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A B S T R A C T

In this work, shear-thickening-gel applied CFRP (SACFRP) composite laminates were developed to enhance the 
impact resistance of the composites under low-velocity impact (LVI) conditions, where the incorporated shear 
thickening gel (STG) worked as the interphase material between fibres and resin matrix. To analyse the effects of 
STG in its composites, static tensile and shear tests were first conducted on longitudinally and transversely 
positioned unidirectional (UD) SACFRP and its CFRP reference, respectively. Experimental results indicated that 
the corresponding reduction of the resin matrix due to the incorporation of the relatively soft STG weakened the 
interlaminar behaviour of the SACFRP laminates during static mechanical tests. However, the transverse tensile 
toughness of the SACFRP exhibited a remarkable 139 % improvement compared to the CFRP reference, 
demonstrating significant interfacial toughening of the developed composites, as verified through SEM analysis. 
To leverage the effects of the STG on the composites, this work modified the stacking sequences of SACFRP 
laminates. LVI tests and recurring LVI tests demonstrated the substantial improvement of impact performance for 
layup-designed SACFRP laminates since the impact-resistant mechanism transitioned from the local damage of 
CFRPs to the global flexural behaviour of SACFRPs. Timoshenko’s analytical model validated the resistant 
mechanism transition of layup-designed SACFRP during LVI tests. Therefore, the SACFRP laminates with 
modified stacking sequences demonstrate outstanding potential for use under extreme loading conditions 
involving complex and unavoidable impacts, highlighting their broad applicability across various industries.

1. Introduction

Owing to the high performance-to-weight ratios and superior prop
erties, CFRP composites demonstrate significant prospects for extensive 
applications in multiple industrial fields, including aviation, automo
tive, and energy [1–3]. Notably, the global carbon fibre-reinforced 
polymers (CFRPs) market has experienced sustained expansion over 
the last two decades with a compound annual growth rate of approxi
mately 12.5 % [4]. However, brittle behaviour dominates the failure 
process of the carbon fibre reinforcement [5], and the polymer matrix 

tends to embrittle under dynamic loading conditions [6]. The inherent 
brittleness renders composite structures made of CFRPs susceptible to 
low-velocity impact (LVI) throughout manufacturing, service, and 
maintenance, which limits their broader utilisation [7]. For instance, 
LVI is one common type of load in aeronautics, from debris impacts to 
maintenance tool drops [8].

Commonly employed methods to improve the LVI performance of 
CFRPs involve modifying the component materials or developing hybrid 
structures. Particularly, numerous investigations have focused on 
adapting the resin matrix of CFRPs to reduce the brittleness and enhance 
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the impact-resistant performance of these composites. For instance, a 53 
% increase in structural integrity was noted for thermoplastic CFRP 
laminates during LVI tests compared to their thermoset counterparts [9]. 
Recent work incorporated thermoplastic ε-caprolactone into the ther
moset resin matrix of CFRPs and found that it substantially improved 
their self-healing capability and impact performance [10]. Moreover, 
core-shell rubber nanoparticles and modifications to the block copol
ymer matrix have been utilised to augment the interlaminar fracture 
toughness of the CFRPs by 45 %, leading to a significant enhancement in 
their damage resistance during impact events [11]. Besides adapting the 
resin matrix, modifying fibre reinforcement provides CFRP composites 
with higher strength, toughness, and energy absorption, thus strength
ening the impact-resistant performance [12]. For example, introducing 
glass fibres into CFRP laminates can remarkably improve their impact 
resistance and post-impact mechanical performance [12,13]. Inte
grating silk and carbon fibres can also enhance the LVI performance of 
epoxy-based composites, providing a 123 % increase in impact strength 
compared to the pure CFRP reference [14]. However, the increased 
complexity and cost might hinder these modified designs of component 
materials from large-scale utilisation.

On the other hand, hybrid structures, such as hybrid fibre-metal 
laminates, have been developed over decades, addressing the inade
quate impact resistance of CFRPs [15]. For instance, the stainless-steel 
wire mesh/CFRP composites manufactured through the 
vacuum-assisted resin infusion (VARI) technique exhibit significantly 
reduced internal damage during impacts [16]. This improvement arises 
from the ductility of the steel wire mesh that can dissipate the energy 
throughout the cross-section and allows the structure to absorb more 
energy than CFRP references [16]. Besides, hybrid titanium composite 
laminates can provide superior impact-resistant benefits relative to 
traditional fibre-reinforced polymer (FRP), particularly in applications 
under challenging environmental conditions [17]. While the impact 
resistance of hybrid composites substantially improves, this approach 
unavoidably increases the density and thickness of the CFRPs, under
mining their inherent lightweight benefit. Therefore, it seems to be more 
promising to incorporate the lightweight and effective materials into 
CFRPs for their impact-resistant enhancement.

Recent years have witnessed considerable efforts for the develop
ment of shear-thickening materials (STMs) and their associated com
posites, as STMs can provide impressive impact resistance. The visible 
mechanoluminescence technique was employed to illustrate the impact- 
resistant mechanism of the shear thickening gel (STG) [18]. It was found 
that the shear thickening behaviour and viscoelastic deformation of the 
STG contribute to the enlargement of the impact area and the enhanced 
energy absorption properties under impact loads [18]. Therefore, mul
tiple works have developed composites integrated with STMs to resist 
impact loads. For instance, a fourfold increase in energy absorption was 
found for tube structures made of silicone gel composites filled with 
shear-thickening fluid (STF) during dynamic loads [19]. A 
gradient-stacked STF/Kevlar fabric multi-layer armour has also been 
developed with remarkable impact attenuation while preserving its 
lightweight characteristics [20]. Furthermore, a notable improvement in 
the ballistic performance of STF-impregnated Kevlar fabric was recor
ded, too, with the enhancement linked to strengthening and energy 
absorption properties of the STF, as confirmed through a comprehensive 
experimental and modelling methodology [21]. Prior studies primarily 
incorporate STMs into flexible composites, and limited research con
centrates on developing STM-based structural composites. However, 
plenty of applications, such as helmets, shields, carbon plates, sports 
protective equipment, and EV battery enclosures, demand lightweight 
rigid materials with not only load-bearing but also impact-resistant ca
pabilities. Therefore, this study aims to enhance the impact-resistant 
performance of CFRPs by integrating STG into composites as the inter
phase material between the fibre reinforcement and polymer matrix. In 
addition, since the STG has a lower density than the polymer matrix, the 
developed STG-applied CFRP (SACFRP) is more lightweight than the 

hybrid fibre-metal composites.
In this work, static tensile and shear tests were conducted on the 

longitudinally and transversely positioned unidirectional (UD) SACFRP 
specimens to investigate the effects of the STG on the composites. The 
substantial increase in transverse tensile toughness of the SACFRPs 
revealed interfacial toughening effects of the STG on its composites. 
Furthermore, this work modified the stacking sequence of the SACFRP 
laminates to leverage these effects. Specifically, SACFRPs with proper 
lay-up design possess static properties comparable to those of the CFRP 
and also demonstrate greatly reduced integrity loss and significantly 
increased accumulated energy absorption during LVI and recurring LVI 
(RLVI) tests.

2. Materials and methods

2.1. Component materials of the composites

This study selected the commercial thermoset epoxy polymer, Epo
lam 5015, as the resin matrix for composite laminates since Epolam is 
among the most widely utilised epoxy resins in engineering applications 
[22]. Axson Technologies supplied the Epolam 5015 resin and associ
ated amine hardener used in this work. The formulation of Epolam 
polymer requires the uniform mixture of its resin and hardener in the 
mass ratio of 10:3, as specified in the material datasheet [23]. After the 
impregnation into carbon fabrics, the Epolam polymer was cured at 
80 ◦C for 8 h to achieve optimal mechanical and thermal properties [24].

Polymer Technologies PTE LTD provided the L300-C UD carbon 
fabrics used in this work. These fabrics were cut into squares with a side 
length of 250 mm and subsequently subjected to ultrasonic cleaning to 
remove the residual dust particles. Before the fabrication of composite 
laminates, the fabrics were oven-dried and subsequently stored in a dry 
cabinet maintained at room temperature and 25 % relative humidity. 
Table 1 lists the material properties of the UD carbon fabric, as provided 
by the supplier.

Boric acid and hydroxyl silicone oil are the primary raw materials 
used in this work for the synthesis of STG. This work also introduced 
oleic acid at a mass fraction of 1 wt% to enhance the plasticity of STG 
and facilitate vulcanisation. These raw materials were blended in the 
kneader vessel under specified pressure and thermal settings, initiating 
the polymerisation process and the formation of STG. Detailed prepa
ration information can be found in reference [25].

2.2. Fabrication process of the SACFRP composites

Fig. 1 demonstrates the fabrication process of the SACFRP laminates. 
At first, the STG was dissolved in xylene with the solute and solvent in 
the mass ratio of 1:5. Afterwards, the uniformly blended solution was 
dipped into the fabrics to prepare the flexible STG-applied carbon fabrics 
(SACF). Careful scraping is required to ensure the solution can 
completely impregnate the carbon fibres. After evaporation of the 
xylene solvent, the solidified SACFRP laminates were fabricated by 
utilising the prepared flexible SACF and Epolam polymer, and through 
the hot-press moulding technique at the temperature of 80 ◦C and the 
loading pressure of 50 kPa for 8 h. Given that the epoxy matrix was 
introduced to fabricate the cured laminates after the preparation of 
SACF, the STG worked as the interphase material between carbon fibres 
(CFs) and the epoxy matrix. The manufacturing process of the reference 
CFRP laminates was identical to that of the SACFRP laminates. The 

Table 1 
Fibre properties of the UD carbon fibre fabric L300-C used in this work.

Tensile 
modulus 
(GPa)

Tensile 
strength 
(MPa)

Elongation at 
break (%)

Fibre 
filaments 
(tex)

Fibre 
coating/ 
size

230 4900 2.1 800 Epoxy
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water jetting technique was used to cut the fabricated laminates into the 
tensile, shear, and LVI specimens based on ASTM D3039 [26], ASTM 
D5379 [27], and ASTM D7136 [28], respectively.

Fig. 1 also illustrates SEM results of the SACF and its carbon fabric 
(CF) reference. In contrast to bare fibres of the CF reference, SACF has 
carbon fibres entirely enveloped by the STG, indicating the tight 
bonding between STG and carbon fibres within SACF.

The volume fraction of the component materials in the final com
posite laminates was determined based on the density and mass mea
surements. Specifically, this work quantified the mass of the pre- 
fabrication fabrics and post-fabrication laminates using an electronic 
scale with an accuracy of 0.1 g. Besides, the buoyancy method was used 
to measure the density of the cured Epolam, carbon fabrics, STG, and 
composite laminates using a digital electronic analytical balance scale 
with an accuracy of 0.01 mg [29]. Table 2 presents the density and 
volume fraction of all the materials utilised in this work. Notably, the 
STG has a density of 0.91 g/cm3, which is lower than the density of 1.09 
g/cm3 of the Epolam polymer. Particularly, the SACFRP composite 
laminates exhibit a density of 1.38 g/cm3, which is 4.7 % lower than that 
of the CFRP reference. Hence, the developed SACFRP demonstrates the 
lightweight advantage in engineering applications compared with the 
hybrid fibre-metal composites with the average density of 3.56 g/cm3 

[17]. Table 2 lists the volume fraction values of the component materials 
in the SACFRP laminates and the CFRP counterparts. It is worth 
mentioning that all laminates used in this work were controlled to 
maintain a similar volume fraction of fibres at approximately 59.3 %, as 
listed in Table 2.

2.3. Static mechanical tests

Static tensile and shear tests were performed on the composite 
specimens according to the standards of ASTM D3039 [26] and ASTM 
D5379 [27]. Fig. 2 demonstrates the static mechanical test setup 
employed in this work. Specifically, the test setup consisted of a uni
versal testing machine (UTM) and a digital image correlation (DIC) 
system. The hydraulic-powered UTM used in this study features 
adjustable clamps, allowing for the implementation of different fixtures 
for the planned mechanical tests. The DIC system was employed to 
conduct strain analysis by capturing the displacement and deformation 
of the surficial speckles on the specimens. We prepared 5 specimens for 
each test group with the geometry following the corresponding ASTM 
standards, and selected at least 3 effective and representative specimens 
for the calculation.

2.4. LVI tests

Fig. 3 demonstrates the ASTM standard LVI test setup used in this 
study. The composite specimens for impact tests had dimensions of 100 
mm in width, 150 mm in length, and an average thickness of 2.4 mm. 
These samples were placed between rubber-tipped fixtures, providing a 
rectangular impact area measuring 75 mm in width and 125 mm in 
length. The impactor, weighing 6.27 kg, is equipped with a hemi
spherical striker with a diameter of 12.7 mm. This impactor falls along 
two smooth guiding columns from the height corresponding to the 
specified impact energy, and it incorporates a data collection system to 
record impact load and contact time during LVI tests. The velocity and 
displacement are calculated using the ASTM D7136 standard [28]. 
High-speed cameras capturing images at 80,000 frames per second were 
utilised to capture the bottom surface of the samples for fracture 
mechanism analysis. Furthermore, two hydrargyrum medium-arc iodide 
(HMI) lamps were positioned beneath the fixture to illuminate the 
bottom surface of the specimens.

Fig. 4 (a) and (b) illustrate typical force-displacement and energy- 
time curves, respectively, for the CFRP laminates during LVI tests. 
Particularly, the force-displacement curve provides insights into the 
peak force (Fp), the displacement at peak force (PDm) and the maximum 
displacement (PDu) of the specimens during LVI tests, as demonstrated 
in Fig. 4 (a). Based on these basic impact characteristics, the stiffness 
(Fp/PDm) and the integrity loss (PDu-PDm) can be correspondingly 

Fig. 1. Fabrication process of the SACFRP laminates.

Table 2 
Density and volume fraction of the materials in this work.

Materials Density (g/ 
cm3)

Volume fraction in the 
CFRP (%)

Volume fraction in the 
SACFRP (%)

CFRP 1.46 100.0 NA
SACFRP 1.38 NA 100.0
STG 0.91 NA 25.8
Epolam 

resin
1.09 40.6 15.0

Carbon 
fabrics

1.65 59.4 59.2
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calculated [9]. The energy-time curve in Fig. 4 (b) provides information 
about the finally absorbed energy (Ea), the elastic energy (Ee) and the 
impact energy (Ea + Ee).

Fig. 2. Experimental setup of the (a) tensile and (b) shear tests.

Fig. 3. Experimental setup of the LVI tests.

Fig. 4. Typical (a) force-displacement, and (b) energy-time curves of the CFRP laminates during LVI tests.
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3. Results and discussion

3.1. Properties of STG in this work

The storage modulus characterises the ability of a material to store 
elastic deformation energy in its solid-like state, while the loss modulus 
reflects its viscosity in the liquid-like state [20]. In this work, the fre
quency sweep tests were conducted for the prepared STG using the 
rheometer to assess its shear thickening behaviour. Fig. 5 (a) illustrates 
the storage and loss modulus of the STG in this work as the frequency 
increases from 0.1 Hz to 100.0 Hz. The storage modulus of the STG in
creases by over two orders of magnitude to 250.34 kPa at 100.0 Hz from 
1.53 kPa at 0.1 Hz, demonstrating its significant shear thickening 
behaviour [30]. The loss modulus of the STG rises from 8.44 kPa at 0.1 
Hz to the peak value of 84.24 kPa at 4.0 Hz before decreasing to 33.33 
kPa at 100.0 Hz. The intersection of the storage and loss modulus curves 
indicates the phase transition of the STG, shifting from the liquid-like to 
the solid-like state at the critical frequency of approximately 3.5 Hz.

For a clearer demonstration, the STG with the mass of approximately 
3 g cannot lift a 1 kg weight under slow pulling conditions, but it can 
when subjected to rapid pulling, as illustrated in Fig. 5 (b). Inspired by 
the enhanced dynamic mechanical behaviour of the STG, this work aims 
to harness the shear thickening performance of STG to improve the 
impact resistance of the CFRPs under LVI conditions.

Fig. 6(a) and (b) (a) and (b) illustrate the effects of temperature on 
storage and loss moduli, respectively, for the STG under the shear fre
quency of 0.01 Hz, 1 Hz, and 100 Hz. Specifically, a minimal decrease is 
found for moduli of the STG at low shear frequency with the increment 
of temperature, while both moduli at high shear frequency remain 
constant under various thermal conditions. Therefore, shear thickening 
of the STG increases slightly as temperature rises from room tempera
ture to 80 ◦C, implying environmental stability of it and its composites.

3.2. Effects of STG on static mechanical behaviour of the UD SACFRP

During the longitudinal tensile process, when failure of the UD CFRP 
specimens occurred, the clicking sound occurred first, corresponding to 
the initial matrix crack [31]. Afterwards, the intensity of this sound 
escalated with the increasing load due to the increasingly severe local
ised stress concentration. Finally, the explosive sound was noted at the 
rupture of specimens. For the UD SACFRP, on the other hand, there is no 
progressive clicking sound before the sudden load drop during the lon
gitudinal tensile tests.

Fig. 7 depicts the representative stress-strain responses of the 
SACFRP and its CFRP reference during the longitudinal tensile tests. The 
representative specimen was selected among 5 samples to be the one 
with strength closest to the average strength of the testing group. Test 
results demonstrate the equivalent longitudinal tensile modulus 

between the CFRP and SACFRP, which is reasonable since they have 
similar volume fractions of the dominant fibres [32]. In contrast, the 
longitudinal tensile strength of the UD SACFRP decreased by around 
33.3 % compared to its CFRP reference. The following failure analysis 
elucidates the mechanism underlying the longitudinal tensile strength 
decrease of the UD SACFRPs.

Fig. 8 demonstrates failure modes of the UD CFRP and SACFRP 
specimens after the longitudinal tensile tests. As shown in Fig. 8, the 
longitudinal splitting damages are dispersedly distributed in the CFRP 
specimens, coinciding with the progressive damage process of the UD 
CFRP during the tests. Notably, the progressive damage in the UD CFRPs 
during the tests indicates that new damage sites can emerge as the load 
increases, resulting in scattered fracture patterns throughout specimens 
[33]. In contrast, fewer fracture characteristics within the gauge range 
of each SACFRP specimen indicate the instantaneous failure of SACFRP 
upon the initial matrix crack, which corresponds to the absence of 
continuous clicking sounds before complete failure of the SACFRP 
specimens during tests. Hence, the failure analysis verifies that the 
SACFRP cannot withstand the longitudinal tensile load immediately 
following the initial matrix crack. The longitudinal tensile strength 
reduction of UD SACFRP can be attributed to the low volume fraction of 
the solidified Epolam matrix and the gel state of the STG under static 
loading, as demonstrated in Table 2 and Fig. 5 (b), respectively. Spe
cifically, the decreased fraction of solidified epoxy matrix in the SACFRP 
reduced its stress transfer capacity to withstand the initial matrix 
cracking.

Fig. 9 (a) illustrates the shear stress-strain behaviour of the longi
tudinally positioned SACFRP and its CFRP reference during static shear 
tests. The initial longitudinal shear modulus of the SACFRP closely re
sembles that of its CFRP reference due to the same fibre volume fraction. 
Fig. 9 (b) demonstrates the failure modes of the UD SACFRP and CFRP 
after longitudinal shear tests. Particularly, the delamination failure can 
be observed from the side view of both the SACFRP and CFRP, which 
dominates the fracture process of the UD composite specimens during 
longitudinal shear tests [34,35]. Consequently, the interlaminar per
formance of the SACFRP and CFRP can be revealed through the longi
tudinal shear tests. It could be inferred from the reduction of shear 
strength in Fig. 9 (a) that incorporation of the STG into the composite 
laminates significantly diminished the interlaminar strength when 
subjected to static loads. Matrix cracking is the primary cause of 
delamination in composite laminates [36]. Therefore, the reduced ma
trix in the SACFRP leads to earlier delamination than that of the CFRP 
reference, limiting the longitudinal shear strength of SACFRPs.

Table 3 lists longitudinal tensile (LT) and longitudinal shear (LS) 
strength and moduli of the UD CFRP and SACFRP.

Fig. 10(a) and (b) demonstrate the stress-strain curves of transversely 
positioned UD SACFRP and CFRP during static tensile and shear tests, 
respectively. The reduced modulus could be attributed to the decreased 

Fig. 5. (a) Storage and loss modulus curves of the STG as the shearing frequency increases, and (b) rate-dependent load-bearing behaviour of the STG.
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volume fraction of the epoxy matrix since the cured matrix behaviour 
dominated the transverse modulus of CFRP [37,38]. As shown in Fig. 10 
(c), UD CFRP specimens exhibit planar fracture after the transverse 
tensile tests, suggesting the onset of catastrophic cracks triggered by 

localised clusters of fibre-matrix interfacial debonding due to stress 
concentration [39]. In contrast, delamination and wedge-shaped frac
ture of SACFRP were noted in Fig. 10 (d), indicating that the interlam
inar delamination and matrix cracking determine the failure modes of 
SACFRP [40]. Besides, it can be inferred that SACFRP exhibits signifi
cantly higher transverse toughness based on the much larger strain in 
Fig. 10(a) and (b). Specifically, the transverse tensile toughness of 
SACFRP increased by 138.95 %, indicating its highly enhanced inter
facial toughness.

Furthermore, the extent of fibre-matrix interphase adhesion can be 
revealed based on the SEM-based fracture analysis [41]. As demon
strated in Fig. 11 (a), SEM result of the UD CFRP after transverse tensile 
failure illustrates the fracture surface with clean and smooth fibre sur
face, indicating weak interphase adhesion. In contrast, residues of 
Epolam matrix and STG are fairly observed on carbon fibres in the 
SACFRP after the transverse tensile failure, suggesting the tough inter
phase adhesion, as shown in Fig. 11 (b).

Table 4 lists transverse tensile (TT) and transverse shear (TS) 
strength and moduli of the UD CFRP and SACFRP.

3.3. LVI behaviour and failure analysis of UD SACFRP

Fig. 12 (a) and (b) depict the force-displacement curves of UD CFRP 
(UDC) and UD SACFRP (UDS) during LVI tests with impact energy levels 
of 10J, 15J, 20J, and 25J. As illustrated in Fig. 12 (a), the displacement 
of the UD CFRP specimens rises and then decreases, corresponding to the 
movement of the impactor during LVI tests. This trend is observed for 
the UD SACFRP specimens under LVI with impact energies below 20J, 
and no further decreasing displacement demonstrates the occurrence of 
perforation for the UD SACFRP laminates under 25J LVI. Moreover, the 
value of integrity loss remained minimal for the UD CFRP laminates, 
indicating their high structural integrity during LVI tests. In contrast, 
considerable integrity loss was noted for the UD SACFRP specimens 
during the LVI tests with impact energy exceeding 10J, suggesting se
vere damage to these specimens.

Fig. 13(a) and (b) illustrate the energy-time responses of the UD 
CFRP and UD SACFRP during LVI with various impact energy levels. The 
plateau-shaped energy-time curves in Fig. 13 (a) indicate no perforation 
in the UD CFRP. Conversely, Fig. 13 (b) demonstrates the perforation of 
the UD SACFRP at 25J LVI.

Longitudinal splitting can be inferred as the primary failure mode of 
both UD SACFRP laminates and CFRP references, as demonstrated in 
Fig. 14. This fracture mode revealed that the SACFRP and CFRP lami
nates absorbed impact energy through matrix cracking and intra-yarn 
splitting. Furthermore, more pronounced fractures existed in the UD 

Fig. 6. Thermal effects on (a) storage, and (b) loss moduli of the STG under the shear frequency of 0.01 Hz, 1 Hz, and 100 Hz.

Fig. 7. Longitudinal tensile stress-strain curves of the UD CFRP and SACFRP.

Fig. 8. Failure modes of the UD CFRP and SACFRP after longitudinal ten
sile tests.
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Fig. 9. (a) Shear stress-strain curves and (b) failure modes of the UD CFRP and SACFRP under longitudinal shear tests.

Table 3 
Longitudinal tensile (LT) and longitudinal shear (LS) strength and modulus of the UD CFRP and SACFRP.

Properties CFRP-LT SACFRP-LT CFRP-LS SACFRP-LS

Strength (MPa) 1532.81 ± 38.25 987.98 ± 81.70 67.15 ± 1.77 15.33 ± 2.98
Modulus (GPa) 129.87 ± 3.73 127.35 ± 4.14 11.00 ± 0.17 7.67 ± 1.67

Fig. 10. (a) Transverse tensile, and (b) transverse shear stress-strain curves of the UD CFRP and SACFRP. Failure modes of the (c) UD CFRP and (d) UD SACFRP 
under transverse tension.
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SACFRP specimens during LVI tests, indicating that the low volume 
fraction of the matrix in this composite leads to its low impact-resistant 
performance.

3.4. Static mechanical performance of layup-designed SACFRPs

Fig. 15 (a) illustrates the stress-strain curves of the SACFRP and its 
CFRP reference with the stacking sequence of [45/90/135/0]s during 
static tensile tests. Compared to the longitudinal and transverse tensile 

Fig. 11. SEM-based fracture analysis of the (a) UD CFRP and (b) UD SACFRP after transverse tensile tests.

Fig. 12. Force-displacement responses of the (a) UDC and (b) UDS specimens under LVI with different impact energies.

Table 4 
Transverse tensile (TT) and transverse shear (TS) strength and modulus of the 
UD CFRP and SACFRP.

Properties CFRP-TT SACFRP-TT CFRP-TS SACFRP-TS

Strength (MPa) 28.15 ± 1.01 11.17 ± 0.02 28.27 ± 1.27 13.15 ± 2.04
Modulus (GPa) 7.34 ± 0.51 1.42 ± 0.02 5.44 ± 0.42 2.37 ± 0.40

Fig. 13. Energy-time responses of the (a) UDC and (b) UDS specimens under LVI with different impact energies.
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responses of the UD SACFRP, the tensile behaviour of the lay-up 
designed SACFRP demonstrates mechanical properties more closely 
aligned with its CFRP reference. As shown in Fig. 15 (b), the retentions 
of specific tensile toughness, modulus and strength are 88.8 %, 93.7 % 
and 84.2 %, respectively, for the layup-designed SACFRP laminates 
compared to the CFRP references.

The static mechanical performance of the layup-designed SACFRP is 
comparable to that of the CFRP reference, suggesting that proper layup 
design of the SACFRP can effectively alleviate the influence of reduced 
epoxy matrix. In the UD CFRP and SACFRP laminates, the Epolam ma
trix primarily transfers stress between fibres. Therefore, the reduced 
volume fraction of the polymer matrix limits stress transfer of the UD 
SACFRP laminates, resulting in their drastically reduced static me
chanical strength. In the lay-up designed CFRP and SACFRP, fibres are 
oriented along multiple directions, allowing all different loads to be 
mainly borne by the fibres. As a result, the layup-designed composites 
depend less on the resin matrix to transfer stress between fibres, so the 

effect of low matrix fraction of the SACFRP is less pronounced for the 
layup-designed laminates than their UD counterparts.

Table 5 lists specific tensile strength, modulus and toughness of the 
layup-designed CFRP and SACFRP.

3.5. LVI performance of layup-designed SACFRPs

Fig. 16 (a), (b), and (c) depict the curves of force-time, force- 

Fig. 14. UD CFRP and UD SACFRP specimens after LVI tests.

Fig. 15. (a) Tensile stress-strain curves, and (b) comparison between specific tensile modulus, strength, and toughness of the CFRP and SACFRP specimens with the 
stacking sequence of [45/90/135/0]s.

Table 5 
Specific tensile strength, modulus and toughness of the layup-designed CFRP 
and SACFRP.

Properties CFRP SACFRP

Specific tensile strength (MPa⋅cm3/g) 411.72 ± 11.15 346.72 ± 8.71
Specific tensile modulus (GPa⋅cm3/g) 29.44 ± 0.68 27.60 ± 1.00
Specific tensile toughness (MPa⋅cm3/g) 3.81 ± 0.40 3.38 ± 0.58
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displacement, and energy-time, respectively, of the lay-up designed 
CFRP and SACFRP specimens during 25J LVI tests. As illustrated in 
Fig. 16(a) and (b), the force-time and force-displacement responses 
exhibit more significant oscillations for the CFRP references than those 
for the SACFRP laminates, indicating that more severe damage occurred 
in the CFRP. Besides, the considerable drop after the peak value dem
onstrates drastic damage in CFRP laminates, as shown in Fig. 16 (a). On 
the other hand, for the SACFRP laminates, the initial force drop indi
cated the onset of damage, followed by a further and slight increment of 
force until reaching the next peak value. The highly smooth force-time 
and force-displacement responses imply minimal damage in the 
SACFRP laminates. Moreover, the plateau-shaped energy-time curves in 
Fig. 16 (c) suggest no perforation in the lay-up designed SACFRP and 
CFRP specimens. Therefore, the impact-resistant performance of 
SACFRP was effectively enhanced via the lay-up design, in contrast to 
the LVI test results of the UD specimens in section 3.3.

Fig. 17 presents a radar plot based on the impact characteristics of 
the layup-designed SACFRP and CFRP during 25J LVI tests. In this work, 
structural integrity is defined as the reciprocal value of the integrity loss. 
Despite the lower stiffness, peak force, and elastic energy of the layup- 
designed SACFRP, its structural integrity loss is only 0.323 mm, which 
is much lower than the integrity loss of 1.585 mm for the CFRP refer
ence. Thus, the layup-designed SACFRP laminates demonstrate superior 
impact-resistant performance, indicating that the modification of 
stacking sequences can leverage the effects of STG on SACFRPs.

As depicted in Fig. 18, analysis of high-speed camera results revealed 
distinct impact-resistant mechanisms between SACFRP and CFRP. 
Similar to other conventional thermoset or thermoplastic composites [9,
42], local damage was also observed in the CFRP during the LVI test, 
suggesting that the CFRP absorbed the impact energy through its in
ternal local fracture. In contrast, DIC analysis based on the high-speed 

camera results found that the SACFRP experienced a unique 
impact-resistant process through its bending and rebounding behaviour, 
demonstrating that its energy absorption can be attributed to the global 
flexural behaviour of the laminated composite. Consequently, the 
SACFRP could maintain high structural integrity despite minor cracking 
resulting from the fixture that corresponds to the initial force drop 
illustrated in Fig. 16(a) and (b). Given that the impact mechanism 
transitions from local damage of CFRP to global bending of SACFRP, the 
newly developed composites demonstrate significant application 

Fig. 16. (a) force-time, (b) force-displacement, and (c) energy-time responses of the layup-designed SACFRP and its CFRP reference during 25J LVI tests.

Fig. 17. Impact characteristics comparison of the layup-designed SACFRP and 
its CFRP reference during 25J LVI tests.
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potential in engineering scenarios with complex unavoidable LVI. As can 
be found in section 3.8, the resistant mechanism of the SACFRP can be 
treated as purely elastic flexure and captured by Timoshenko’s theo
retical model. For further explanation, viscoelastic deformation and 
shear thickening behaviour of the STG can increase energy dissipation 
and enlarge the impact area [18,43]. Therefore, deformation can be 
distributed to the larger area of elastic fibres and matrix in the SACFRP 
under LVI, while the local damage is noted for the central impact region 
of the CFRP counterpart.

3.6. Recurring LVI (RLVI) performance of layup-designed SACFRPs

We conducted RLVI tests on the same position of specimens. Fig. 19 
(a), (b), and (c) illustrate the force-time, force-displacement, and 
energy-time responses of the layup designed CFRP and SACFRP during 
RLVI tests. In the second 25J LVI test, the force rapidly diminishes to a 
very low level for the CFRP, suggesting the perforation, as depicted in 
Fig. 19 (a). In contrast, layup-designed SACFRPs demonstrated the 
ability to withstand 20 RLVIs without perforation, evidenced by the 
smoothly developed force-time and force-displacement behaviour of the 
SACFRP laminates during the twentieth LVI test, as demonstrated in 

Fig. 18. Impact process of the lay-up designed CFRP and SACFRP under 25J LVI.

Fig. 19. (a) Force-time, (b) force-displacement, (c) energy-time responses and (d) impact characteristics comparison of lay-up designed SACFRP and its CFRP 
reference under recurring 25J LVI.
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Fig. 19(a) and (b). There exists a force drop for layup-designed SACFRP, 
which can be attributed to the edge crack, as shown in Figs. 18 and 22 
(d), due to the flexural behaviour under the first 25J LVI. The pre- 
existing edge crack provides more space for flexure of the layup- 
designed SACFRP under the second 25J LVI. Thus, there is no initial 
force drop, and the peak force can be higher for the second impact of the 
SACFRP. Fig. 19 (c) illustrates the plateau-shaped energy-time response 
of the SACFRP specimen under the 20th LVI, indicating good RLVI 
resistance of the developed composite laminates and no perforation 
occurrence. Fig. 19 (d) depicts the impact characteristics of the layup 
designed CFRP and SACFRP specimens under the second 25J LVI. The 
integrity loss of SACFRP is 0.328 mm under the second impact, which is 
much lower than the 5.922 mm integrity loss of the CFRP reference. 
Thus, SACFRPs demonstrate substantially improved impact-resistant 
performance under the RLVI condition.

Fig. 20 demonstrates impact process of the lay-up designed CFRP and 
SACFRP under the 25J RLVI. As shown in Fig. 20, the CFRP laminates 
experienced perforation during the second LVI, and the perforation 
occurred in the local damage area resulting from the initial impact. On 
the other hand, DIC analysis in Fig. 20 found that the flexural behaviour 
of the SACFRP laminate persisted during the RLVI despite that its 
rebounding performance was weakened progressively from the second 
to the twentieth impact. The less obvious rebounding behaviour aligned 
with the reduced elastic energy of the SACFRP during the 20th LVI test, 
as depicted in Fig. 19 (c). Although the maximum displacement 
increased with each impact, SACFRP could withstand the impact loads 
without perforation, indicating its highly enhanced toughness during 
RLVI tests. It can be inferred that the layup-designed SACFRP laminates 
exhibited significantly enhanced accumulated energy absorption. The 
incorporation of the STG as the interfacial enhancement material be
tween carbon fibres and epoxy matrix improved the interfacial adhesion 
and toughness of the SACFRP, as also elaborated in section 3.2, leading 
to its superior impact-resistant performance under RLVI. Composite 
structures can be subjected to complex impact loads, such as repeated 

impacts, in real-world applications [44]. Hence, the remarkable impact 
resistance of the SACFRP under RLVI demonstrates its promising po
tential for diverse industrial utilisation.

Fig. 21 illustrates the variation of the impact characteristics for the 
layup-designed SACFRP under 25J RLVI. In Fig. 21 (a), the peak force 
increases during the 2nd and 3rd impact since the fibres bear more loads 
in the composite laminate, while the peak force drops sharply after the 
3rd impact due to the fibre breakage [44]. The continuous decrease of 
the peak force corresponds to the progressive stiffness degradation. 
Particularly, the stiffness of SACFRP decreases obviously in Fig. 21 (b) 
due to accumulated integrity loss in the laminates after the 1st impact. 
Integrity loss of the SACFRP varies in the range from 0.5 mm to 1.0 mm 
for each impact in Fig. 21 (c). The stable development of integrity loss 
indicates high toughness of the layup-designed SACFRP laminates under 
RLVI. Fig. 21 (d) demonstrates that the elastic energy decreases initially 
and remains constant after the 5th impact. The initial decrease in the 
elastic energy corresponds to the fibre breakage and matrix damage that 
results in the significant stiffness drop. The following constant elastic 
energy indicates that SACFRP stably absorbs the impact energy through 
the flexural behaviour enabled by the STG during RLVI tests.

3.7. The reliability of the impact-resistant performance of layup-designed 
SACFRP laminates during LVI tests

This work specifically added repeatability of the impact performance 
of three layup-designed SACFRP specimens under 45J LVI, as this is the 
impact energy that clearly demonstrates the advantage of this newly 
designed material over the conventional CFRPs. For the other speci
mens, only one experiment was conducted for each of them due to time 
limitation. Still, the results under LVI with various impact energy values 
can reliably demonstrate the higher impact-resistant performance of 
SACFRP specimens compared to the CFRP counterparts. Fig. 22(a)–(c) 
illustrates the impact response of these specimens (S45J-1, S45J-2, and 
S45J-3) and the CFRP counterpart (C45J) during 45J LVI tests. The 

Fig. 20. Impact process of the layup-designed CFRP and SACFRP under the 25J RLVI.
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highly smoother force-time responses indicate much less damage in 
SACFRP laminates compared to the sudden drop and large oscillation in 
the CFRP counterpart after the peak force, as demonstrated in Fig. 22 
(a). Besides, a decrease in absorbed energy of the layup-designed 
SACFRP specimens corresponds to their rebounding behaviour during 
45J LVI, while no decrease is noted for the CFRP counterpart, indicating 
the perforation. Moreover, the same stiffness illustrated in Fig. 22 (c) can 
reflect highly repeatable and stable impact performance of the layup- 
designed SACFRP laminates.

Fig. 22 (d) compares non-impact back surfaces of the SACFRP and 
CFRP specimens after 45J LVI. Severe local damage in the middle impact 
area can be observed for the CFRP specimen, exhibiting its brittleness 
under LVI conditions. By contrast, no obvious damage can be found in 
the middle impact area for the SACFRP specimen, demonstrating the 
high impact resistance and mechanism transition as discussed in section 
3.5. The modelling-based validation is discussed in section 3.8 for the 
mechanism transition of the layup-designed SACFRP laminates. Besides, 
the crack developing from the edge in the S45J specimen corresponds to 
the initial force drop in Fig. 22 (a) and (c), resulting from the large 
flexure of layup-designed SACFRP laminates during LVI tests. Specif
ically, the sample edge of SACFRP laminates has a large rotation angle 
during LVI tests, requiring the occurrence of a crack on the edge to finish 
the whole flexural process.

Fig. 23 compares the effects of stacking sequence on the impact re
sponses of the SACFRP under 35J LVI. As illustrated in Fig. 23 (a), the 
higher slope and peak force in the SACFRP laminate with the stacking 
sequence of [45/90/135/0]s indicate its higher impact-resistant per
formance compared to the SACFRP with the stacking sequence of [0/ 
90]2s. Besides, the shape of energy-time curves in Fig. 23 (b) demon
strated that both layup-designed SACFRP can resist 35J LVI, while the 
UD counterpart perforates under 25J LVI. Therefore, modifying the 
stacking sequence of SACFRP laminates can leverage the enhanced ef
fect of the STG on the impact-resistant performance of its composite 
laminates. Future work will focus on the optimisation of the stacking 

sequence for SACFRP laminates.
Table 6 lists impact characteristics of the layup-designed ([45/90/ 

135/0]s) SACFRP (S) and CFRP (C) specimens under LVI with different 
impact energy values.

For further demonstration of impact-resistance of the newly devel
oped lay-up designed SACFRP, its performance was also compared with 
the ultra-high molecular weight polyethylene (UHMWPE) composites. 
Among different types of fibres, the UHMWPE ones demonstrate much 
higher energy absorption. Particularly, energy absorption of the 
UHMWPE is typically 1.8, 2.6, and 33 times higher than that of carbon, 
aramid, and glass fibres, respectively [17,45]. Fig. 24 illustrates the 
comparison result for integrity loss of the SACFRP, UHMWPE 
fibre-reinforced thermoset polymer (PEFRP-S) and thermoplastic poly
mer (PEFRP-P) under LVI. It can be noted that the SACFRP exhibits 
significantly lower integrity loss than the PEFRP-S and PEFRP-P do [9]. 
Besides, quite limited increment is noticed for integrity loss of the 
SACFRP as the impact energy increases compared to the two PEFRP 
composites. Therefore, it can be concluded that the SACFRP demon
strates higher impact-resistant performance than the other typical FRPs.

3.8. Timoshenko’s theoretical analysis for thin-plate flexure of the layup- 
designed SACFRP during LVI test

The DIC analysis shown in Fig. 18 demonstrates the impact-resistant 
mechanism transition under LVI conditions from brittle damage of the 
CFRP to flexure behaviour of the SACFRP. For simple theoretical anal
ysis, the flexure process of the layup-designed SACFRP laminates is 
treated as a simply supported thin plate with a central concentrated 
force. Based on Timoshenko’s analytical formula [46], the maximum 
deflection can be determined by using the following equation: 

ωmax = α Pa2

D
(1) 

Fig. 21. The variations of (a) peak force, (b) stiffness, (c) integrity loss, and (d) elastic energy for the SACFRP under 25J RLVI.
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where a represents the width of the thin plate, and P refers to the 
concentrated force applied on the centre of the thin plate. α is a nu
merical factor depending on the length-to-width ratio of specimens, 
which is 0.01527 here based on reference [46]. D can be calculated by 
using the following equation: 

D =
Eh3

12(1-υ2)
(2) 

in which E denotes Young’s modulus, and it is the measured tensile 

modulus of the layup-designed SACFRP laminates in this work. υ refers 
to Poisson’s ratio of the thin plate, and h denotes the specimen thickness. 
The concentrated force, P, can be determined using the following 
equation based on conservation of momentum for the impactor during 
LVI tests: 

P = mg +
mΔv
Δt

(3) 

where m represents mass of the impactor, and g refers to the gravita

Fig. 22. (a) Force-time, (b) energy-time, and (c) force-displacement responses of three layup-designed SACFRP specimens (S45J-1, S45J-2, and S45J-3) and the 
corresponding CFRP counterpart (C45J) during 45J LVI tests, and (d) the comparison between non-impact back surfaces of the SACFRP and CFRP specimens after 
45J LVI.

Fig. 23. (a) Force-displacement, and (b) energy-time responses of the SACFRP laminates with the stacking sequences of [0/90]2s and [45/90/135/0]s.
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tional acceleration. Δv refers to the impact velocity that can be calcu
lated based on the impact energy. Δt is the impact time corresponding to 
the maximum absorbed impact energy. Table 7 provides parameters for 
Timoshenko’s analytical model. h and Δt are averaged for layup- 
designed SACFRP laminates under 25J, 35J and 45J LVI.

Fig. 25 demonstrates a comparison between Timoshenko’s analytical 
model and LVI test results for the maximum deflection of the layup- 
designed SACFRPs during LVI tests with various impact energies. The 
mean absolute percent error (MAPE) is merely 1.36 %. Therefore, the 
SACFRP laminates under LVI can be simply treated as elastic, instead of 
the brittle-fracture for conventional CFRP laminates, and the flexure 
behaviour can be accurately captured by Timoshenko’s theoretical 
model.

4. Conclusion

This work incorporated STG into the CFRP composite laminates as 
the interphase material between the fibre reinforcement and the epoxy 
polymer matrix. The effects of the STG and layup design on the static and 
dynamic mechanical behaviour of the newly developed SACFRP were 
investigated. Specifically: 

1. Transverse tensile toughness of the UD SACFRP laminates increased 
by 138.95 % compared to CFRP references, demonstrating their 
substantial increase in the interfacial toughness. The SEM-based 
analysis further verified the enhanced interfacial adhesion of 
SACFRP compared with its CFRP reference.

2. The reduced epoxy matrix limits stress transfer and interlaminar 
properties of the UD SACFRP laminates under static mechanical 
loading. Proper layup design of the SACFRP laminates can alleviate 
the influence of the reduced matrix by redistributing most of the 
loading to the fibres along different orientations. As a result, the 
specific tensile toughness, modulus, and strength retentions of the 
layup-designed SACFRP laminates can achieve 88.8 %, 93.7 %, and 
84.2 %, respectively, of the corresponding properties of the CFRP 
reference.

3. The structural integrity loss of the layup-designed SACFRP laminates 
decreased by 79.63 % compared to the CFRP references, indicating 
their enhanced impact-resistant performance. DIC analysis revealed 
that the SACFRP underwent the bending and rebounding process 
during LVI, suggesting that its energy absorption is primarily 
attributed to flexural behaviour. In contrast, the LVI tests on the 
CFRP highlighted its localised damage, indicating that the internal 
fracture mechanism predominantly drove its energy absorption.

4. Compared to perforation of the layup-designed CFRP at its second 
LVI, the layup-designed SACFRP could withstand the 20 RLVI events 
without perforation, indicating its higher accumulated impact en
ergy absorption. The highly improved RLVI performance can be 
attributed to the enhanced interfacial adhesion and toughness of the 
SACFRP.

5. Further study will focus on the numerical modelling for impact 
behaviour of the STG and SACFRP, assisting optimisation of the STG 
fraction and the stacking sequence of SACFRP to balance the me
chanical static properties and impact resistance. In addition, envi
ronmental effects on the performance of the SACFRP, such as 
hygrothermal ageing, UV exposure, or chemical resistance, will be 
investigated. Besides, fabrication techniques are supposed to be 
further improved for scaling up the manufacturing of the SACFRP.
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Fig. 24. Comparison of integrity loss between the SACFRP (SACFRP-S) in this 
work, the PEFRP-P and PEFRP-S [9] under LVI with various impact en
ergy values.

Table 7 
Parameters for the Timoshenko’s model to theoretically analyse flexural 
behaviour of the layup-designed SACFRP laminates during LVI tests.

Parameters a 
(mm)

E 
(GPa)

υ Averaged h 
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Averaged Δt 
(ms)

Layup-designed 
SACFRP

100 36.9 0.3 2.52 5.4

Fig. 25. Timoshenko’s theoretical model to capture the flexure of the layup- 
designed SACFRP laminates under LVI as purely elastic.
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