ey Taylor & Francis
Taylor & Francis Group

Journal of Natural Fibers

ISSN: 1544-0478 (Print) 1544-046X (Online) Journal homepage: www.tandfonline.com/journals/wjnf20

High Velocity Impact Response and Damage
Analysis of Hybrid Aluminum/Carbon Fiber/
Pineapple Leaf Fiber Laminates for Automotive
Structure Using TOPSIS Method

Hanyue Xiao, Mohamed Tharig Hameed Sultan, Farah Syazwani Shahar,
Suhas Yeshwant Nayak, Muhammad Imran Najeeb, Siti Madiha Muhammad
Amir & Sapizah Rahim

To cite this article: Hanyue Xiao, Mohamed Tharig Hameed Sultan, Farah Syazwani Shahar,
Suhas Yeshwant Nayak, Muhammad Imran Najeeb, Siti Madiha Muhammad Amir & Sapizah
Rahim (2025) High Velocity Impact Response and Damage Analysis of Hybrid Aluminum/
Carbon Fiber/Pineapple Leaf Fiber Laminates for Automotive Structure Using TOPSIS Method,
Journal of Natural Fibers, 22:1, 2445583, DOI: 10.1080/15440478.2024.2445583

To link to this article: https://doi.org/10.1080/15440478.2024.2445583

A
© 2025 The Author(s). Published with h View supp|ementary material &
license by Taylor & Francis Group, LLC.
@ Published online: 03 Jan 2025. Submit your article to this journal &
3 . A
il Article views: 1215 h View related articles &'
@ View Crossmark data (& @ Citing articles: 1 View citing articles (&

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journallnformation?journalCode=wjnf20


https://www.tandfonline.com/journals/wjnf20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/15440478.2024.2445583
https://doi.org/10.1080/15440478.2024.2445583
https://www.tandfonline.com/doi/suppl/10.1080/15440478.2024.2445583
https://www.tandfonline.com/doi/suppl/10.1080/15440478.2024.2445583
https://www.tandfonline.com/action/authorSubmission?journalCode=wjnf20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=wjnf20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/15440478.2024.2445583?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/15440478.2024.2445583?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/15440478.2024.2445583&domain=pdf&date_stamp=03%20Jan%202025
http://crossmark.crossref.org/dialog/?doi=10.1080/15440478.2024.2445583&domain=pdf&date_stamp=03%20Jan%202025
https://www.tandfonline.com/doi/citedby/10.1080/15440478.2024.2445583?src=pdf
https://www.tandfonline.com/doi/citedby/10.1080/15440478.2024.2445583?src=pdf
https://www.tandfonline.com/action/journalInformation?journalCode=wjnf20

JOURNAL OF NATURAL FIBERS Tavior &F .
2025, VOL. 22, NO. 1, 2445583 aylor e Francis
Taylor & Francis Group

https://doi.org/10.1080/15440478.2024.2445583

8 OPEN ACCESS L. Checkforupdates‘

High Velocity Impact Response and Damage Analysis of Hybrid
Aluminum/Carbon Fiber/Pineapple Leaf Fiber Laminates for
Automotive Structure Using TOPSIS Method

Hanyue Xiao**, Mohamed Thariq Hameed Sultan <4, Farah Syazwani Shahar?,
Suhas Yeshwant Nayake, Muhammad Imran Najeeb', Siti Madiha Muhammad Amirs,
and Sapizah Rahim?

2Department of Aerospace Engineering, Faculty of Engineering, Universiti Putra Malaysia, Serdang, Selangor Darul
Ehsan, Malaysia; ®School of Intelligent Manufacturing and Automobile, Chongging College of Electronic Engineering,
Chonggqing Polytechnic University of Electronic Technology, Chong Qing, China; “Laboratory of Biocomposite
Technology, Institute of Tropical Forestry and Forest Products (INTROP), Universiti Putra Malaysia, Serdang, Selangor
Darul Ehsan, Malaysia; “Aerospace Malaysia Innovation Centre (944751-A), Prime Minister's Department, MIGHT
Partnership Hub, Cyberjaya, Selangor Darul Ehsan, Malaysia; °Department of Mechanical and Industrial Engineering,
Manipal Institute of Technology, Manipal Academy of Higher Education, Manipal, Karnataka, India; ‘Department of
Engineering Education, Faculty of Engineering and Built Environment, Universiti Kebangsaan Malaysia, Bangi,
Malaysia; %Industrial Technology Division, Malaysian Nuclear Agency, Kajang, Selangor, Malaysia

ABSTRACT KEYWORDS

With the rising demand for lightweight and high-performance materials in Pineapple leaf fiber; fiber
automotive applications, this study examines the high-velocity impact (HVI) metal laminates; TOPSIS;
behavior and damage mechanisms of fiber metal laminates (FMLs) com- high velocity impact test;
posed of aluminum (A), carbon fiber (C), and pineapple leaf fiber (P). Using 2utomotive application
the Technique for Order Preference by Similarity to the Ideal Solution 35T

(TOPSIS), we identified the optimal FMLs from four layer sequences ER LY Y4 R R
(APPPA, ACPCA, APCPA, and CPAPC). The best-performing FML, ACPCA, JEAR; il e, 14
was tested at various impact velocities (73.33 m/s, 86.08 m/s, 92.33 m/s, VA

101.35m/s, 132.96 m/s, and 144.27 m/s). Damage modes and failure were

analyzed through visual inspection, infrared thermography (IR), radiography

testing (RT), and scanning electron microscopy (SEM). Results showed that

the ACPCA specimen absorbed all impact energy up to 92.33 m/s without

complete perforation but was fully penetrated at higher velocities. The high-

est energy absorption recorded was 29.74 J at 132.96 m/s, with a specific

energy absorption (SEA) of 76.49%. Given their exceptional energy absorp-

tion capabilities, hybrid FMLs demonstrate excellent potential for automo-

tive applications, such as door panels, roof structures, bumpers, and vehicle

armor, where impact resistance, durability, and lightweight properties are

critically important.
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Introduction

In the automobile industry, manufacturers have been exploring lightweight materials to meet fuel
economy standards and customer demands, driven by emission reduction regulations and energy-
saving strategies (Khalid et al. 2021). FMLs represent a typical hybrid material offering significant
advantages in performance and weight reduction compared to traditional metallic automotive materi-
als. FMLs combine ductile metal layers with high-strength synthetic fiber-reinforced polymer (FRP)
layers, providing superior mechanical properties such as enhanced damage tolerance and impact
resistance, crucial for both aerospace and automotive applications (Ding et al. 2021; Vasiliev and
Morozov 2018). In addition, a rising awareness of the sustainable development has prompted
increased interest in eco-friendly automotive materials (Mattsson, Hansson, and Cedervall 2015;
Wang et al. 2020). Consequently, this heightened ecological consciousness has encouraged researchers
to explore alternative sources of natural fibers as substitutes for synthetic fibers in FRP composites
because of their outstanding properties, including low density, abundant availability, cost-
effectiveness, ease of processing, and biodegradability. Depending on their origin, natural fibers are
categorized as animal fibers or plant fibers, the latter primarily composed of cellulose, hemicellulose,
lignin, pectin, wax, and moisture. There are many types of natural fibers include cotton, flax, hemp,
pineapple leaf, jute, etc., used as reinforcements in polymer matrices. Studies have demonstrated that
natural fibers hold significant promise for use in natural fiber metal laminates composites (NFMLs)
and as replacements to artificial fibers (Germano et al. 2023; Ng et al. 2023). Researchers have shown
that certain NFMLs materials can achieve comparable mechanical performance to traditional materi-
als with the added benefit of reduced weight and environmental sustainability (Sahu and Gupta 2020;
Selvaraj, Maneengam, and Sathiyamoorthy 2022; Vinod, Sanjay, and Siengchin 2023).

However, single fiber has their own limitations, such as the high price and non-biodegradable of
synthetic fibers, and the lower environment resistance of natural fibers. To mitigate these effects,
hybridization is a considerable method that would minimize their drawbacks, combines their advan-
tages, improves the fiber — matrix bonding, and enhances material stability under varying environ-
mental conditions (Dadej and Bienia$§ 2020; Ravi et al. 2022). Numerous studies have shown that
hybrid synthetic fibers with abundantly available natural fibers offer superior properties compared to
single fiber composites. Murugu et al. (2021), showed that hybrid glass fiber (GF)/hemp fiber (HF)
reinforced polymers can be utilized for automobile body materials, exhibiting greater impact perfor-
mance than single GF-reinforced composites, potentially reducing harm to drivers in accidents.
H. Xiao et al. (2023) hybrid pineapple leaf fiber (PALF) with carbon fiber (CF) into FMLs, finding
that the hybrid composites have intermedium mechanical performance between fully C-reinforced
composite and fully P-reinforced composites. Chee et al. (2019) developed hybrid composites using
bamboo, kenaf, and epoxy. Their findings indicated that a 50:50 blend of bamboo and kenaf provided
a fair mix of environmental impact resistance and biodegradability. Bisheh (2024) explored hybrid
combinations of bamboo fiber (BF) with Kevlar fiber (KF), CF, and/or GF for automotive shafts,
concluding that hybrid bio/synthetic fiber-reinforced composites provided better solutions meeting
design criteria with lower weight and cost for automobile components. Specifically, BF/CF hybrids led
to the lightest structures when lightweight was paramount, and hybrid BF/GF results in the cheapest
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structures if the cost is the primary consideration. In total, these studies indicate that hybrid fibers can
alleviate the limitations of single fibers by balancing the mechanical performance, environmental
resistance, biodegradability, and cost that can be widely used in various applications, such as aero-
space, automotive, shipping, and so on (Ahmadijokani et al. 2020; Lawrence, Oguamanam, and
Bougherara 2022).

Impact test is indispensable for automotive materials to ensure they can withstand severe forces and
maintain structural integrity, ultimately enhancing safety and reliability. FMLs usually display excel-
lent impact resistance because of the combination of ductile metal layers and high-strength FRP
composites (Olhan, Khatkar, and Behera 2022; Sharma et al. 2021; Vieira et al. 2022). HVI testing is
a typical method to evaluate the materials performance under intense and rapid impacts, such as those
encountered during ballistic events or severe crashes. These tests involve striking a specimen with
high-speed bullets or impactors to simulate extreme conditions. The primary focus of HVI testing is to
assess the material’s ability to absorb and dissipate energy, as well as its resistance to penetration or
fracture under high-velocity impacts. HVI on composites generally occurs at velocities above 10 m.s™".
Such impacts can cause extensive visible damage and even complete destruction of the component.
Penetration by HVI bullets can cause the immediate injury or death of crewmembers due to the kinetic
energy of their fragments, heat, light flash, and over-pressurization. Meanwhile, low-velocity impacts
below 10 m.s™" which may generally occur during maintenance or servicing of components, may go
unnoticed due to the microscopic nature of damage (Stephen et al. 2022). Such barely visible impact
damage causes severe deterioration to the strength and impact resistance of composites and thus, it is
necessary to be investigated along with the HVI behavior of the composites.

After mechanical testing, observing specific types of damage mechanism is vital while determining
the mechanical properties of the hybrid bio/synthetic FMLs. For FMLs, one of the failure mechanisms
is presented as delamination. Many researches have shown that the primary reason for FMLs failure is
the delamination between the metal and FRP layers (Gardner et al. 2022; Khan and Sharma 2022). The
service life of composite structures is often limited by delamination, which lowers their stiffness and
strength. Inter-layer delamination is another common type of damage experienced by laminate
composites (Monetto 2019). The displacement of broken and undamaged fibers and interlaminar
cracks results in inter-layer debonding between adjacent plies (Vasiliev and Morozov 2018).
Additionally, matrix crack is also a critical factor affecting the results of composite materials’ failure
(Chiachio et al. 2016). Matrix crack occurs when the stress on the material surpasses the threshold,
causing the matrix material between the fibers to break or causing fibers to separate from the matrix.
Matrix microcracks may also trigger global delamination zones around the free edges of the quasi-
isotropic or angle-ply laminates (Zubillaga et al. 2015). Besides delamination and matrix crack,
researches have shown that composites may also experience fiber failure (pull-out and breakage)
after tensile and impact testing (Najeeb et al. 2021). Damages start from fiber fracture, causing
stretching along with bending, and ultimately leading to fiber failure.

There already have a lots of researches on the HVI behavior of FMLs, and the impact resistance
varies depending on factors such as fiber/matrix type, layering sequence, layer thickness, and
interfacial bonding (Andrew et al. 2019). Liu, Zhang, and Ye (2017) studied the HVI properties of
sandwich structured materials with an aluminum (Al) foam core and outer FMLs layers made by
Al sheets and woven GF layer. They found that increasing the thickness of the outer FMLs layers
significantly improves the energy absorption of the composite. Sharma et al. (2021) studied the
HVI performance of titanium (Ti)/GF FMLs, emphasizing the critical role of metal layer thickness,
with thicker metal layers displaying greater crack resistance than other FMLs. At impact energies
of 30 J and 90 J, FMLs [Ti/GF/Ti/GF,/Ti/GF/Ti] with 0.3 mm Ti layers showed 30% and 10%
higher damage degree than FMLs [Ti/GF4/Ti] with 0.6 mm metal layers, respectively. Sangsefidi
et al. (2021) studied the HVI performance of sandwich-structured FMLs Al/GF/Al with different
numbers of FRP layers, and they found that increasing the number of FRP plies led to greater
permanent deformation of non-rigid projectiles. Furthermore, the amount of crushing failure,
fiber breakage, debonding and delamination area, and permanent deformation of the rear
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aluminum facing plate also considerably increased with the increased layers. In addition, some
studies have explored the influence of bullet types used in HVI testing. Q. Zhu et al. (2019)
researched the ballistic performance and damage characteristics of FMLs reinforced by Al/CF
under HVI with different bullets shapes. They identified principal failure mechanisms such as
shear failure on the front Al layer, tensile failure on the back Al layer, and both tensile and shear
fiber failures in the FRP when using flat-headed bullets. Sharp-nosed bullets, similar to hemi-
sphere-nosed bullets, resulted in plug formation on the front Al layer, with predominant extrusion
tensile failure on the back, accompanied by some fiber breakage and debris.

According to these researches, selecting the best laminate from the available resources is a challenge
because of the numerous factors influencing FMLs, such as material types, composite structures, layer
sequences, hybridization, manufacturing processes, density, and cost. Thus, various analytical meth-
ods are recommended to facilitate appropriate materials selection. The TOPSIS is a powerful multi-
criteria decision analysis method developed by Hwang and Yoon in 1981 (Abdel-Basset et al. 2024). It
is premised on the concept that the optimal alternative is the one that falls closest to the Positive Ideal
Solution (PIS) and furthest from the Negative Ideal Solution (NIS) (Nadeem et al. 2023). These ideal
solutions encapsulate the best and worst values of achievable criteria, respectively. In the realm of
decision-making tools, TOPSIS distinguishes itself through its systematic approach in assessing
alternatives based on a multitude of attributes, thereby generating a comprehensive score for each
alternative. Several key attributes contribute to its prominence, including its rapid identification of the
best alternative, computational efficiency, and the capacity to quantitatively measure the relative
performance of each alternative. Furthermore, TOPSIS provides flexibility in defining the choice set
and its computational process is simple enough to be easily integrated into a spreadsheet. Its logical
framework mirrors the human decision-making rationale, particularly beneficial in intricate decision
scenarios like material selection (Jha et al. 2022). It enables a holistic view where the influence of each
attribute is considered in relation to others, allowing for direct or inverse compensation of one
attribute by others (Almomani et al. 2024; Arredondo-Galeana et al. 2023; Pang et al. 2024).
Consequently, this integrated approach makes TOPSIS a suitable technique for complex multi-
criteria material selection.

This research contributes to the field by introducing a simple approach to the design and selection
of FMLs, conducting comprehensive evaluations of their HVI behavior for automotive applications.
Specifically, we integrated the TOPSIS to methodically select the optimal stacking sequence from four
configurations of FMLs Al/CF/PALF. This selection aims to balance lightweight properties and
mechanical performance, considering critical factors including density, hardness, tensile, flexural,
ILSS, and Izod. The selected hybrid FMLs underwent HVI testing, and the visual inspection, non-
destructive test (NDT) including infrared thermography (IR), radiographic testing (RT), and scanning
electron microscopy (SEM) were used to observe the damage behavior. The previously unexplored
hybrid FMLs Al/CF/PALF not only offer promising mechanical performance but also present new
possibilities for applications in the automotive industry, as it incorporates PALF which are lightweight,
eco-friendly, and biodegradable.

Materials and experimental methods
Materials

Aluminum 6061 - T6 sheets with 0.4 mm thickness were supplied by Mechasolve Engineering
Company (MSEB). The circular holes of diameter 1 mm were drilled in an Al sheet at a pitch distance
of 75 mm by water jet cutting. Given that anodizing can remarkably enhance the adhesion between the
Al and FRP layers, the Al sheets were systematically subjected to mechanical exposure, alkaline
etching, and anodizing to establish robust interfacial bonding between the Al and FRP layers
(Khalid, Rashid, and Sheikh 2021). The woven PALF fabric and unidirectional CF fabric were also
sourced from MESB, with an areal density of 315 gsm and 210 gsm, respectively. The set of epoxy resin
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(EpoxAmiteTM 100 and the slow hardener EpoxAmiteTM 103) was provided by Smooth-On com-
pany. The slow-curing hardener is used to ensure thorough resin impregnation and to mitigate
thermal stresses and potential material distortion during the VARTM process.

FMLs fabrication

By use of the VARTM process, the selected FMLs were manufactured into a size of 300 x 300 mm. The
VARTM setup included a mold, sealant tape, a peel ply, an infusion mesh, a vacuum bag, a resin
container, a vacuum pump, an intake and outlet tube. After cleaning the surface of the glass mold with
acetone to remove impurities and debris, three coatings of wax were applied to the mold and allowed
to cure for at least 20 minutes before being wiped off. Following that, the hybrid layers were put on the
mold in the design order, followed by a layer of peel ply and another layer of infusion mesh over the
materials. Finally, the VARTM mold is sealed with a flexible polyethylene vacuum bag that covers the
plies. The resin infusion procedure was started by mixing the epoxy and the hardener in a 100:28.4
weight ratio. When the resin is ready, it is immediately transported inside the resin storage tank and
linked to the inlet tube for resin infusion. The composite curing procedure takes least 24 hours at room
temperature.

Topsis method

TOPSIS method is used to assign ranks to samples according to the criteria (performance) score of the
data. The criteria for the materials selection, from the finest to the worst materials, have been created
for automotive applications. By using TOPSIS method, materials will be analyzed and ranked
accordingly, and then the materials are prioritized based on TOPSIS method ranking, so that best
and suitable material can be identified. The TOPSIS solution technique includes the subsequent steps
(Chee et al. 2019; Ding et al. 2021; Mattsson, Hansson, and Cedervall 2015; Sahu and Gupta 2020):

Step 1: Formulate a decision matrix according to the criteria for the ranking. The typical matrix
format is shown as the following:

C G - G,
Ay | X1 X12 -0 Xia

D= A2 | X X - X (1)
Am Xml Xm2 """ Xmn

Where A}, A,, ., A, are the viable alternatives from which the decision makers have to choose, C;, C,,
.» C, are the criteria by which the alternative performance is measured, Xj; is the qualification of the
alternative A; with respect to the criterion C;.

Step 2: Normalization standardizes the values across different criteria, preventing biases due to
different measurement scales or units. This ensures that each criterion contributes equally to the
evaluation process. Normalize the given decision matrix according to the following Equation 2.

rij . .

nijzﬁ,lz1,2,....1‘1’17]:1,2,...‘11. )

mr;;

Step 3: Weighted normalized decision matrix: After normalization, the weighted decision matrix
incorporates the relative importance or weight of each criterion in the decision-making process. The
weight criteria (W) associated with each column determine the importance of the weights of the
attributes. This research utilized the mean weight method as Equation 3 (Ardil 2021). The mean
weight is based on the assumption that all criteria are of equal importance when there is not enough
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information available to reach a decision. The weighted normalized decision matrix according to the
following Equation 4.

Wy 3)

Where, n = number of value in the samples
Vi=nmwji=12,...mj=12,...n (4)
Step 4: Determine the positive and negative ideal solution as follows:

Vp ={V{, V), Vi = {(maxiVy/iEK), (min; Vi /iEK') [i = 1,2,-- -, m} (5)

Vn={V,Vy, -, V, } = {(min;V;;/j€K), (max;V;;/jEK') [i = 1,2,-- -, m} (6)

Where, K = index set of the positive criteria

K’ = index set of cost the negative criteria

Step 5: Determining distance as of the positive ideal solution (Vj*)and negative ideal solution (V;),
and calculate the segregation using the 3D Euclidean distance n. The positive ideal solution shows the
best possible performance for each criterion by taking the highest values across all alternatives.
Conversely, the negative ideal solution represents the worst possible performance by taking the lowest
values across all alternatives for each criterion. The positive and negative ideal solutions play crucial
roles in determining the optimal choice among alternatives based on multiple criteria. The separation
of each alternative provides the ideal solution and the ideal negative solution. The two Euclidean
distance for each alternative are calculated as follows:

n 2
=1
n 2
S:: Z(Vl—vji)leazanalzlvzvvm (8)
j=1

Step 6: Find the relative closeness (C;) to the ideal solution according to Equation 9. The C; value closer
to the positive ideal solution and farther from the negative ideal solution, thus ranking higher in
preference.
S .
Ci:ﬁ71:1727“'m;0§Ci§1 (9)
ST +S;

Step 7: Ranking of alternatives: rank the variable importance according to performance scores. The
highest value of C; is ranked as the most important variable, and the lowest value is ranked as the least
important variable.

HVI test

The HVI tests were performed on the composites using a range of impact energies until the complete
perforation of the composite, therefore the specific perforation energies were obtained from the
composites considered in this research. The tests employed a sharp-nosed steel bullet measuring
8.5 mm in diameter, 13 mm in overall length, and weighing 5 g. The sharp-nosed steel bullet is chosen
for its superior penetration capabilities and displays a pronounced phenomenon of local extrusion
perforation (Q. Zhu et al. 2019), making it an optimal choice for evaluating the impact resistance of
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materials. Specimens for the HVI tests were prepared in a square shape with sizes of 100 mm x 100 mm.
Any debris or foreign materials adhering to the samples after impact testing were carefully removed. The
plate samples were clamped onto a steel support and bolted into a steel block at each corner.

The tests were conducted using a gun tunnel system of 365 mm length and a bore of 20 mm in the
Ballistic lab, Department of Aerospace Engineering, Universiti Putra Malaysia, Malaysia. A schematic
illustration of the compressed gas gun set-up is shown in Figure 1. The helium gas which generated
from the gas cylinder was sent to the pressurizing chamber. By adjusting the pressure control system
settings, bullets were pressurized and accelerated horizontally through the gas gun tunnel into the
impact chamber, achieving different impact velocities (V;). A high-speed camera, capable of recording
at 40,000 frames per second (fps) with an image size of 512 pixels per image (ppi), was positioned
alongside the specimen and connected to a computer. This setup enabled precise measurement of the
bullet’s initial velocity (V;) and the corresponding residual velocity (V). Figure 2 displays images of
the test setup.

A considerable number of studies initiate HVT tests for FMLs and carbon fiber reinforced polymers
at an approximate velocity of 70 m/s (Pernas-Sanchez et al. 2023; Sharma et al. 2021). Considering that
this speed aligns with the equipment’s minimum pressure setting of 2 bar (a velocity around 70 m/s), it
was selected as the baseline for this experiment. Accordingly, six impact velocities of hybrid FMLs (2
bar, 3 bar, 4 bar, 5 bar, 7 bar, and 9 bar) were considered in ascending order for this study. The impact
velocities of the bullet before and after penetration of the composites were recorded. The energy
absorption of the hybrid FMLs was calculated using the Equation 10 (Stephen et al. 2022), which
quantifies the energy absorbed by the FMLs as the difference between the initial kinetic energy of the
projectile and its residual kinetic energy after passing through the FMLs. For better understanding of
the impact response of the FMLs composites, the specific energy absorption (SEA) was calculated
using the Equation 11 (Boursier, Ciardiello, and Tridello 2022). SEA provides information on the
absorbing capability efficiency and is crucial to the development of components that require weight
reduction, such as in automotive or aerospace applications (Esnaola et al. 2016).

1
E, zim(v,,2 - V7, (10)
Where E, = energy absorption by materials (J),

m = mass of projectile (kg).
The SEA was obtained from Equation 11:

E
E, = M“ (11)
Air flow Gas cylinder
e O
Pressure  Pressurizing I
/7 Bullet Gas gun tunnel control system  chamber
el
Bullet
capture
surface Specimen

High speed camera Computer

Figure 1. Schematic illustration of compressed air gun set up used for HVI test.



8 H. XIAO ET AL.

Pressure Pressurizing fee
control system chamber [

— " | :
High speed Impact)jwamber ===R}8 Bulletcapture gpecimen
—\ : 2

camer?-; surface /

V.

Bullet inlet ﬁa
‘ Ry

¢ Lighter= |

\ )

\ =)

Figure 2. Experiment HVI test facility set-up.

Where E, = energy absorption by materials (),
M = mass of the plate (g)

NDT test

To accurately assess the damage mechanisms of FMLs ACPCA following HVI testing, it is
essential to employ complementary detection methods. In this study, we combined IR and RT
to examine the damage inflicted upon hybrid FMLs ACPCA under various HVI conditions.
After HVI testing, IR is employed to scan the material’s surface and detect different thermal
signatures in areas with internal damage compared to undamaged regions (J. Zhu et al. 2022).
RT provides real-time, high-resolution imaging that enables precise measurement and evalua-
tion of damage, offering critical information for assessing the structural integrity of the
material (Nsengiyumva et al. 2021). For IR testing, temperature variations on the specimen
surface were monitored using an infrared camera, specifically, the OPTRIS PI 640i (Germany),
operating at a frame rate of 60hz. Heat lamps (max power 500 W) as external stimulus
sources were employed, providing adequate thermal contrasts. The heat lamps were positioned
40 cm from the specimen, and the infrared camera was stationed at a fixed distance of 100 cm
from the specimen. RT involved the use of X-rays, which penetrated the test piece to identify
defects. RT was employed for image processing, utilizing a Digital Detector Array operating at
80 kV. The source-to-detector system was configured at a distance of 700 mm. All the speci-
mens were analyzed from both impact and bottom sides. The OPTRIS PI software was
employed to capture IR images, while the ISee software facilitated the analysis of the RT
images.
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SEM test

SEM plays a crucial role in examining the surface topography of materials, providing detailed insights
into damage mechanisms and structural integrity. The SEM was employed to examine the surface
topography of the FMLs after HVT test, providing a detailed analysis of damage mechanisms induced
by the impact. The samples for SEM analysis were prepared by cutting the impacted FMLs into small
sections measuring 1 mm x 1 mm. These samples were then meticulously prepared for SEM examina-
tion. To enhance the resolution and contrast of the SEM images, the cross-section and fractured
surfaces of the FMLs were sputter-coated with a thin layer of gold prior to each analysis. The SEM
analysis was performed using a JEOL JSM-6400 scanning electron microscope.

Results and discussions
TOPSIS results

In order to balance the weight and mechanical properties of FMLs for potential automotive applica-
tions, the TOPSIS method was utilized to select the optimal laminate among four FMLs. In this
research, the decision-making criteria are obtained from the tensile, flexural, ILSS, Izod impact
strengths, hardness, and density of the FMLs. A decision matrix detailing these properties is presented
in Table 1 (Jha et al. 2022). From Table 1, we can conclude that the specimen ACPCA exhibits the best
mechanical performance among other layer sequences of FMLs. Specifically, ACPCA shows the
highest tensile strength (408.44 MPa), which is crucial for resistance to elongation. Additionally,
ACPCA also exhibits the highest flexural strength (360.54 MPa), indicating superior resistance to
bending. The interlaminar shear strength is highest in ACPCA (24.04 MPa), suggesting better bonding
between layers. Moreover, ACPCA demonstrates the highest impact strength (171.43 kJ/m?), indicat-
ing superior impact resistance. ACPCA also shows the highest hardness (25.99 hR), indicative of better
surface resistance. However, from a weight saving perspective, CPAPC has the lowest density (1.36 g/
cm?), which is advantageous for weight reduction in automotive applications.

All the elements are normalized by Equation 2, with the normalized values facilitating comparison
by standardizing all criteria onto a common scale. The normalization matrix is presented in Table 2,
where ACPCA consistently exhibits the highest normalized values across most criteria, emphasizing
its overall superiority. Table 3 shows the normalized weighted decision matrix, which incorporates

Table 1. Decision matrix of hybrid FMLs.

Density
Tensile strength Flexural strength ILSS Izod impact strength Hardness (9/
FMLs (MPa) (MPa) (MPa) (kJ/m?) (HR) cm’)
APPPA 115.78 136.01 12.89 107.42 19.50 148
standard deviation 3.68 8.03 0.73 6.14 1.18 0.06
APCPA 246.77 229.22 19.04 123.88 22.50 1.66
standard deviation 10.13 14.79 0.63 10.01 134 0.06
ACPCA 408.44 360.54 24.04 171.43 25.99 1.80
standard deviation 12.97 43.04 0.03 20.48 1.71 0.05
CPAPC 294.16 156.33 131 97.77 24.26 1.36
standard deviation 9.61 29.49 1.01 0.17 0.81 0.02
Table 2. Normalized decision matrix.

Density
FMLs Tensile strength (MPa) Flexural strength (MPa) ILSS (MPa) Izod impact strength (kJ/m? Hardness (HR) (g/cm3)
APPPA 0.169 0.200 0.198 0.198 0.197 0.384
APCPA 0.360 0.337 0.292 0.229 0.227 0.431
ACPCA 0.596 0.530 0.369 0316 0.262 0.467
CPAPC 0.429 0.230 0.201 0.180 0.245 0.353
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Table 3. Normalized weighted matrix.

Density

FMLs Tensile strength (MPa) Flexural strength (MPa) LSS (MPa) Izod impact strength (kJ/m?) Hardness (HR) (g/cm3)
APPPA 0.028 0.033 0.033 0.033 0.033 0.064
APCPA 0.060 0.056 0.049 0.038 0.038 0.072
ACPCA 0.099 0.088 0.061 0.053 0.044 0.078
CPAPC 0.072 0.038 0.034 0.030 0.041 0.059

Table 4. Positive and negative ideal solution.

Flexural Izod impact Density

FMLs Tensile strength (MPa) strength (MPa) ILSS (MPa) strength (kJ/m?) Hardness (HR) (g/cm3)
Ideal solution 0.099 0.088 0.061 0.053 0.044 0.059
Negative solution 0.028 0.033 0.033 0.033 0.033 0.078

Table 5. Euclidean distance as of ideal solu-
tion or the lowest point solution.

FMLs st s

APPPA 0.097 0.014
APCPA 0.056 0.044
ACPCA 0.019 0.097
CPAPC 0.067 0.049

criteria weights determined using the mean value method (Ardil 2021). Subsequently, the positive and
negative ideal solutions were identified and summarized in Table 4. According to the results from
positive and negative ideal solution, the two Euclidean distance for each alternative are calculated as
shown in Table 5. The Euclidean distance results indicated that the ACPCA is closest to the ideal
solution and farthest from the negative solution, validating its selection as the optimal configuration.
Finally, the relative closeness (C;) values were calculated , and the ranks of alternatives are summarized
in Table 6. The ranking order is ACPCA - APCPA - CPAPC - APPPA, suggesting that the hybrid
FMLs ACPAC are the most preferred FMLs with the maximum value of C; based on the six criteria
evaluated, while A/P/P/P/A ranks last with the lowest value (0.126), indicating it is the least preferred.

From TOPSIS results, despite having a slightly higher density, ACPCA offers a balanced profile of
weight and mechanical properties, which is critical for automotive components where performance
cannot be compromised. While CPAPC offers a lower density advantageous for weight reduction, it does
not surpass ACPCA in mechanical properties. Thus, the CPAPC may be suitable for applications
prioritizing weight reduction over mechanical strength. APCPA strikes a balance but falls short
compared to ACPCA. APPPA exhibits lower mechanical values affecting its rank, despite a decent
density. The high rankings of ACPCA underscore the importance of tensile strength, flexural strength,
and impact resistance in automotive applications, where mechanical robustness is paramount.
Therefore, for applications requiring robust mechanical strength and impact resistance, ACPCA
emerges as the preferred choice. In conclusion, the TOPSIS method has effectively highlighted
ACPCA as the superior FMLs for automotive applications due to its high performance across all key

Table 6. The rank and the relative closeness
(C) to the ideal solution.

FMLs ¢ Rank
APPPA 0.126 4
APCPA 0.440 2
ACPCA 0.836 1
CPAPC 0.422 3




JOURNAL OF NATURAL FIBERS (&) 11

mechanical criteria, despite having a slightly higher density. Looking ahead, ACPCA sets a benchmark,
motivating future designs to match or exceed its properties while exploring avenues to reduce density.

High velocity impact test results

The experimental HVI test results are presented in Table 7, and the post-impact images captured by
the high-speed camera during these tests are presented in Figure 3. From the results, the ACPCA
specimen is considered to have absorbed all the impact energy under 4 bar. Specifically, the hybrid
ACPCA specimen effectively stopped the sharp-nosed steel bullet by use of 2 bar (73.33 m/s) and 3 bar
(86.08 m/s), where the bullet totally rebounded after impact. At 4 bar (92.33 m/s), the specimen halted
the bullet without complete perforation. However, it can be seen in the post-impact video that the
bullet rebounds slowly post-impact, following a gradual parabolic descent at 92.33 m/s. The findings
indicate that this velocity of bullet approaches the ballistic limit of specimen ACPCA. The ballistic
limit is defined as the highest impact velocity at which a bullet does not penetrate the specimen.
Additionally, from Table 7, it is evident that the Ea value increased as the impact velocity increased
before sample penetration, and the SEA value also increased from 34.64% to 54.81%.

Under the higher impact velocity (101.35m/s, 132.96 m/s, and 144.27 m/s), all specimens were
completely penetrated during impact, resulting in impact debris and left behind a hole at the impact
zone. At 101.35m/s, the energy absorbed by ACPCA is nearly the same as that under an impact
velocity of 92.33 m/s. These results further confirm that the ballistic limit falls within the 92.33 m/s to
101.35 m/s range. Previous research indicates that the ballistic limit of CF-reinforced Al laminates
(CRALLs 2/1) is approximately 70 m/s (Q. Zhu et al. 2019). The integration of PALF in hybrid FMLs
ACPCA demonstrates a notable improvement in ballistic performance. In this velocity range, the Ea
values ranged from approximately 21.31 J to 21.82 ], while the SEA was between 54.81% and 56.12%.
The maximum Ea values (29.74 ]) and SEA (76.49%) were achieved at 132.96 m/s. Interestingly, these

Table 7. Experimental HVI test results.

Specimen ACPCA Pressure (bar) V; (m/s) V, (m/s) E, (J) SEA(%)
2 73.33 - 13.44 34.64
3 86.08 - 18.52 47.63
4 9233 - 2131 54.81
5 101.35 39.31 21.82 56.12
7 132.96 76.03 29.74 76.49
9 144.27 98.83 27.62 71.04

Figure 3. Hybrid ACPCA laminates post-impact caught on high speed camera.
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values surpass those observed at 144.27 m/s, indicating that an impact velocity of 132.96 m/s is more
than adequate for the hybrid FMLs ACPCA.

Visual inspection

The visual inspection of hybrid FMLs under different impact energies is presented in Figure 4 and 5. In
Figure 4, the hybrid FMLs ACPCA exhibited only surface cracking on the impact face and no
penetration under an impact velocity of 73.33 m/s, which means the ACPCA can withstand some
extent of impact force. As the impact velocity increased to 86.08 m/s, cracks appeared in ACPCA
composites on both the impact and bottom face, although the specimen remained unpenetrated by the
bullet. However, despite not being fully penetrated, the specimen nearly succumbed with an impact
velocity of 92.33 m/s, resulting in a small hole on the impact face, and an open crack emerged on the
bottom face, further indicating the substantial impact effects. When the impact velocities exceeding
92.33m/s (101.35m/s, 132.96 m/s, and 144.27 m/s), the ACPCA specimens were totally penetrated,
resulting in a visible throughout hole in the specimens. Figure 4b reveals that at impact velocity of
101.35m/s and 132.96 m/s, triangular bullet imprints were left on the bottom face of the samples.
However, at 144.27 m/s, the imprint resembled that of a sharp-nosed steel bullet with four corners,
suggesting that the sample’s ability to replicate the bullet’s shape intensifies with increasing impact
velocity.

Impact face |

$lbar

@ ¢

Li/ le§rack

Figure 4. Post-impact images of specimen subjected to experimental HVI tests with different impact velocity (face and bottom): (a)
impact face (b) bottom face.
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Figure 5. The damage shape and size of hybrid FMLs subjected to different impact velocity.

As illustrated in Figure 5, an increase in impact energy from 73.33 m/s to 144.27 m/s resulted in
a 125% expansion in the damage diameter of the ACPCA, suggesting an enhanced energy absorption
capacity of the hybrid FMLs. When subjected to impact velocity of 101.35 m/s and 132.96 m/s, the
fracture range of the penetrated samples extended from 25 mm to 27 mm. This suggests that greater
plastic deformation of the aluminum layers contributes to increased energy absorption by the sample.
Upon further observation of the samples subjected to impact velocity of 132.96 m/s and 144.27 m/s, it
was noted that even though the bullet replication varied, the extent of damage remained steady at
27 mm. Cross-referencing this with the data from the HVI tests (Table 7) revealed a surprising
similarity in the energy absorbed by the samples at both impact energy levels. This observation
supports the idea that the energy absorption capacity of FMLs is closely linked to the extent of
aluminum deformation upon complete penetration. Shayan et al. (Shahjouei, Barati, and Tooski 2021)
also pointed out that combining aluminum alloy sheets with suitable epoxy results in composites with
enhanced energy absorption, high strength, and an excellent stiffness-to-weight ratio under impact
loads. This is further supported by Mohammadi et al. (Mohammadi et al. 2023), which highlights that
metallic sandwich structures dissipate energy through plastic deformation, effectively absorbing
impact energy during automotive collisions.

NDT results

IR test results

The images obtained from the IR tests are shown in Figures 6 and 7. As illustrated in Figure 6, because
of the equipment limitations, no damage was captured in the ACPCA composites on either the impact
face or bottom face when subjected to an impact velocity of 73.33 m/s. This suggests that the hybrid
FMLs ACPCA can absorb the impact force at lower impact velocity ranges where damage is not
detectable in IR images. At an impact velocity of 86.08 m/s, there is still no notable damage appeared
on the impact face of the ACPCA. However, a circular bright area appears on the bottom face in the IR
images. These findings are consistent with the visual inspection as shown in Figure 4. A crack appears
on the bottom face under the 3 bar pressure (86.08 m/s), while no crack is visible on the bottom face
under the 2 bar pressure (73.33 m/s). When the ACPCA composites were subjected to an impact
velocity of 92.33 m/s, a clear circular shape appears on both the impact face and the bottom face,
surrounded by a circular shadow. These results suggest that an impact velocity of 92.33 m/s leads to
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no visible damage

Figure 7. IR bottom face results of hybrid FMLs ACPCA after high-velocity impact.

significant damage in the ACPCA composites. This could be due to the increased energy causing more
severe deformation and damage.

When the impact velocity is increased further to 101.35 m/s, 132.96 m/s, and 144.27 m/s, a bright
damaged area becomes visible in the IR images of the impact face (as shown in Figure 6). This suggests
that the bullet has penetrated through the specimen, creating a hole. This observation is consistent
with the visual findings presented in Figure 4. The increased impact energy leads to more severe
damage, including complete perforation, further demonstrating the effects of high-energy impacts on
the integrity of the ACPCA composites. Figure 7 presents the damage on the bottom face of the
ACPCA material at a velocity of 101.35 m/s, 132.96 m/s, and 144.27 m/s. From Figure 7, the color is
fading toward the impact point, suggesting that the material has sustained additional damage types
around this area, such as internal damage, deformation, and delamination. This results also largely
align with the visual observations in Figure 4. Interestingly, these irregular and contrasting damage
marks are primarily concentrated near the impact point. This damage pattern is consistent with the
principles of HVI, which differ from those of LVI. In LVI scenarios, the damage tends to be more
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extensive around the impact area. In contrast, for specimens subjected to HVI, the damage is localized
at the point of impact. The shock waves produced during the HVI of a bullet on the target specimen do
not propagate to areas far from the impact location due to the minimal interaction time between the
bullet and the specimen, resulting in localized impact damage. These findings align with previous
research (Stephen et al. 2022). However, further details, such as the shape of the fracture hole, need to
be further confirmed with RT results.

RT results

The RT test results reveal consistent damage patterns on both the impact face (Figure 8) and the
bottom face (Figure 9) of ACPCA composites across varying impact energies. As shown in Figures 8
and 9, more significant damage is induced in ACPCA by higher impact energies. At an impact velocity

Figure 8. RT impact face results of hybrid FMLs ACPCA after high-velocity impact.

Figure 9. RT bottom face results of hybrid FMLs ACPCA after high-velocity impact.
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73.33 m/s, the RT results showed a light point at the center of the specimen, which corresponds to the
impact point. However, no cracks were observed at this energy level. This finding is in line with the
visual inspection results presented in Figure 4. When the impact velocity was increased to 86.08 m/s,
although no hole was observed at the center of the specimen, a significant crack appeared, indicating
concentrated damage at the impact point. This suggests that the material is beginning to fail under this
increased energy, even though complete penetration has not yet occurred. When the impact velocity
was increased beyond 86.08 m/s (to 92.33 m/s, 101.35 m/s, 132.96 m/s, and 144.27 m/s), holes were
observed at the center of all the specimens. Among these, the specimen subjected to 4 bar (92.33 m/s)
showed a significantly smaller damage area than the others, despite also having a hole at the center.
This observation aligns with the results from the HVI testing, where the bullet was seen to rebound
slowly following impact, tracing a gradual parabolic descent at a velocity of 92.33 m/s in the post-
impact video. This suggests that the speed of the bullet at an impact velocity of 92.33 m/s during the
HVT is approximately equal to the penetration speed of the ACPCA specimen.

At higher velocities (101.35 m/s, 132.96 m/s, and 144.27 m/s), additional damage around the impact
area is evident, forming a light-gray ring around the impact point. This suggests significant surround-
ing damage due to stress wave propagation. Among these varying impact energies, the largest damage
area was observed at a velocity of 132.96 m/s. This outcome is consistent with the HVT testing results,
where the maximum Ea values of 29.74 ] and SEA of 76.49% were achieved at a velocity of 132.96 m/s.
These findings indicate that a velocity of 132.96 m/s is more than sufficient to cause significant damage
to the hybrid FMLs ACPCA. It’s also noteworthy that, compared with IR testing, it can be observed
that the macro-crack and damage shape were observed in all radiographic images and are much clearer
than the IR images. The variation in the shape of damage or holes post HVI testing could be attributed
to a multitude of potential factors. These may encompass changes in the impact angle during the
acceleration of the bullet, differences in impact energy, bullet shapes, and the propagation of stress
waves, among others (Q. Zhu et al. 2019). These aspects require further comprehensive investigation
to fully understand their implications.

Damage mechanisms analysis

In order to investigate damage mechanisms in hybrid FMLs subjected to HVI loading, the cross-
sections of failed specimens were subjected to SEM analysis. Figure 10 presents the different damage
mechanisms observed in failed hybrid FMLs. The damage mechanisms occurred for the metal layers
were metal plastic deformation, rupture, and delamination. After HVT testing, all studied FMLs were
found to experience delamination because of the insufficient adhesion between the FRP and the Al
layers. Thus, the SEM analysis only focus on the FRP composite layers because the Al layer was already
detached with FRP layers after band saw cutting. As discerned through SEM, the damage mechanisms
observed for the FPR composites were fiber breakage, fiber pull out, matrix cracking, and composite
delamination. In addition, combining the IR and RT images (Figures 6-9) with the SEM results
(Figure 10) reveals that with the increase in impact velocity, the phenomena of delamination, fiber
breakage, and fiber pulling out increase, making the damage to the material becomes more obvious.

According to a previous research (Stephen et al. 2022), delamination usually happens in the early
phase of impact when the bullet contacts the laminates. This is attributed to the difference in bending
stiffness between various reinforcements and the matrix. Therefore, in Figure 10c, we can identify the
delamination that occurs between the CF layer and the PALF layer. The delamination helps dissipate
impact energy under HVI, but excessive delamination will increase susceptibility to additional damage
and reduce energy absorption efficiency. The debonding of the CF is clearly visible in Figure 10b.
Additional damage, particularly matrix cracking in Figure 10d, results from shear loading in the
transverse direction. Fiber breakage occurs due to localized stress concentrations from HVI, fracturing
fibers near impact sites and spreading outward. As the impact progresses, fiber breakage occurs due to
high bending stress, which results in a loss of residual tensile strength in the FRP layers. This
weakening reduces the composite’s load-bearing capacity and overall efficiency in absorbing energy.
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Figure 10. SEM images of different damage mechanisms of hybrid FMLs ACPCA after HVI test.

In Figure 10a, the PALF layer exhibits a completely brittle broken surface due to its inferior tensile
performance. However, in Figure 10d, the high tensile strength and modulus of the unidirectional CF
result in incomplete CF layer breakage following matrix cracking. Therefore, in the selected FMLs
(ACPCA), with CF on the outside and PALF on the inside, demonstrate excellent HVI resistance,
leveraging the superior impact resistance of CF to enhance overall structural integrity and energy
absorption. These results are consistent with previous studies (H. Y. Xiao et al. 2024), which demon-
strated significant improvements in Izod impact strength. Specifically, ACPCA showed a 59.59%
improvement in Izod impact strength compared to non-hybrid FMLs APPPA and a 38.38% increase
compared to APCPA, which incorporates only one layer of CF. These findings suggest that ACPCA is
particularly suitable for applications requiring high impact resistance in the automotive industries
such as door panels, bumpers, etc.

Conclusion

This research employed TOPSIS method to select an optimal hybrid FMLs ACPCA and manu-
factured the selected FMLs using the VARTM process. The HVI test was performed on the
composites for a range of impact energies until the composites were completely perforated.
Through visual inspection, IR, RT, and SEM methods, a comprehensive understanding of the
material’s response to different impact energies was achieved. The experimental results demon-
strated that the initial penetration velocity falls within the 92.33 m/s to 101.35 m/s range, where
the ACPCA specimen stopped all the bullets at a velocity of 92.33 m/s without undergoing
complete perforation. Full penetration occurred at a higher impact velocity (101.35m/s, 132.96
m/s, and 144.27 m/s), with the maximum energy absorption values (29.74 J) and SEA (76.49%)
achieved at an impact velocity of 132.96 m/s. Visual inspections, IR, and RT consistently illustrated
the damage progression under varying impact energies, which almost align with the HVT results.
More significant damage was induced on ACPCA by higher impact energies, and the damage
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diameter expanded by 125% as the impact velocity increased from 73.33 m/s to 144.27 m/s. At
higher impact velocity of 101.35m/s, 132.96 m/s, and 144.27 m/s, additional damage around the
impact point was clearly visible. The IR and RT results indicate additional damage around the
impact point, corroborated by SEM evidence of matrix cracking, delamination, fiber breakage, and
fiber pull-out during HVTI testing.

In conclusion, this study provides valuable insights into the impact behavior and damage mechan-
isms of hybrid FMLs under HVI loading. This thorough investigation provides a more complete
understanding of the material’s response to different impact energies, which is crucial for automotive
safety applications. The thorough investigation of FMLs ACPCA offers a well-balanced combination
of lightness, environmental friendliness, and mechanical performance, making it particularly bene-
ficial for automotive safety applications. These FMLs can be effectively incorporated into vehicle
designs, such as door panels, roof structures, and bumpers, to enhance passenger safety during high-
speed collisions. Given that such impacts are a common challenge in the automotive industry, our
research holds significant relevance and potential for real-world application.
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Highlights

(1) By using Technique for Order Preference by Similarity to the Ideal Solution (TOPSIS) method, the best-performing
hybrid fiber-metal laminates (FMLs), ACPCA, were identified from four layer sequences (APPPA, ACPCA,
APCPA, and CAPAC), and then fabricated by vacuum assist resin tranfer molding (VARTM).
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(2) The high-velocity impact (HVT) behavior of FMLs was observed under a range of impact velocities (73.33 m/s, 86.08
m/s, 92.33 m/s, 101.35m/s, 132.96 m/s, and 144.27 m/s), and the damage modes and failure were characterized
combining visual inspection, infrared thermography (IR), radiography testing (RT), and scanning electron micro-
scopy (SEM).

(3) The results highlight that the hybrid FMLs (ACPCA) with satisfied energy absorption ability are well suited for
applications in the automotive industries, especially parts that need to balance impact resistance and lightweight
performance.
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