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ABSTRACT KEYWORDS

This work characterizes the low-velocity impact (LVI) failure behaviors of Fiber metal laminates;
three bio/synthetic hybrid laminates based on carbon fiber (C) and pineapple ~ pineapple leaf fiber; carbon
leaf fiber (P). The effect of aluminum (A) addition and its position were fiber; low-velocity impact;
investigated by flexural tests, peak force, force-displacement curves, ~ non-destructive testing
energy-time curves, visual inspection, and infrared thermography (IR). The |
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show that FMLs outperform FRP in impact performance, with ACPCA and

CAPAC achieving peak force improvements of 266.22% (2.71 kN) and

209.50% (2.29 kN) over CPC (0.74 kN), respectively. The results emphasize

the significance of A position, where ACPCA exhibits full rebound behavior

while CAPAC shows partially rebound at 15J impact energy. Visual inspection

and IR results corroborate LVI findings, indicating increased delamination at

higher energies. Notably, IR provides critical insights into damage progres-

sion and internal structural changes, highlighting areas of delamination and

deformation around V-type damage. These results suggest that the ACPAC

provides a balance between bending and impact resistance, assisting mate-

rial selection in automotive applications.
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Introduction

In the face of fierce market competition and consistent enhancement of consumer demands in the
automotive market, research and development for new automotive materials have accelerated. FMLs
typically consist of thin layers of metal interleaved with layers of high-strength fibers, such as aramid
fiber, glass fiber (G), carbon fibers (C), kevlar fiber (K), bonded together with a matrix material
(Askarian Khoob, Ramezani, and Mousavi 2023; Hussain et al. 2022; Khalid et al. 2021; Muflikhun and
Yokozeki 2021). Compared with other traditional materials in the automotive industry, FMLs exhibit
superior impact performance due to their unique combination of metal and FRP composite layers
(Pang et al. 2022). Combining metal and FRP composite allows FMLs to absorb and dissipate impact
energy more effectively than traditional materials. The metal layers provide ductility and toughness,
while the fiber-reinforced layers contribute strength and stiffness. In addition, FMLs offer a high
strength-to-weight ratio, making them lightweight while maintaining structural integrity. This is
particularly advantageous in applications where minimizing weight is crucial for fuel efficiency and
overall vehicle performance. Thus, FMLs find utility in components such as bumpers, body panels,
door reinforcements, and interior structures, enhancing impact absorption, reducing the risk of
damage in low-speed collisions, and improving crashworthiness while simultaneously reducing overall
vehicle weight, contributing to improved safety and fuel efficiency (Allah et al. 2023; Pang et al. 2022;
Xiao, Sultan, Shahar, Gaff, et al. 2023; Zhang and Xu 2022). Despite considerations such as cost and
manufacturing complexity, the remarkable impact performance of FMLs positions them as compelling
materials for advancing safety and efficiency in automotive applications.

Additionally, recent studies have highlighted the importance of natural fiber-reinforced poly-
mer (NFRP) composites in advancing the sustainability of FMLs. By using renewable and
biodegradable natural fibers, NFRP composites decrease dependence on petrochemical materials,
lower the carbon footprint, and offer better end-of-life solutions through enhanced recyclability
and biodegradability (Ilyas et al. 2022; Sari et al. 2023; Syafri et al. 2023). Various natural fibers
such as sisal fiber (Vieira et al. 2022), jute fiber (Abd El-Baky et al. 2022; Allah et al. 2023),
bamboo fiber (Kali, Pathak, and Korla 2020), hemp fiber (R et al. 2020), and P (Ng et al. 2023) are
increasingly utilized in FMLs to produce lighter and more durable automotive components, which
enhances fuel efficiency and reduces carbon emissions (Babu et al. 2021; Dua et al. 2023). Despite
these benefits, challenges such as moisture absorption, variable mechanical properties, and limited
high-performance applications must be addressed (Herlina Sari et al. 2024). To overcome these
issues, recent research has focused on developing hybrid bio/synthetic FMLs that balance mechan-
ical performance with environmental sustainability. Giammaria et al. (2023) researched bio-
composite laminates reinforced by flax, basalt, and hybrid fibers, focusing on LVI testing. Their
study revealed that the impact resistance from combining flax fibers with basalt fibers was less
temperature-dependent than pure flax laminates. Baigh et al. (2023) also found that hybrid jute/P
biocomposites significantly outperformed the P-reinforced composites in terms of tensile, flexural,
and impact strength. Feng et al. (2022) Ng et al. (2023) observed the impact resistance of hybrid
A/G/P laminates by the Charpy impact test. Their results indicated that the hybrid FMLs have
intermedium impact strength between non-hybrid FMLs with fully synthetic and natural fibers. In
addition, they concluded that the outermost layers in hybrid core composites play a vital role in
impact performance. Murugu Nachippan et al. (2021) demonstrated that hybrid G/hemp fiber co-
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reinforced polymer exhibited superior impact strength compared to single G-reinforced compo-
sites. Overall, hybrid FMLs balance impact performance, cost, and sustainable development. It can
mitigate the negative impact on drivers in the event of a collision, making it suitable for
applications in car bodies and bumpers.

For these newly emerging materials, such as hybrid bio/synthetic FMLs in the automotive industry,
impact tests are crucial in evaluating the safety and performance of materials used in vehicle
construction (Fragoso-Medina and Velazquez-Villegas 2023; Ganesarajan et al. 2022). These tests
simulate real-world collision scenarios, providing valuable insights into a material’s ability to with-
stand various energy forces. By assessing crashworthiness, impact tests contribute to the optimization
of vehicle design, aiding in selecting materials that enhance occupant safety (Mohammadi et al. 2022;
Noorsumar et al. 2022). Moreover, they ensure compliance with rigorous safety standards and
regulations, fostering consumer confidence and enabling manufacturers to create vehicles that meet
and often exceed industry safety benchmarks (Zhang and Xu 2022). Different types of impact tests
such as Charpy, Izod, low-velocity impact (LVI), and high-velocity impact tests (HVI), are commonly
utilized to evaluate the impact behavior of materials, providing distinct insights into their performance
under various conditions (Doddamani et al. 2023; Miao et al. 2022; Ravi et al. 2022). The selection of
an impact test depends on the specific requirements and material application, considering factors such
as cost, simplicity, and the level of detail needed in impact analysis. Among these test, LVI tests
incorporate advanced instrumentation to record force-time or displacement-time curves, offering
more comprehensive insights into a material’s response to impact loading (Abid et al. 2022; Ravi et al.
2022). Engineers use the data generated from low-velocity impact testing to optimize material designs
for durability and reliability in real-world usage conditions, ensuring structures can withstand
common impact events (Stephen et al. 2021).

Understanding the failure mechanisms of materials after impact tests is critical for optimizing
material design and performance. LVI tests can cause different types of damage, including delamina-
tion, fiber breakage, and matrix cracking (Siddiqui, Rabbi, and Dewanjee 2023). According to Pang
etal. (2022), delamination between fiber and metal is the dominant failure mode under the low-energy
impact. In contrast, higher-energy impacts result in dominant metal and FRP fractures. However, the
damage mechanisms of FMLs are more complex compared to non-hybrid materials due to the layered
structure composed of different materials with distinct mechanical properties, and the interactions
between layers give rise to intricate failure modes. Thus, compared with other inspection methods,
nondestructive testing (NDT) is particularly valuable for evaluating damage to FMLs after impact
testing without causing further damage (Najeeb et al. 2021). In recent years, various NDT techniques,
such as ultrasonic testing (Barth et al. 2023), eddy current testing (Xie et al. 2023), X-ray tomography
(Shah et al. 2023), thermography (Bornemann and Lang 2022; Liu et al. 2023), etc., have been
employed to assess the internal and surface conditions of FMLs materials. These NDT methods are
essential for gaining insights into material conditions after impact testing, enabling precise analysis to
ensure the reliability and safety of materials without compromising their structural integrity.

In Malaysia, there is significant agricultural waste from pineapple leaves, with pineapple leaf
fiber being notable for its low density, degradability, and excellent mechanical properties
(Chrispin Das et al. 2022; Feng et al. 2022). Researchers have thus explored pineapple leaf
fiber as reinforcements in eco-friendly composites with improved mechanical performance and
sustainability, but its application in automotive materials remains limited and under-
researched (Jain, Jain, and Sinha 2018; Siakeng et al. 2019). Thus, this study aims to address
this gap by exploring the use of pineapple leaf waste in hybrid laminates and evaluating their
effectiveness for automotive applications. This research specifically focuses on a novel combi-
nation of A sheet, high-strength C, and eco-friendly P, a combination that has not been
previously investigated. The flexural test, LVI test, visual inspection, and NDT test were
carried out to investigate the mechanical properties and LVI behavior of hybrid FRP compo-
sites and FMLs. Additionally, the effect of A layers and layer sequence were also researched in
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three variations. Through this research, we seek to advance the development of sustainable
materials which balance mechanical performance with eco-friendliness for automotive practical
applications (Aili Hamzah et al. 2021).

Methodology
Materials

All the reinforcements were provided by Mechasolve Engineering Sendirian Berhad (MESB),
Malaysia. The woven P fabric utilized in the experiments has a thickness of 0.78 mm and an areal
density of 315 g/m”. A 12 K unidirectional C Fabric with a thickness of 0.28 mm and an areal density of
210 g/m*. Aluminum 6061-T6 sheets have a density of 2.7 g/cm’ and a thickness of 0.4 mm. To
improve the resin infusion process, water jet cutting was used to drill I mm diameter holes at a spacing
of 75 mm on the bare aluminum sheets to manufacture FMLs composites (Ortiz de Mendibil et al.
2016). In order to create a rougher surface finish and increase the interfacial bonding between A layers
and the matrix, the A sheets underwent mechanical polishing, followed by alkaline etching and
sulfuric acid anodizing (Hynes et al. 2022; Wu et al. 2020; Zhu et al. 2019). In addition, thermoset
composite epoxy was chosen in the present study due to its outstanding performance, including
lightweight, excellent chemical resistance, and satisfactory mechanical performance (Xiao, Sultan,
Shahar, Gaff, et al. 2023). The epoxy EpoxAmiteTM 100 and the hardener EpoxAmiteTM 103 were
provided by Smooth-On company.

Layering sequence

The configuration of the stacking sequence is crucial in determining the mechanical characteristics of
C/P laminates (Hashim et al. 2023). Based on our previous study, a 2:1 ratio of C to P significantly
outperforms a 1:2 ratio in terms of mechanical properties. Specifically, FMLs with the 2:1 C to P ratio
showed a 65.5% increase in tensile strength and a 57.3% increase in flexural strength compared to
those with the 1:2 ratio (Xiao, Sultan, Shahar, Nayak, et al. 2023). Additionally, these FMLs exhibited
a 26.3% improvement in interlaminar shear strength (ILSS) and a 38.4% enhancement in Izod impact
strength over the 1:2 ratio (Xiao et al. 2024). Therefore, the 2:1 CF to PALF ratio was chosen for its
superior mechanical performance in our research. The sample stacking sequence is shown in Figure 1.
Hybrid FRP composite CPC adopts a sandwich structure consisting of two layers of C as the outer
layer and one layer of P as the core layer. Two hybrid FMLs have a symmetrical structure composed of
five layers. The FMLs ACPCA was created by wrapping the CPC with a layer of A plate on both sides.

CPC ACPCA

Figure 1. Schematic illustration of three hybrid laminates.
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The FMLs CAPAC changed the position of carbon fiber and aluminum sheets; thus, the effect of the
layering sequence on impact performance could be observed.

Manufacturing process

The hybrid laminates were fabricated with 300 x 300 mm dimensions by the vacuum-assisted resin
transfer molding (VARTM) method. Compared with hand lay-up, VARTM is offers several
advantages including provide good interfacial bonding, more uniform resin distribution, high
fiber volume fraction, and the ability to produce larger and more complex parts (Xiao, Sultan,
Shahar, Gaff, et al. 2023). Figure 2 depicts the schematic illustration of the significant components
of the VARTM setup: a vacuum pump, a mold, sealant tape, a peel ply, an infusion mesh,
a vacuum bag, a resin container, and an intake and outlet tube. The glass mold was first cleaned
with acetone to remove dust or impurities. Next, a layer of wax was applied, allowed to solidify for
ten minutes, and then wiped off. These steps were carried out three times to create a good wax
layer that could be easily removed. Following that, all the piles were put on the mold in the design
order, as Figure 2 shows. Lastly, a VARTM-sealed environment is created by taping a flexible
vacuum bag to the mold. The resin infusion process began with a 100:28.4 weight ratio mixture of
epoxy and hardener. When the resin is ready, it is immediately transported into the storage tank
and linked to the inlet tube for resin infusion. The composite curing procedure takes at least
24 hours at room temperature. The experimental setup of the VARTM process is shown in
Figure 3. Key challenges during VARTM process include ensuring complete and uniform resin
flow, and preventing void formation, which can compromise mechanical properties. Despite the
more complex and time-consuming setup, VARTM still is a preferred choice for fabricating high-
quality laminated composites.

Resin flow
Vaccum bag\)I — —— — - "_/Infusion mesh

Sealant

Peel ply

Inlet connected to
resin tank

Outlet connected
to vaccum pump

Figure 2. Schematic illustration of the VARTM process.

VARTM set-up Resin flow Curing stage

Figure 3. Experimental setup of VARTM.
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Physical properties characterization

The physical properties including the thicknesses and weight of the fabricated samples were recorded
by calipers and digital precision balance, respectively. The fiber weight fraction and metal volume
fraction (MVF) was calculated by Equation 1 and Equation 2 (Kosedag, Aydin, and Ekici 2022),
respectively.

Fiber weight fraction = _Whiber (1

Wecomposites

Wiiber = the total fiber weight,
Weomposites = the total composites weight.

Z tmetal
MVE =1 )

tcomposites

n = the number of metal layers,
tmetal = the thickness of each metal sheet,
teomposites= the total thickness of the composites.

Flexural test

The flexural test was conducted using INSTRON 5567 at the Institute of Tropical Forestry and Forest
Products, Universiti Putra Malaysia, Malaysia. The three-point bending test’s sample dimension was
127 mm x 12.7 mm according to the ASTM D790 standard (Gupta, Mahato, and Bhattacharya 2022).
In the flexural test, the quasi-static cross-head speed was maintained at 2 mm/min, and the span-to-
thickness ratio was 16:1. Every variation was tested using five replications, and an average value was
recorded.

LVI test

The LVI test setup is shown in Figure 4. The impact tests were conducted using the Imatek IM10 drop
weight impact tester at the Department of Aerospace Engineering, Universiti Putra Malaysia. The
striker with a hemispherical tip diameter of 16 mm and a weight of 5.101 kg was positioned so as to be
perpendicular to the center of the FMLs plate plane, thus creating concentrated throughout-of-plane
impact damage. Four clamps (Figure 4b) were employed to secure the specimen during the impact,
and their placement could impact the magnitude of the contact force and the overall duration of the
impact (Vieira et al. 2022). The LVI test is carried out according to ASTM D7136 (Najeeb et al. 2021).
The testing temperature was maintained at a standard room temperature of approximately 65 degrees
Fahrenheit, and the relative humidity level was kept at around 60%. The samples’ dimensions were
100 mm x 150 mm (Figure 4c). Throughout the tests, the impactor consistently rebounded after the
impact and was captured by the pneumatic brake to prevent any unintended additional strikes. The
impact energy (E) was calculated using the Equation (3). Pilot experiments were conducted on all
laminates using varying impact energies to ensure the reliability of our research.

E = mgh (3)

m = mass of the striker (kg),
g = the gravitational acceleration (ms?),
h =the height of the impactor (m).
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Figure 4. LVI tests setup: (a) overview of the drop tower machine, (b) enlargement of the fixtures for the samples, (c) dimension of
the specimens for LVI tests.

Infrared thermography test

The subsurface features of low-velocity impacted specimens were evaluated using the IR technique.
The advantages of the IR technique include its ability to quickly and safely scan large areas without
causing damage, saving time, and posing no potential hazards because it emits no radiation (Zhu et al.
2022). The setup of the IR test is shown in Figure 5. The heat lamps with a maximum power of 500W
were used as external stimulus sources to provide appropriate thermal contrasts. The infrared camera
OPTRIS PI 640i (Germany) was utilized to monitor the temperature differences on the investigated
surface. This camera boasts a thermal sensitivity of 40 mK, operates at a frame rate of 32 hz and
aresolution of 640 x 480 pixels. The distance between the heat lamps and the specimen was 40 cm, and
the distance between the infrared camera and the specimen was fixed at 100 cm. The ambient
temperature was controlled and maintained at around 23°C during all tests. All the specimens were
heated for 2 minutes from the back side, and the black plate was used to protect the camera. The
OPTRIS PI connect software was employed to capture the IR images during the cooling process.

Results and discussions
Physical properties analysis

The total thicknesses, total weight, fiber weight fraction, and metal volume fraction (MVF) of three hybrid
laminates are displayed in Table 1. The weight of the aluminum sheet in ACPCA and CAPAC is 195 g and
196 g, respectively. Moreover, the carbon fiber mass in CPC, ACPCA, and CAPAC is 39.21 g, 40 g, and
38.21 g, respectively. The P mass in CPC, ACPCA, and CAPAC is 24.5 g, 24.8 g, and 24.45 g, respectively.
The total fiber weight fraction of hybrid FRP composite is 38%, while the hybrid FMLs is approximately
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Infrared camera Specimen

Figure 5. The setup of the infrared thermography test of hybrid composites.

Table 1. Physical properties of three hybrid laminates.

Fiber weight fraction
(%)

Total thickness Total weight Metal volume fraction
Sample (mm) (9) C P Total (%)
ACPCA 2.12 349.98 11.43 37.74 18.52 37.74
CAPAC 2.23 359.62 10.63 35.87 17.43 35.87
CPC 1.31 168.34 23.29 14.55 37.84 0

18%. The fiber weight fraction of the CPC composites is higher than that of the hybrid FMLs since CPC
lacks the A sheet that promotes the fiber’s absorption of the resin during the VARTM process.

Flexural test analysis

The material will undergo bending stress as a result of an impact. Therefore, bending characteristics
can indicate a composite’s potential impact strength characteristics (Najeeb et al. 2021). However, little
research has been done on the relationship between flexural and impact strengths of the hybrid
composites, and how FMLs and FRP composites behave differently. This research determined the
bending properties of hybrid composites through flexural tests. The flexural stress—strain curves of
three hybrid composites are displayed in Figure 6. The average flexural strength and flexural modulus
are shown in Figure 7. The results indicate that the FRP composite CPC exhibits significantly higher
flexural properties than the two hybrid FMLs, ACPCA and CAPAC. CPC’s average flexural strength
and strain is 545.07 MPa and 63.26 GPa, respectively, indicate its high flexural properties. After
reaching peak flexural stress, CPC experiences a dramatic stress reduction, indicating cracking due to
its brittleness. The CPC’s strength is derived from its fiber-reinforced structure, providing a high
strength-to-weight ratio, though it exhibits brittleness, as evidenced by a dramatic stress reduction
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Figure 6. Flexural stress—strain curves of hybrid laminates CPC, ACPCA, CAPAC.
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Hybrid CF/PALF composites

Figure 7. Flexural stress and modulus results of hybrid laminates CPC, ACPCA, CAPAC.

upon cracking. In contrast, hybrid FMLs like ACPCA and CAPAC incorporate aluminum layers,
leading to early delamination under flexural loads. This delamination is caused by stress concentra-
tions from the differing material properties between aluminum and FRP layers, resulting in separation
and reduced deformation capacity under flexural loads. The poor bonding between aluminum and
FRP further exacerbates this issue, leading to earlier failure and reduced capacity to endure deforma-
tion. These findings highlight that delamination between metal and FRP layers is a critical failure
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mode in FMLs (Wu et al. 2020; Yanyan et al. 2020), making them more rigid and less flexible than pure
FRP composites. Factors like aluminum surface treatments and resin compatibility further influence
the initiation and propagation of delamination, which should be addressed in future work.

When comparing the two hybrid FMLs, the FMLs ACPCA placing aluminum as the outer layer
demonstrates better flexural performance than CAPAC. As illustrated in Figure 6, the flexural
strength of ACPCA is 312.02 MPa, which is a 62.2% improvement compared to CAPAC, which is
192.37 MPa only. This enhancement occurs primarily because placing ductile aluminum on the
outside helps distribute stress more uniformly, absorbing energy and expanding the deformation
zone, which enables ACPCA to withstand higher flexural loads. The configuration ACPCA also
minimizes the direct exposure of brittle carbon fiber layers to stress, enhancing the overall
structural integrity of the laminate. Moreover, the outside aluminum layer in ACPCA mitigates
delamination between layers, a critical failure mode in FMLs, whereas CAPAC, with internal
aluminum, may experience more severe delamination due to weak bonding with adjacent compo-
site layers under flexural stress. These findings are consistent with research from Hynes et al.
(2022), which demonstrated that ACACA specimens that placing AA6061 plates at the outer end
have a higher ultimate breaking load of approximately 155 N compared to 120 N for CACAC
during flexural testing, and a maximum displacement of 11.10 mm compared to approximately
8 mm for CACAC.

LVI test analysis

The LVI testing aims to assess the impact damage behavior before total perforation for each
hybrid laminate. The impact energies were determined based on previous research for FRP
composites with three layers. Following Imran et al.s study (Najeeb et al. 2021), which explored
impact energies from 2 ] to 9 J for hybrid GPG composites, our experimental approach initially set
at 5 ] impact energy. At this energy level, the CPC composite already displayed noticeable
cracking, and by 10 J, it had completely failed. This indicated that further analyze at 10 ] was
redundant as the sample was already fully compromised. In order to better understand early
damage in CPC, we reduced the impact energies to 2 ] and 1 J. Consequently, the CPC composites
were subjected to impact drop height at 20 mm, 40 mm, 100 mm, and 200 mm, corresponding to
1.0J,2.07J, 5.0 ], and 10.0 J of energy, respectively. For FMLs, both FMLs did not show significant
delamination or damage at 5 J, leading us to increase the impact energy to 10 J and eventually to
15 J, where clear material failure was observed. The tests were carried out at 100 mm, 200 mm, and
300 mm drop heights for FMLs ACPCA and CAPAC, corresponding to 5.0 J, 10.0 J, and 15.0 J of
energy, respectively. This stepwise approach allowed for a detailed assessment of impact responses
and failure modes for both FMLs and CPC across various energy levels, ensuring a comprehensive
evaluation of their performance.

Comparison of peak force

The peak force (Fpear) in the force-displacement curve of a tested material is a crucial parameter,
representing the highest loading the materials can bear before failing during impact. The Fpeax of
three hybrid composites is displayed in Figure 8. The highest peak force values of ACPCA and
CAPAC were recorded at 2.71 kN and 2.29 kN, respectively, compared to CPC of 0.74 kN,
showcasing a 266.22% and 209.50% improvement in impact resistance, respectively. This is
because the aluminum sheets aid in improving impact damage resistance by metal ductile defor-
mation and lowering local damage from the point of impact. This finding aligns with other studies
that stated the enhanced impact characteristics of FMLs compared to pure FRP composites (Koh-
Dzul et al. 2023; Xiao, Sultan, Shahar, Gaff, et al. 2023; Zhang et al. 2023). In addition, the
maximum peak force of the ACPCA of 2.71 kN was 18.34% greater than the CAPAC of 2.29 kN.
As illustrated in Figure 8, the peak force value of ACPCA continues to rise with an increase in
impact energy at 5-15 J. In contrast, the peak force value of CAPAC appears at 10 ] impact energy
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Figure 8. Peak force of hybrid composites.

and decreases at 15] impact energy. This means the hybrid FMLs placing A as outer layer
withstand much higher impact energy than FMLs insert the A inside the composites because the
plastic deformation of the aluminum sheet served as the primary energy dissipation factor. Zhang
et al. (2022) also noted a similar case, and they pointed out that plastic deformation of the
aluminum layers was the primary mechanism for energy dissipation of hybrid A/C laminates.
Placing A layers on the outer surface enhanced the absorption of impact energy and mitigated the
fracture behavior of the component layers.

Comparison of force-displacement curve

Figure 9 compares force-displacement curves of the highest impact energy before perforation. The
LVI testing showed that the composite CPC can only withstand a maximum impact force of 5 ] while it
is totally broken under 10 J of impact force. Meanwhile, ACPCA and CAPAC have an impact
resistance of up to 15 J before perforation, indicating they can withstand LVI at least 200% higher
than composite CPC. Fpe.x is associated with the highest resistance point during impact in force-
displacement curves. As shown in Figure 9, the Fyc.x of ACPCA is higher than CAPAC and much
higher than CPC. In addition, the slope in the crack initiation zone of the graph represented the
stiffness property of the materials. From the comparison curve, the CPC has a significantly lower
stiffness property than the other two FMLs. This suggests that the CPC is the most brittle of the FMLs
composites due to the absence of metal layers. The open loop CPC graph supported this conclusion,
while the two other variations had rebound behavior. The open loop curve of the metal-free composite
CPC during LVT testing indicates that FMLs have better elasticity qualities than the composite CPC. In
addition, the partial rebound behavior of FMLs CAPAC means that a part of the impact force is used
for deformation in the perforation, and a portion is used for cracking and distortion in the rebound.
However, at the same impact energy of 15 J, the FMLs ACPCA still displayed fully rebound behavior.
The comparison results highlights that the FMLs incorporated with A layers have much better impact
resistance than CPC composites without A layers, and placing A as outer layers further improves
impact resistance. Xiao et al. (2024) demonstrated that the hybrid FMLs ACPCA significantly
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outperformed CPAPC, achieving 83.51% higher ILSS and 75.34% greater Izod impact strength. This
research reinforces that positioning A as the outer layer in FMLs enhances impact resistance of FMLs.

Force-displacement curve of CPC. Figures 10-12 show three variations of the LVI force-displace-
ment curve at different energy levels. As shown in Figure 10, CPC shows the rebound behavior at very
low energy 1 J and 2 J, where the applied force of CPC increased correspondingly with the
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displacement till it reached a Fp, and had a sudden force drop. The proportional increment
characteristic is due to the vibrating movement between the specimen and the impactor. The sudden
force drop is due to the high strength of the C hybrid with P. Even if the FRP composite is brittle, it can
still withstand low-impact energy. However, the force-displacement curve of the CPC composite
changed to a fully open loop because the low stiffness, and the composites almost perforated at an
impact energy of 5 J. A similar force-displacement curve pattern with P hybrid G composites (GPG)
was reported by Imran et al. (Najeeb et al. 2021). At lower impact energies, the GPG curve displays
a sharp decline in impact force after reaching its peak. At higher impact energies, the curve also
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Figure 12. Force-displacement curves of impact energy before CAPAC perforation.
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exhibits an open-loop pattern: it first drops after reaching the initial peak force and then gradually
elongated as the composite resists further penetration by the striker.

Force-displacement curve of ACPCA. For hybrid FMLs ACPCA, the force-displacement curve
(Figure 11) shows that all the composites took the rebound upon impact energy with 5-15 J, and
a greater area is covered beneath the curve as the impact energy increases. According to Imran et al.
(Najeeb et al. 2021), the area under the curve represents the deformation energy throughout the energy
recovery process. When an impactor strikes a material, energy transfers from the impactor to the
specimen, causing deformation. This deformation energy, shown by the area under the curve, is used
to overcome the material’s resistance, resulting in changes such as bending, stretching, or cracking.
Consequently, as the impact energy increases, the area under the curve also increases. From the graph,
all the samples show a linear force increment at the initial stage, then drop around 3 mm-4 mm
displacement before reaching the peak force. Matrix cracking, metal deformation, and fiber failure
usually happen in this period. This behavior mirrors the findings of Hussain et al. (2022), who
reported similar force-displacement curve patterns for their hybrid A/C/jute fiber/epoxy (ACJCA)
composites, where matrix cracking, metal deformation, and fiber failure may occurred before reaching
the peak force during LVI testing. After reaching the peak force Fjc,i, the specimen ACPCA under 5
J and 10 J shows a sharp impact force drop and then returns to the initial point. This means the
composites were fully rebound after impact without future failure. However, the specimen under 15
J impact energy has the second sharp force drop after reaching the Fpeak and then decreases somewhat
gradually with increasing displacement. These results show that 15 J is high enough to trigger more
fiber failure and delamination for ACPCA.

Force-displacement curve of CAPAC. Compared with the hybrid FMLs ACPCA, CAPAC shows
lower impact resistance. At a lower impact energy of 5 J, the same graph trend as ACPCA was observed
in CAPAC as rebound behavior. There is a linear force increment until the sharp impact force
decreases and returns to the initial point. However, the curve of CAPAC at 10 J impact energy has
a similar trend with the ACPCA at 15 J impact energy, which means the CAPAC can stand lower
impact energy than ACPCA. The reason may be because the outer layer is the leading loading of the
impact force. Placing brittle C as an outer layer lowers the stiffness of the whole composites, thus
leading to lower impact resistance. In addition, the F,c,x of CAPAC at a high-impact energy of 15 J is
lower than the Fp,c, of CAPAC at energy of 10 J. As Figure 12 illustrates, a big saw was observed in the
CAPAC curve before Fe.x at a high impact energy of 15 J. It can be inferred that under the high impact
energy, the outer C layers of CAPAC partially fails before Fc.i, thus reducing the value of F,coi. In
addition, after the Fpe.c was reached, the curve kept getting longer. It showed a gradual increase in
impact force after an apparent decline due to the resistance of the inner A layers, which keeps the
striker from perforating the composites. The curve still shows rebound behavior because the inner Al
effectively stops the striker impact. These results were also supported in A/G laminates researched by
Zhang et al. (2023), where the plastic and elastic energy account for roughly 70% of the total energy
dissipation at the beginning of LVI. In contrast, the unrecovered elastic strain energy for GF reinforced
composites only accounts for around 20% of the final stored energy. These results proved that
aluminum layers play a more significant role than FRP in FMLs, influencing the damage evolution
and rebounding processes.

Comparison of energy-time

The typical energy-time of the impact event is shown in Figure 13a. The difference between the impact
and absorbed energies subsequently determines the rebound energy in terms of rebound behavior.
Thus, there are two sections to the energy-time curve: (1) upwards to impact energy and (2) down-
ward to absorbed energy. While the remaining energy is retained as elastic energy, resulting in
a rebound, and is returned to the impactor, the absorbed energy is used for deformation. The more
absorbed energy, the more deformation happens inside the materials. If the sample were perforated or
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Figure 13. The energy-time curves of composites (a) the typical energy-time of the impact event (b) CPC composites (c) hybrid FMLs
ACPCA (d) hybrid FMLs CAPAC.

near failure, the sample would absorb all the impact energy. The energy-time curves for all three
hybrid laminates at different impact energies are shown in Figures 13b-d. The energy-time curves of
the CPC composite at 5 J (Figure 13b) demonstrate that for the near perforation, almost all the impact
energy is utilized for specimen deformation. This is consistent with the open loop curve results of the
CPC composite at 5 ] impact energy in the force-displacement curve (Figure 10), which demonstrated
that the CPC composite did not undergo rebound behavior at 5 ] impact energy, that is why the impact
energy and absorbed energy are equivalent.

Compared with the composites CPC, the FMLs ACPCA and CAPAC displayed the maximum
energy before decreasing to a constant energy under all the impact energy 5 J, 10 J, and 15 J in both
Figure 13c,d. The constant energy indicates the energy the specimens have dissipated, and the highest
peak represents the impact energy (Najeeb et al. 2021). It should be noted that at 5 J, the ACPCA and
CAPAC displayed similar energy-time curves, which had fully rebounded. Whereas the CAPAC
absorbed more energy than ACPCA at a higher impact energy of 10 J and 15 J, there is more inner
deformation, fiber failure, delamination, or other failure mechanism in CAPAC at high energy. In
addition, under a higher impact energy of 15 J, the CAPAC had a more prolonged time to reach the
peak energy than the ACPCA, averaging 10.17 ms versus 7.48 ms respectively. This displays that the
CAPAC layering sequence reduced the time needed for damage to start and spread throughout the
specimen because the brittle carbon fiber got exposed and dissipated the energy by FRP failure. These
results align with the research on C/A laminates from Zhang et al. (2022). They discovered that the
energy dissipation of FMLs with carbon fiber layers as skin sheets was mainly triggered by FRP
cracking and delamination, which showed more extensive delamination regions and more intense
breakage behavior than FMLs with A layers as skin sheets.
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Correlation between flexural and impact performance

The bending and impact performance of the three samples demonstrate a strong correlation
between their structural integrity under bending loads and their response to impact energies.
Samples that withstand bending loads well tend to show better resistance to low-energy
impacts. However, as the impact energy increases, the extent of damage under bending
loads becomes more pronounced, indicating a direct relationship between bending-induced
damage mechanisms and impact resistance. Figure 7 shows that CPC, with a flexural strength
of 545.07 MPa and a flexural modulus of 63.26 GPa, demonstrates superior bending perfor-
mance. However, despite its high bending strength, CPC exhibits a lower perforation energy of
5] and a peak force of 0.74 kN, indicating that it is less capable of withstanding high-impact
energies. This suggests that while CPC performs well under bending loads, it is prone to early
damage under impact. This aligns with the observation that CPC composites start to show
damage at 5 J impact energy, with crack propagation occurring at higher energies.

ACPAC samples show moderate bending strength of 312.02 MPa and stiffness of 38.22 GPa.
However, when evaluating its impact performance, ACPAC shows a better capacity to absorb
impact energy before perforation occurs, with a perforation energy of 15 J and a peak force of
2.71 kN. This indicates that ACPAC maintains a balance between bending strength and impact
resistance, allowing it to withstand higher impact energies compared to CPC. In addition, when
comparing the two hybrid FMLs, the FMLs ACPCA placing aluminum as the outer layer showed
better flexural performance and LVI behavior than CAPAC. CAPAC has a lower flexural stress
of 192.37 MPa and a flexural modulus of 25.85 GPa, while the flexural strength of ACPCA is
a 62.2% improvement compared to CAPAC. In terms of impact performance, CAPAC has
a perforation energy of 10 J and a peak force of 2.29 kN. CAPAC shows significant damage
at 10 J and 15 J impact energies, including more pronounced inner deformation and delamina-
tion. This aligns with its lower bending performance, placing A as the outer layer widened the
plastic zone of the FMLs, indicating that CAPAC struggles to withstand both bending and
impact loads.

In summary, the correlation between bending and impact performance suggests that samples with
higher bending strength and stiffness (CPC) tend to show better resistance to bending loads but may
not necessarily perform well under high-impact energies. Conversely, hybrid FMLs ACPAC, with
moderate bending performance, can absorb higher impact energies before significant damage occurs,
suggesting a balance between bending and impact resistance. This correlation underscores the
importance of considering both bending and impact performance in evaluating the overall durability
and suitability of composite materials.

Visual inspection

The visual inspection of hybrid composites under different impact energy is shown in Figures 14-16.
From the visual inspection, obvious cracks and delamination appeared in CPC with 5 J, ACPCA with
15 J, and CAPAC with 15 J, respectively. Thus, the maximum impact energy before perforation for
CPC, ACPCA, and CAPAC were limited to 5 J, 15 J, and 15 J, respectively.

In Figure 14, the hybrid composite CPC had no apparent visual damage under impact energy of 1
J and 2 ] because the hybrid fibers can withstand some extent of impact force. However, cracks
appeared in CPC composites along the center line (C direction) at 5 J of impact energy, and the
specimen was totally broken under 10 J impact energy. The damage feature indicated that the CPC
composites exhibited brittle fracture performance without ductile A layers. Moreover, fiber orienta-
tion significantly affects the strength and stiffness of the laminates, which can in turn influence its
impact performance. The unidirectional CF causes the resin-poor area of CPC composites, which is
why the straight vertical damaged line formed after the LVT test. Lee et al. (2018) also emphasized
layering architecture’s crucial role in determining the composite laminates’ low-velocity impact
behavior. They highlight the effect of fiber orientation in determining the direction of crack
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Figure 14. Visual inspection of impacted CPC at various impact energies.

propagation during LVI testing. These findings align with the LVI test results. The CPC composites
display an open loop in the force-displacement curve at 5 J, and almost all the impact energy is
absorbed in the energy-time curve, suggesting that the material rapidly reaches its failure point
without significant plastic deformation.

The failure evolution of hybrid FMLs ACPCA and CAPAC have different failure changes than FRP
composite CPC. For specimen ACPCA, the cracking is not observed in the impact face (top face) or
bottom face under 5 J and 10 J, but the crack appears in the bottom A layer with 15 J impact energy. In
addition, these results align with the force-displacement curve in Figure 11. The specimen fully
rebounds after impact without future failure under 5 J and 10 J. At the same time, there is
the second sharp force drop after Fyeax, which decreases somewhat gradually with increasing displace-
ment under 15 J impact energy because more fiber failure and delamination happen. The visual
damage evolution performance of the impacted CAPAC specimens also corresponds with the LVI test
results. Under 5 J impact energy, CAPAC has no visible cracks and delamination. Thus, the force—
displacement curve in Figure 13 exhibited a closed loop, representing rebound behavior. When the
impact energy increased to 10 J, visible delamination could be seen, but no crack appeared either in the
impact or bottom face. Thus, the force-displacement curve had a similar trend to the ACPCA curve
under 15 J. Until the impact energy of 15 J, the crack appeared in the center of the impact face, and
significant delamination can be seen. These results again aligned with the force-displacement curve in
Figure 13, where the curve shows rebound behavior because the inner Al effectively stops the striker
from perforating the composites. However, for CAPAC, the high impact energy result in outer C layers
crack and significant delamination, and that is why the big saw can be seen before the F,,. From these
results, the visual inspection results align with the previous research (Sharma et al. 2018), the damage
and delamination became more severe with the increase in energy impact. In addition, the different
damage evolution of hybrid FMLs ACPCA and CAPAC mainly due to the layering sequence. The
specific arrangement of these layers can significantly influence the material’s response to impact forces
because of the different mechanical properties of the metal and FRP layers, where metals typically
provide strength and toughness, while composites offer high stiffness and lower density.

Infrared thermography test

The visual inspections are still limited in the extent to which the actual extent of the damage can be
measured. In order to obtain more accurate and reliable results to evaluate the damage mechanism
during the LVI test, it is usually necessary to combine other detection methods. In this study, infrared
thermography (IR), a representative nondestructive detection method, was used to observe the
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Figure 15. Visual inspection of impacted ACPCA at various impact energy.

damaged area of three composite materials under the LVI. The images obtained from the IR test are
shown in Figure 17.
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Figure 16. Visual inspection of impacted CAPAC at various impact energy.

IR results of CPC

As illustrated in Figure 17a, no damage was captured in CPC composites subjected to 1] and 2 ] due to
the limitation of the equipment. This phenomenon indicated that the hybrid C/P composites can
absorb the impact force at lower impact energy ranges. Thus, the damage of CPC composites cannot
be captured at 1 J and 2 J in IR images. The IR results correspond with the visual inspection, as shown
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Figure 17. IR results of hybrid composites after low-velocity impact. (a) hybrid FRP CPC (b) hybrid FMLs ACPCA (c) hybrid FMLs
CAPAC.

in Figure 14. However, a horizontal straight line was observed when the CPC composites were
subjected to 5] impact energy. The infrared image reveals that the crack is situated near the impact
center on the specimen, extending along the unidirectional C direction within the composite. This
observation again aligns with the visual findings depicted in Figure 14. The longitudinal cracks
witnessed in CF-reinforced epoxy also propagated along the C direction, as previously reported by
Ma, Y. et al. (2021).

IR results of ACPCA

Figure 17b shows the damage area revolution of ACPCA under different impact energy. At 5
J impact energy, there is apparent circular local damage at the center of the specimen, which
was formed during the LVT process. In the vicinity of the impact point, other than the bright
area caused by the reflection of the aluminum alloy, no other noticeable damage features were
found. When ACPAC is exposed to 10 J impact energy, the infrared image enlarges the
circular dark area at the central point, signifying an increased scope of local damage in that
region. The IR image exhibits a significant contrast component owing to the specimen’s
varying degrees of matrix cracking, fiber breakage, delamination and deformation due to the
dissipation of energy as heat, which differ in the defect area. Figure 17b also shows three
darker lines extending from the circular damage point to the sample boundary, which are
evident. This dark triangular area results from the noticeable deformation and delamination of
the composites under LVI. Furthermore, a larger circular area and a broader triangular region
of the sample can be seen when ACPCA is subjected to 15 J impact energy, indicating
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a continued increase in internal damage, deformation, and delamination. The IR results
correspond with the force-displacement curves in Figures 11 and 12, where the severe
delamination and deformation represented by a large, abrupt drop in force, indicating
a significant loss of structural integrity.

IR results of CAPAC

The damage revolution in the hybrid FMLs CAPAC exhibits a similar trend to the ACPCA. As
shown in Figure 17c, more significant damage is induced in CAPAC by higher impact
energies. These findings also align with the visual observations in Figure 16. When exposed
to an impact energy of 5 J, it experienced concentrated damage at the center, similar to
ACPCA. The IR test shows no significant delamination and deformation, and the results are
the same as the visual inspection of Figure 16. When the specimen was exposed to an impact
energy of 10 J, the area of damage increased. It should be noted that the CAPAC did not
display the V-shape era under 10 J impact energy. The difference is that CAPAC utilized C as
outer layers while ACPCA utilized A as outer layers. When the high stiffness carbon fiber is
the outer layer of CAPAC, the outer FRP may break first and present as a barrier from further
composite deformation. As a result, the IR image of CAPAC under 10 J is not as significant as
the ACPAC image under 10 J. When subjected to 15 J impact energy, a clear view of
delamination and deformation can be seen (V-shape dark aera). These results align with the
energy-time curve in Figure 13, where the CAPAC absorbed more energy than ACPAC at
a higher impact energy.

Conclusions

In this study, we investigated the flexural and LVI behavior of three hybrid laminates (CPC,
ACPAC, CAPAC) composed of C/P reinforced epoxy. According to the reported variations in the
flexural and LVI characteristics, the hybrid FMLs demonstrated increased rigidity and superior
impact resistance compared to the FRP composite (CPC), and the hybrid FMLs ACPCA is more
resistant to impacts than CAPAC. The addition of an aluminum layer and its sequence in the
laminate significantly influenced the impact properties and flexural characteristics. In particular,
the flexural tests reveal that the hybrid fiber-reinforced polymer (FRP) composite CPC demon-
strates superior flexural properties than other FMLs, with an average flexural strength of 545.07
MPa and a strain of 63.26%. In comparison, the hybrid FMLs ACPCA exhibit intermediate
flexural strength (312.02 MPa) among the three laminates, showing a 62.2% improvement over
the FMLs CAPAC (192.37 MPa). From LVI test results, adding A layer as skin sheets of the
composite (ACPCA) demonstrates a 266.22% higher Fp.. (2.71 kN) value than CPC (0.74 kN). At
a high impact energy of 15 J, the outer CF layers failed prior to the Fp.., which means the
CAPAC absorbed more energy than the ACPCA and produced a partial rebound in the force-
displacement curve for the CAPAC, while a full rebound curve for the ACPCA. The LVI test
results are almost aligned with the visual inspection and the IR technique. It was shown that CPC
cannot capture apparent damage with the naked eye and IR technology at low energy impact,
while at high energy 5 J, penetrating cracks along the fiber direction are directly observed. The
damage range of FMLs grows with the increase of impact energy and shows V-type damage at
higher energy levels, indicating that more severe delamination occurs there.

In conclusion, from a cost-effectiveness perspective, the P used in this research, sourced from agricul-
tural waste, offers a more economical and environmentally friendly alternative to fully synthetic fiber-
reinforced laminates. Additionally, low density of P results in lower energy consumption and further cost
savings. This research highlights the importance of considering both bending and impact performance
when evaluating the structural integrity and durability of composite materials. The results of this study
suggest that the hybrid FMLs ACPAC, which balance bending and impact resistance, could be beneficially
utilized in automotive applications requiring high rigidity and impact resistance, such as car bumpers and
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door panels. However, a significant limitation of the study is the issue of delamination in hybrid FMLs,
which can impair their flexibility and impact properties, reducing practical effectiveness. Future research
should focus on preventing delamination to improve the performance and economic viability of these
laminates.
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Highlights

(1) The impact failure behaviors of three hybrid laminates based on carbon fiber (C)/pineapple leaf fiber (P) were
researched through a low-velocity impact (LVI) test.

(2) The effect of the addition of aluminum (A) and A layer position in all hybrid laminates were investigated by flexural
test, peak force, force-displacement curves, energy-time curves, visual inspection, and infrared thermography (IR)
tests.

(3) The results highlight that the hybrid FMLs ACPCA can be used in automotive applications where impact resistance
is critical, such as the car bumper and door panels.
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