysis of post-impact specimens displays fracture modes and bonding between the matrix and fibre in
the composites. These results demonstrate the potential of a novel star-shaped polymer as an additive material for
automotive composite parts, where energy absorption is significant.
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Introduction

Sustainability, fuel efficiency and crashworthiness are the
main priorities of today’s automotive industries. Ongoing
research on composite recyclability has led them to be a
viable material for some of the vehicle’s construction parts.
The cost related to manufacturing could be dramatically
reduced using moulding pre-pregs and cheaper fibres.1

Closed-loop recycling could also make composite more
suitable for the automotive industry using resin removal
techniques and fibre reusability for less critical (low
strength) components such as interior panels and air-in-
takes.2 Short-fibre reinforced polymer composites are an
excellent choice for bumpers due to their processability,
forming flexibility, low price and recyclability.3 The main
components responsible for crashworthiness that could also
be switched to composite materials can be chassis, impact
beams, hood and roof.4 Some examples show that carbon
fibre reinforced polymer (CFRP) components lead to 10–
70% weight savings and up to 42% reduced fuel con-
sumption.5 Although composites have higher material costs

than traditional metals, they compensate for it during the
exploitation period due to the vehicle’s reduced weight and
lower fuel consumption. Carbon fibres (CF) possess low
density, high specific strength, electrical conductivity and
low coefficient of thermal expansion, while aramid fibres
possess high impact resistance.4 Given the ease of
manufacturing of automotive components made of mono-
lithic and traditional materials, fibre-reinforced polymer
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composites fall short due to their time-consuming and
longer lead times to reach customer demands. To address
this shortcoming, high-end automotive companies now look
to manufacture composite components as a single piece
using ‘Toray’s High Cycle Resin Transfer Moulding’.6

Local incorporation of fibre reinforced composites by
curing into metallic automotive components serve as an
alternative for inflated costs associated with carbon fibre and
simultaneously allow consumer-based specific applications.7

In recent times, patented carbon fibre composites have been
introduced that have the ability to carry electrical charge and
act as a battery for electric vehicles.8 Despite these charac-
teristics, reinforcing fibres have a lower scope of composite’s
impact properties improvement compared to the possibilities
of improving through the polymer matrix modification.
Properties such as damage tolerance and impact behaviour
depend mainly on the matrix’s properties and adhesion to
fibres. In the automotive industry, the criteria for polymer-
matrix composites are processability, durability and high
energy absorption.9 In order to improve matrix properties,
various additives and fillers can be used. The most common
of them are nanoparticles such as graphenes ,10 MXene ,11-12

carbon nanotubes (CNTs)13 and other flexible additives such
rubber particles14 or star-shaped polymers.15

These additives have known to increase the strength of
composites. Graphene deposition increased the surface
roughness of carbon fibre, causing better bonding between
the resin and matrix, and resulted in the shear strength
increase from 50 to 72 MPa.16 Zhao et al. performed carbon
fibre reinforced epoxy composite testing with MXene
nanosheets coatings.17 The NH2-CF/MXenes/EP compos-
ites increase the tensile, flexural, shear and impact strength
by 40.8%, 45.9%, 38.5% and 74.4%, respectively. The
MXene nanosheets act as additional reinforcement for in-
terfacial adhesion, reducing interlaminar stress and in-
creasing the toughness of the carbon fibre.17 Hybrid
composites with aligned nanosheets of graphene and
MXene have demonstrated better tensile strength compared
to random inclusions of these nanoparticles.18 In-situ
growth of CNTs on individual carbon fibre surface has
increased flexural strength by 30% and flexural modulus by
up to 70% of the composite.19 Another research conducted
by Hossain et al.20 obtained polymer matrix flexural
strength and modulus increase by 14% and 27%, respec-
tively, when 0.3 wt.% of CNTs were used. Aldajah et al.
performed alignment of the CNTs using electrical impulses
and obtained a significant increase in flexural modulus
by 46% compared to the non-aligned tubes.21 Core-shell
rubber particles (MX-136) mixed with epoxy matrix showed
up to 87% increase in the impact strength when compared to
pure epoxy samples.22

Star-shaped polymers which have multiple arms con-
nected to one central core are attractive because of their
important properties such as smaller hydrodynamics, lower

solution and melt viscosities compared to linear polymers of
the same molar mass,23 which facilitate coating, extrusion,
improving of carbon fibre reinforced resin composite
properties or other manufacturing processes. Star-shaped
polymers can be synthesised via controlled/living poly-
merisation such as Group Transfer Polymerisation (GTP)24

has increased rapidly as its applicability for different acrylic
monomers, and it operates at room temperature and above.
The main two methods that are generally followed in the
preparation of star-shaped polymers via GTP: core-first25

and arm-first.26 The core-first method involves reacting
living chains with a multifunctional initiator, and the
number of arms of each star-shaped polymer is determined
by the initiating functionalities on each initiator. However,
the multifunctional initiator must be previously synthesised,
which is difficult and expensive. The arm-first method
consists of a reacting-preformed linear macromolecule
initiator (MI) with a cross-linker. Polyhedral Oligomeric
Silsesquioxane (POSS) star-shaped polymer showed an
increase of interfacial shear strength (IFSS) of the com-
posites by up to 31.5%, due to improved interfacial ad-
hesion between the fibres and the matrix.27 Another
experiment was conducted on the use of POSS as a novel
coupling agent between the carbon fibre matrix and epoxy
for the functionalisation of traditional carbon fibres, re-
sulting in improvement in the polarity and roughness of the
fibre surface and increase in the composite’s IFSS by im-
proving the wettability properties and bonding.28 Zhang.
et al. analysed interlaminar shear strength (ILSS) using
methacrylic-POSS coating for CF. Due to uniform load
transfer from the matrix to fibres, ILSS of the composite
increased by 34%.29

Poly (methyl methacrylate) (PMMA) composites formed
in the presence of star polymers behaving as shape memory
polymers have been shown to increase the thermo-
mechanical properties of the composite. The star poly-
mers were vital in improving the shape memory abilities of
the polymer network.30 Increase in amounts of star polymer
has shown to increase the handling of external stress in
polymer network due to better cross-linking properties.31

Star polymers created by reversible addition-fragmentation
chain transfer (RAFT) are shown to improve the mechanical
properties of epoxy thermosets due to the formation of
nanoparticles by cross-linking.32 Hyper star polymers
formed with PMMA and poly-hydroxylmethacrylate par-
ticipated in the curing process but and increased toughness
due to ‘nanograined morphology’.33

This work aims to investigate the mechanical prop-
erties of carbon fibre epoxy composites with matrix
modified by a novel GTP 475 star-shaped polymer n-
butyl methacrylate (Pn-BMA) block glycidyl methacry-
late (PGMA). The improved composites can be applied in
various automotive components that require higher safety
and impact absorption.
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Materials and methods

Materials

n-butyl methacrylate (99%, Sigma-Aldrich, United States)
and glycidyl methacrylate (97%, Sigma-Aldrich, United
States) were purified by passing through a column filled
with alumina to remove inhibitors and tetrahydrofuran
(99.8%, VWR Chemicals, United States) was also dried by
passing through a column filled with alumina. Methyl
trimethylsilyl dimethyl ketene acetal and tetrabuty-
lammonium acetate were purchased from Sigma-Aldrich
and used without further purification. CHS Epoxy 582 TM

(bisphenol A) matrix and Telalit 0420 TM (diamine)
hardener (mixing ratio of 100:25), supplied by Spolchemie
(Czech Republic), were used for the preparation of the
matrix. To fabricate the fibre–reinforced composites, twill-
woven 2/2 carbon fabric Interglas 92,110 (Porcher In-
dustries, Erbach, Germany) of density 160 g/m2 with
filament diameter of 7 μm was used.

Synthesis of GTP 475 (Pn-BMA-block co-PGMA
star-shaped polymer)

Group Transfer Polymerisation 475 was synthesised via
GTP technique through the ‘one pot’ arm-first method. The
weight ratio of monomers to tetrahydrofuran (THF) is 1:1. A
dry three-neck bottom flask with a magnetic stir bar was
degassed and backfilled with nitrogen during the poly-
merisation process THF as solvent and glycidyl methac-
rylate (2 units) and n-butyl methacrylate (28 units)
monomers were added dropwise. Glycidyl methacrylate
was chosen to be a comonomer in our polymer because it
has an epoxy group that can react with hardener and be built
in the epoxy polymer network of the composite matrix.
After stirring for 20 min 10 mL of the mixture, arm sample,
was removed for further characterisation by gel permeation
chromatography (GPC). Finally, we add EGDMA cross-
linker to the mixture and let the mixture stir for about 40
min. The star-shaped polymer was stored in 50% THF
solution for further characterisation and as additives against
delamination occurring in composites.

Characterisation of star-shaped polymer

The number average molecular weight (Mn), weight average
molecular weight (Mw), Z average molecular weight (Mz)
and its polydispersity (Mw/Mn) of the Pn-BMA-block co-
PGMA arm and star-shaped polymer are characterised by
gel permeation chromatography was performed using
Waters eAlliance 2695 separation system with a refractive
index detector 2410. Two PLgel Mixed-C 300 × 7.5 mm
columns were used with tetrahydrofuran as a mobile phase
at 1 mL/min. The column calibration was done by

polystyrene standards covering the molecular weight of
162 g/mol to 6,000,000 g/mol.

Specimen preparation and mechanical testing

Four different wt. % of GTP 475 were chosen – 1%, 3%, 5%
and 7% to incorporate in the epoxy to configure optimum
loading. Dog-bone shaped moulds were prepared according
to ISO 527-2-5A with dimensions shown in Figure 1. The
epoxy and stars were mixed, resulting in a highly viscous
solution. The mixture was heated above the temperature of
the boiling point of THF (66°C) to evaporate the solvent and
reduce the viscosity. On evaporation of THF, the temper-
ature was lowered to below 60°C, to ensure that the curing
process did not occur prematurely on the addition of the
hardener. After the addition of the hardener, the epoxy
mixture was then degassed in the vacuum chamber for 5–
10 min, after which it was poured into the moulds. After
placing the moulds at room temperature overnight, they
were cured in the oven for 2 h at 60°C, 1 h at 80°C and 1 h at
120°C.

The CFRP composites were prepared using the
vacuum-assisted hand lay-up technique. Five layers of
carbon fibre were used to fabricate the composites of
thickness 1 mm. Subsequently, the lay-up was vacuum
bagged and left to cure for 24 h at room temperature. The
samples were then cured in the oven for 2 h at 60°C, 1 h at
80°C and 1 h at 120°C. The samples were machined and
smaller samples of desired dimensions for further testing
were cut out.

Tensile tests specimens for epoxy resin were prepared
according to ISO 527-2-5A standard. Five samples of each
loading (pure epoxy, 1, 3, 5 and 7 wt.%) were prepared. Two
different loadings of GTP 475 (1 and 3 wt.%) were re-
inforced by carbon fibre. The loadings were chosen ac-
cording to the tensile tests performed on the epoxy
specimens and exhibited a higher possibility in the im-
provement of properties compared to other loadings. CFRP
specimens (250 mm × 25 mm) were prepared according to
ASTMD3039 standard. Abrasive material was used for end
tabs to avoid slippage in the grips. The testing was per-
formed using H10 KTand H50 KT universal column testing
machine (Tinius Olsen, UK), with a crosshead strain rate of
2 mm/min for both epoxy and composite specimens.

Figure 1. Dog-bone mould dimensions.
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Low-velocity instrumented puncture tests were per-
formed on five-layer CF laminate according to ISO 6603-2,
using an impact tower machine (Coesfeld GmbH&Co. KG,
Germany). The mass and diameter of the impactor head was
5.185 kg and 20 mm, respectively, and dropped from a
height of 0.4 m. The impact velocity recorded was 2.80 m/s.
The experiments were conducted at room temperature.
From the force-time graph, acceleration was calculated.
Double integration of the acceleration provided the dis-
placement at every time interval.

The fracture behaviour, adhesive and cohesive failure of
the CFRP samples post-impact modified with 1 and 3 wt.%
GTP 475 were characterised using scanning electron mi-
croscopy (SEM) (Hitachi S-3400N, Japan). Fractured car-
bon fibre specimens were taken from the damaged area of
the samples after the impact test. The images of the samples
were captured under a high vacuum and an accelerating
voltage of 3 kV.

Results

Gel permeation chromatography

Gel permeation chromatography was performed to de-
termine the average molecular weight and concentration
of the star core and free arms in the solution. GPC is a
type of size exclusion chromatography where the
polymer dissolved in a solution is made to elute a
column packed with porous material (polystyrene). The
porosity of the packing material causes the smaller sized
molecules to permeate deeper into the smaller pores
while the larger sized molecules are excluded from pores
with size smaller than the size of molecules by diffusion
effect, the large molecules elute from the column first
then followed by the molecules decreasing molecular
size.25 As shown in Figure 2(a) two peaks the first peak
is related to star-shaped polymer with Mn = 12,200, and
the second peak is to the arms, which is shown clearer in
Figure 2(b) with Mn = 6500. We found the star-shaped
polymer with a high molecular weight eluted at lower

elution volume (13 mL) while the arm with a lower
molecular weight than star-shaped polymer eluted at
higher elution volume (15 mL). This process helps
determine the average molecular weights and concen-
tration of the molecules by observing their elution
volume. A refractive index detector is placed at the end
of the column to detect the concentration of polymer in
the solution by the difference in their refractive indices.
The results of GPC performed on GTP 475 are displayed
in Table 1.

In Table 1, Mn is the total weight of the polymer divided
by the number of molecules; Mw – average molecular
weight. It is the mass of the individual chains that makes up
the overall weight of the polymer; Mz, Mz+1 – average

Figure 2. GPC chromatogram results of (a) star core and (b) free arms.

Table 1. GPC results of GTP 475 star-shaped polymer.

Mn Mw Mz Polydispersity (Mw/Mn)

Star core 12,200 50,700 89,800 4.17
Free arms 6500 8200 9400 1.25

Figure 3. Average tensile results of epoxy specimens with
various wt.% of GTP 475.
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molecular weight with a number of chains 2 and 3, re-
spectively; MP – molecular weight of the highest peak.
Polydispersity – (Mw/Mn) is an index for the distribution of
the polymer chain within the polymer. All weights are
expressed in g/mol. The results of polydispersity of arms of
methyl methacrylate star polymers synthesised by process
of GTP using the arm-first technique are comparable to the
ones previously reported.34,35

Tensile tests

Tensile tests were performed to analyse the optimum
percentage of stars on the strength of the epoxy matrix
(Figure 3). The tensile modulus of each wt.% sample was
calculated at 0.25–0.2% strain region. The tensile modulus
gradually decreases with increase in the wt.% of GTP 475.
The elongation observed is the highest in epoxy loaded
with 1 wt.% GTP 475. The optimum wt.% addition of was
found to be 1 wt.% with a maximum stress value of
79.99 MPa with an improvement of 128% in strength
compared to pure epoxy. Due to the increase in viscosity
with the addition of higher amounts of the stars, micro-
defects such as air bubbles caused specimens to break
earlier.

The tensile strength at the break for CFRP samples with
pure epoxy, 1 and 3 wt.% GTP 475 was observed to be
353 MPa, 374 MPa and 365 MPa, respectively (Figure 4).
The modified CFRP specimens also showed a slight im-
provement in the tensile modulus with the optimum loading.
Nearly every specimen broke in a LAT manner (Lateral, At
grip and Top). Higher elongation of the CFRP samples with
pure epoxy shows that with the addition of GTP 475, the
brittle behaviour is increased, leading to lower strains
produced on tensile loading.

Figure 4. Average tensile results of CFRP samples with pure
epoxy, 1 wt.% and 3 wt.% GTP 475.

Figure 5. Average low-velocity impact results of CFRP samples
with pure epoxy, 1 wt.% and 3 wt.% GTP 475.

Figure 6. Low-velocity impact test results. Impact energy and force against displacement.
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Low-velocity impact tests

Carbon fibre reinforced polymer specimens with 1 and 3
wt.% GTP 475 additive were investigated under impact
loading. The impact specimens were punctured under a low-
impact mode. The specimens performed well under impact,
and out of the total impact energy of 20 J, which was applied
on the specimens, 10.77 J, 9.29 J 8.31 J were absorbed by
the 1 wt.%, 3 wt.% and pure CFRP composites, respectively
(Figure 5). Scanning electron microscopy analysis also
approved that no major damage was seen on the 1 wt.%
specimens indicating good bonding between fibres and
matrix and the increase in absorbed energy.

The specimens’ deflection at puncture is 2.66 mm,
4.48 mm and 3.83 mm for pure, 1 wt.% and 3 wt.% CFRP,

Figure 7. Force-time plots for CFRP samples with pure epoxy,
1 wt.%, and 3 wt.% GTP 475.

Figure 8. Comparison of SEM images of post-impact results of carbon fibre composite modified with 1 wt.% and 3 wt.% of GTP 475.
(a, b) interlaminar failure; (c, d) top surface of the sample (non-damaged area); (e, f) magnified region of fractured carbon fibres and
adhered matrix after the impact test.
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respectively. The forces required at puncture is higher in the
case of the stars, showing higher impact strength (Figure 6).
From Figure 6, it can be observed that deflection caused in
the GTP 475 specimens is higher, exhibiting better energy-
absorbing properties. The boundary shape of the impact
event was small, while the rest of the specimen remained
intact with no damage. Plots shown in Figure 7 indicate both
specimens underwent brittle fracture.36 As observed, the
area under the curve for the force-time plot for 1 wt.% GTP
475 is greater than that of pure epoxy, indicating higher
energy absorption.

Scanning electron microscopy characterisation

Scanning electron microscopy analysis was performed to
study the failure behaviour of carbon fibres caused by impact
loading. In Figure 8, composite pieces of the damaged
(punctured) areas were carefully cut and analysed in various
magnifications. Figure 8(a) shows good bonding between the
fibres and epoxy matrix and high ductility epoxy trances
between the debonded plies in composites modified by 1
wt.% ofGTP 475. Also, despite the delamination between the
plies, most of the fibres remained intact with each other.
Delamination produced due to high interlaminar fracture is
observed in the case of 3 wt.% of GTP in Figure 8(b).
Figure 8(c) shows carbon fibres with partly wetted areas and
no trace of air bubbles due to lower viscosity of 1 wt.%
samples. The 3 wt.% GTP 475 matrix shows traces of mi-
crobubbles, and poor wettability with the fibres, due to higher
viscosity and surface tension (Figure 8(d)). In Figure 8(e),
good bonding between the matrix and fibres is observed. The
matrix strongly adhered to the laminates, leaving rough
cohesive matrix failures. Furthermore, almost no debonding
and cracking is observed due to the high flexibility of the
matrix, good adhesion and transfer of the loads between the
fibres. In Figure 8(f), several cases of adhesive failure and
fibre pull out are observed, showing stiffness of the matrix.
The surface of the samples showedmatrix cracking and shear
waves caused to impact.

Conclusions

Experimental investigations were carried out to observe the
effects of star-shaped polymer GTP 475 additives on the
epoxy matrix (Bisphenol-A) and carbon fibre composites.
Tensile and impact tests were performed to analyse the
matrix modification influence. Tensile tests performed on
epoxy with various weight fractions of GTP 475 showed
that the addition of 1 wt.% is optimum. The tensile strength
was improved from 35.09 MPa (for pure epoxy) to
79.99 MPa (for 1 wt.% modified epoxy). Carbon fibre was
reinforced with 1 wt.% and 3 wt.% modified epoxy matrix.
The tensile tests showed slight but not significant im-
provements in modulus and strength. The low-velocity

impact tests showed higher deflection and more energy-
absorbing results in GTP 475modified samples compared to
pure CFRP composites. The 1 wt.% samples absorbed more
energy while having lower deflection, compared to 3 wt.%
samples showing scope for further energy absorption. SEM
characterisation was performed to investigate failure modes
and adhesion behaviour of the composite specimens under
impact loading. Both 1 and 3 wt.% exhibited brittle modes
of failure with evident fibre pull out without dimpling. 1
wt.% of GTP 475 CFRP samples showed good adhesion,
wettability and several cases of matrix bridging were ob-
served. CFRP samples modified with 3 wt.% exhibited
stiffness and cracks throughout the cured matrix.

These results demonstrate the potential of GTP 475 star-
shaped polymer as a suitable additive, highly influencing
impact properties of carbon fibre-reinforced polymer
composites. Furthermore, as the stars have great energy-
absorbing properties, it has high perspectives for the ap-
plication in automotive composite components related to
durability and crashworthiness.
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