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Abstract

Lightweight materials have become a cornerstone in the advancement of automotive engineering,
driven by the urgent need to improve fuel efficiency, reduce carbon emissions, and enhance vehicle
performance in both conventional and electric vehicles. This review comprehensively examines the
latest developments in advanced lightweight materials, including aluminum alloys, carbon fiber
reinforced polymers (CFRP), magnesium alloys, and high-strength steels, which are increasingly
being adopted for body panels, structural components, and chassis design. These materials offer
significant benefits such as high strength-to-weight ratios, corrosion resistance, and recyclability,
making them ideal candidates for sustainable vehicle manufacturing. The study highlights key
material properties, manufacturing challenges, and cost considerations associated with integrating
lightweight materials into automotive applications. It discusses how innovations in composite
technologies and metal alloys contribute to reducing overall vehicle mass without compromising
safety or structural integrity. Additionally, the review addresses the role of lightweight materials in
electric vehicle (EV) applications, where weight reduction directly translates to extended driving
range and enhanced energy efficiency. Emerging trends in hybrid material systems and
multifunctional composites are evaluated, showcasing their potential to revolutionize future vehicle
designs. The review also considers the environmental impact and lifecycle assessments of lightweight
materials, emphasizing sustainable practices in automotive production. This comprehensive analysis
provides valuable insights into the material selection process, lightweight design strategies, and
optimization techniques, facilitating the development of cost-effective, durable, and environmentally
friendly automotive solutions. The findings underscore the critical importance of continued research
and innovation in lightweight materials to meet evolving regulatory requirements and consumer
demands for greener transportation.

Keywords: lightweight materials; automotive industry; aluminum alloys; carbon fiber composites;
magnesium alloys; electric vehicles; fuel efficiency; structural components; sustainable
manufacturing; vehicle weight reduction; material optimization; composite materials; high-strength
steels

I. Introduction

The global automotive industry is currently under immense pressure to address environmental
concerns, meet stringent fuel economy regulations, and shift toward sustainable manufacturing
practices. A central strategy in achieving these objectives is the use of lightweight materials, which
significantly contribute to reducing vehicle mass, enhancing fuel efficiency, and lowering greenhouse
gas (GHG) emissions, without compromising safety or performance [1].
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Figure 1. Lightweight Material Distribution in Modern Vehicles (Source: Overview of current automotive
materials, highlighting steel, aluminum, magnesium, and composites used in various body-in-white

components).

Vehicle weight reduction has long been recognized as a direct pathway to lower fuel
consumption. According to widely cited studies, a 10% reduction in vehicle weight can result in a 6—
8% improvement in fuel economy ([2]). In the context of electric vehicles (EVs), light weighting is
even more vital—it translates into greater driving range, reduced charging frequency, and more
efficient power consumption. This has led to a dramatic rise in the use of aluminum alloys,
magnesium alloys, titanium-based composites, and carbon fiber-reinforced polymers (CFRPs) in
modern EV manufacturing [3].

In particular, composite materials—especially natural fiber-reinforced and hybrid composites —
are playing a transformative role in automotive body design. These materials have been shown to
reduce the weight of vehicle components by 10-60%, while also contributing to sustainability goals
through improved recyclability and lower manufacturing emissions [4]. They are increasingly
favored not only for their low density and mechanical robustness but also for their potential to reduce
the environmental footprint of the automotive lifecycle [5].

Recent innovations in advanced manufacturing are amplifying these benefits. Techniques such
as additive manufacturing, foam injection molding, and multi-material structural design are being
employed to optimize material placement, enhance crash resistance, and minimize cost and waste
[6]. For example, graphene-polypropylene foams have emerged as a hybrid solution that offers
superior stiffness, thermal insulation, and energy absorption, aligning well with safety and
sustainability priorities [7].

Another critical innovation is the integration of high-strength steels and stainless-steel alloys
like grade 1.4376, which provide manufacturers with a unique balance between performance, cost-
efficiency, and sustainability in structural parts such as the chassis and cylinder head [8]. These
materials also support efforts in modular manufacturing, making vehicle platforms more adaptable
and lighter across different models [9].

As industry standards evolve, manufacturers are increasingly required to demonstrate material
efficiency across the entire product lifecycle. Lightweight designs are therefore not just about cutting
mass, but also about achieving holistic optimization—balancing structural integrity, recyclability,
cost, and crashworthiness [10].

Emerging research points to integrated design frameworks that combine advanced materials
with machine learning and digital twin technologies to simulate and validate lightweight designs in
real-time, speeding up innovation while reducing trial-and-error costs [11]. Such data-driven tools
are essential for optimizing complex, multi-material structures and maintaining regulatory
compliance [12].

Finally, a promising direction in this domain is the development of biodegradable and bio-based
lightweight composites, which offer performance on par with synthetic materials while addressing
end-of-life disposal concerns. These innovations are likely to shape the future of sustainable
automotive manufacturing, enabling greener and smarter mobility solutions [13].
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This review aims to comprehensively explore the development, processing methods, mechanical
properties, and applications of lightweight materials in automotive design. It also delves into
integration challenges, recyclability, cost-performance trade-offs, and future innovations, offering
strategic insights for sustainable vehicle design.

II. Advanced High Strength Steels (AHSS)

Advanced High-Strength Steels (AHSS) represent a class of steel alloys engineered to optimize
strength-to-weight ratios, a critical requirement for the modern automotive industry seeking to
achieve lightweight designs without compromising passenger safety. AHSS exhibit complex
microstructures derived through sophisticated thermo-mechanical processing, enabling superior
formability, high tensile strength, and excellent crash performance [14].

The development of AHSS has evolved through three generations, each offering progressive
improvements in ductility and strength. First-generation AHSS includes dual-phase (DP),
transformation-induced plasticity (TRIP), complex-phase (CP), and martensitic (MS) steels,
characterized by multiphase microstructures of ferrite, martensite, and bainite. These steels offer a
balanced trade-off between ductility and strength and are widely adopted in body-in-white
components [15]. Second-generation steels, such as twinning-induced plasticity (TWIP) steels, exhibit
high elongation due to mechanical twinning. However, they are less commercially viable due to their
high alloying cost [16]. The latest third-generation AHSS aims to deliver mechanical performance
close to TWIP steels while minimizing alloying elements. Medium manganese steels and quenching
and partitioning (Q&P) steels are representative of this generation and are under active development
for mass production [17].

This evolutionary progression of AHSS is visually represented in Figure 2, which plots steel
grades on a strength versus ductility map. The classic “banana curve” illustrates the trade-off and
improvements in mechanical performance across the three generations. First-generation AHSS such
as DP and TRIP steels strike a balance between moderate strength and ductility, while second-
generation TWIP steels exhibit exceptional elongation but are limited by cost. Third-generation
steels—including Q&P and medium-Mn—push the curve toward the upper-right quadrant,
combining high strength (above 1000 MPa) with enhanced ductility (30-60%), fulfilling the dual
demand for crashworthiness and formability in automotive applications. This figure contextualizes
the role of microstructural engineering in advancing steel performance, aligning closely with current
automotive light weighting priorities.
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Figure 2. Strength vs. ductility (“banana curve”) of steel grades, showing progression from conventional mild
steels through 1st (DP/TRIP), 2nd (TWIP), to 3rd generation AHSS (Q&P, medium Mn), highlighting how these

grades achieve higher strength—ductility combinations.

Recent literature emphasizes the role of integrated computational materials engineering (ICME)
in designing these complex alloys. Demeri (2024) extensively outlines how the incorporation of ICME
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principles has enabled more precise control over phase transformations and texture evolution during
thermal treatments, ultimately improving crashworthiness and weight reduction outcomes [14].
Moreover, research has shown that manufacturing routes such as Compact Strip Production (CSP)
enhance the uniformity of thickness and microstructure across steel sheets, thus improving
mechanical properties, particularly edge ductility [18].

The formability of AHSS is intricately linked to microstructural features and edge conditions.
Henrique et al. (2024) demonstrate that flange stretch ability in multiphase 780 MPa steels is
significantly influenced by the method of edge preparation, with laser cutting offering superior hole
expansion compared to mechanical punching®. Similarly, intrinsic formability parameters such as
strain localization and void nucleation behavior are central to predicting ductility under edge loading
conditions. Investigations into the local toughness and its correlation with hole expansion ratio have
yielded insights into formability limitations under complex stamping operations [19].

Despite their high strength, AHSS present challenges in fracture behavior under dynamic and
localized loading. It has been established that fracture resistance cannot be reliably inferred from
conventional tensile tests alone, as factors such as retained austenite distribution, inclusion density,
and microstructural inhomogeneity play a decisive role in crack propagation [20]. Studies employing
microstructural characterization and hole expansion testing underline the necessity for more
comprehensive mechanical assessment methods, particularly when steels are used in crash-relevant
components [21].

The welding behavior of AHSS is another critical aspect influencing their integration into vehicle
assemblies. Advanced joining techniques such as laser welding, gas metal arc welding (GMAW), and
rotary friction welding (RFW) have shown varying levels of effectiveness in preserving joint strength
and microstructural integrity. Salas Reyes et al. (2024) indicate that welded joints between dissimilar
AHSS combinations are prone to increased corrosion susceptibility at the interface due to galvanic
effects [22]. Furthermore, joint efficiency is often reduced by the formation of hard, brittle phases
within the heat-affected zone (HAZ), especially when high-strength martensitic grades are involved
[23]. The presence of hard inclusions such as TiN and susceptibility to liquid metal embrittlement
(LME) during high-temperature operations remain significant obstacles to large-scale welding
applications [24].

Recent progress in the additive manufacturing of AHSS, particularly through laser powder bed
fusion (LPBF) and selective laser melting (SLM), has opened new avenues for customizing geometries
and optimizing part weight. However, Krélicka and Malawska (2024) caution that these processes
remain underdeveloped for AHSS, citing insufficient data on the behavior of medium-Mn and
bainitic grades under rapid solidification conditions®. Further research is required to overcome
residual stress management and cracking issues associated with laser-based manufacturing.

Microstructural evolution during processing is another focal point in the development of next-
generation AHSS. Researchers have identified key mechanisms such as dislocation-controlled
plasticity, martensitic transformation, and twinning at the austenite level as being central to the
mechanical behavior of these materials'%. Engineering austenite grain stability and phase retention is
particularly vital in enhancing strain hardening and delay of necking in automotive applications.
Novel approaches involving vacuum induction melting followed by austenite reversion heat
treatments have achieved plastic strain energy densities exceeding 86 GPa%, marking significant
strides in mechanical performance optimization'®.

In conclusion, Advanced High Strength Steels continue to play a pivotal role in automotive light
weighting strategies. Through microstructural innovation, tailored thermal processing, and
integration of advanced manufacturing and joining techniques, AHSS offer a pathway to safer,
lighter, and more energy-efficient vehicles. Future research must address existing challenges in weld
ability, additive manufacturability, and fracture predictability to unlock their full potential in next-
generation vehicle design.
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III. Aluminum Alloys

Aluminum alloys have become integral to the light weighting strategies employed in the
automotive sector due to their exceptional strength-to-weight ratio, corrosion resistance, and energy
absorption capacity. Their increasing utilization is primarily driven by the global demand to reduce
vehicular emissions and improve fuel efficiency. However, the development and integration of
aluminum alloy components in vehicles are accompanied by challenges in formability, recyclability,
and cost, necessitating further material innovations and processing advancements.

A. Lightweight Optimization of Aluminum Components

Recent innovations in structural design have enabled significant reductions in the weight of
aluminum-based automotive parts without compromising mechanical integrity. For instance, the
front sub frame of a vehicle—a critical load-bearing component—was optimized using multi-
objective topology optimization and particle swarm algorithms. This optimization achieved a 12%
reduction in mass (2.4 kg) while preserving strength, static stiffness, and modal performance indices
[25]. Stress values remained below yield limits across multiple loading conditions, and critical
stiffness levels were retained.

B. Formability and Manufacturing Challenges

While aluminum alloys offer promising mechanical performance, their poor formability at room
temperature limits use in complex structural parts. This has led to the adoption of advanced hot
forming strategies. According to [26], modern hot sheet metal forming (HSMF) techniques
significantly enhance the formability of high-strength aluminum alloys. These processes enable the
fabrication of complex geometries while improving ductility and grain refinement. Key forming
parameters such as temperature, strain rate, and cooling rate must be carefully controlled to ensure
optimal microstructural evolution and mechanical performance.

Additionally, cold forming methods remain vital for specific aluminum systems. In pure
aluminum or low-strength, high-ductility alloys such as Al-Mg, cold forming provides excellent
surface finish and dimensional precision. However, for heat-treatable, high-strength alloys in the
naturally aged (T4) or precipitation-hardened (T6) states, formability is severely restricted due to
internal residual stresses, leading to spring back and low dimensional accuracy (Figure 3a). This
limitation has been a barrier to their widespread adoption in automotive manufacturing.

To mitigate this, a technique known as warm-temper (WT) forming is employed (Figure 3b). In
WT forming, the aluminum sheet is first solution heat-treated and then quenched to create a
supersaturated solid solution (SSS) before any aging process begins. This temporary condition
improves formability, allowing complex shapes to be formed. Although higher yield strength (YS)
persists due to the SSS, and higher forming forces are required, WT forming enables accurate forming
prior to aging-induced hardening. Post-forming quenching may still lead to thermal distortion due
to residual stresses.

Besides WT forming, other techniques such as sheet hydroforming, cold stamping with rigid dies,
incremental sheet forming, and cryogenic forming (at around —180 °C) are being explored to improve
cold-forming outcomes. However, WT forming remains the most feasible for mass production of

complex aluminum parts in the automotive industry.
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Figure 3. Forming Window for High-Strength Aluminum Alloys [26].

C. Material Properties and Alloying Strategies

The mechanical performance of aluminum alloys is heavily influenced by alloying elements and
thermal processing. Alloys such as LM26 and Al-Si systems are preferred for their castability,
strength, and fatigue resistance. Prakash [27] highlighted the suitability of LM26 in dynamically
loaded automotive parts due to its high thermal conductivity and endurance. Al-Si alloys benefit
from silicon additions that refine microstructures and reduce porosity [28].

Aluminum-silicon (Al-Si) alloys exhibit a versatile combination of mechanical and thermal
properties, which can be significantly tailored through the careful addition of alloying elements.
Table 1 summarizes the effects of key alloying elements on Al-Si alloys, highlighting how each
element contributes to specific material characteristics. Silicon (Si) is the primary alloying element
and plays a crucial role in improving castability by reducing shrinkage and enhancing fluidity during
solidification. Additionally, silicon refines the microstructure, reduces porosity, and improves wear
resistance, making it suitable for engine and automotive components subjected to mechanical stress
[28]. Magnesium (Mg) contributes to strengthening via solid solution strengthening and precipitation
hardening while also enhancing corrosion resistance, which is critical for automotive parts exposed
to moisture and environmental degradation. Copper (Cu) further increases the hardness and thermal
conductivity of the alloy, providing improved performance under elevated temperatures, while
nickel (Ni) enhances high-temperature strength and creep resistance, enabling the alloy to withstand
sustained thermal loads in critical applications. The combined effects of these alloying elements allow
Al-Si alloys to achieve a balance of strength, wear resistance, thermal stability, and corrosion
resistance, supporting their widespread use in high-performance automotive and aerospace
components (Dash & Chen, 2023; Takata et al., 2022). These insights align with advanced alloy
development strategies, such as quinary Al-Mg-Zn—Cu-Ni systems, where controlled formation of
intermetallic phases like Al3(Ni,Cu)2 along grain boundaries further enhances creep resistance and
thermal stability under demanding conditions [29].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 1. Performance Metrics of Optimized Aluminum Sub frame.
Performance Metrics
Parameter . : . 3
Original Design Optimized Design Change
Weight 20 kg 17.6 kg -12%
Max Stress (MPa) 180 140 -22%
First-order Modal Frequency 92 Hz 101 Hz +9.8%
Static Stiffness Comparable Maintained ~0% Change
Table 2. Effect of Alloying Elements on Al-Si Alloys.
Effect of Alloying Alloying Element
Elements on Al-Si
Alloys Alloying Element Effect on Properties
Silicon (Si) Improves castability, wear resistance

Magnesium (Mg)  Increases strength and corrosion resistance
Copper (Cu) Enhances thermal conductivity and hardness

Nickel (Ni) Improves high-temperature strength

Data source: Dash & Chen, 2023; Takata et al., 2022.

D. Advances in Alloy Design and Processing

Beyond conventional alloys, the Al-Mg-Zn(-Cu) system has emerged as a standout for
automotive light weighting due to its mechanical performance and corrosion resistance. Shen [30]
emphasized that compositional design and microstructural control are critical for property
enhancement. However, production scalability and economic feasibility remain limiting factors. The
processing chain—including melting, homogenization, rolling, and heat treatment—must be
optimized, especially under high-temperature pre-treatment (HTPT) conditions to enhance
intergranular corrosion resistance and aging behavior.

To improve joining performance, Bamberg et al. (2022) investigated the effect of cladding
technologies in resistance spot welding of Al-Mg-Si alloys. A cladded AW-6111 alloy with an AW-
4040 layer demonstrated improved weld ability and reduced electrode degradation. While
promising, cost-benefit analyses for mass production remain a subject of further investigation.

Additive manufacturing (AM) is another emerging frontier. Kotadia [31] reviewed AM
processes for Al alloys and identified challenges in microstructural control due to rapid solidification.
Defect mitigation through microstructural modifications is key, though deeper metallurgical insight
is needed to tailor alloys for AM-specific conditions.

Hybrid metal matrix composites (MMCs) based on Al-Mg-Si alloys reinforced with SiC and
muscovite show potential for high-load applications. Sharma [32] found that increasing muscovite
content improves wear resistance while maintaining strength. However, environmental durability
and long-term stability of such systems require further validation.

A notable innovation in processing, vibration-assisted rolling (VAR), was explored by Attarilar
etal. (2021). VAR significantly enhanced the tensile and yield strength of AA5052 alloys by producing
ultrafine-grained structures and favorable textures. Even post-annealing, materials retained superior
properties, suggesting VAR as a cost-effective method for producing high-performance aluminum
sheets.
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E. Environmental and Recycling Considerations

Although aluminum is highly recyclable, increased usage in vehicles introduces environmental
and systemic recycling concerns. Billy and Miiller project a fourfold increase in aluminum usage by
2050, largely due to electrification. However, this may result in excessive mixed-alloy scrap,
particularly from castings, due to growing preference for wrought aluminum in electric vehicles.
Innovations in alloy sorting and circular economy policies are crucial for mitigating these impacts.

Figure 4 illustrates this projected rise in global aluminum demand for passenger cars under
different electrification scenarios. In part (a), each line represents a model run based on various
parameter combinations, with thick dotted lines showing the average trend for scenarios such as
Constant, STEP (Stated Energy Policies), SUS (Sustainable Development), and NZE (Net Zero
Emissions). Part (b) presents a box-and-whisker plot for 2030, 2040, and 2050, depicting the statistical
distribution of aluminum demand across all scenarios. Each colored dot signifies an individual
simulation. The boxes encapsulate the interquartile ranges (IQR), while whiskers indicate extreme
values. This visualization highlights the broad uncertainty range in material demand projections and
underscores the importance of proactive policy and material management.

a) b)
EV Penetration Scenario
W Constant IEASTEP [l 1EASUS [l IEANZE

Aldemand (Mt/year)

Figure 4. Projected Aluminum Demand and GHG Emissions in Passenger Cars (Source: Billy & Miiller, 2023).

IV. Magnesium Alloys

The automotive industry faces increasing pressure to improve fuel efficiency and reduce
emissions, driving the need for lightweight materials. Magnesium (Mg) alloys have emerged as a
promising solution due to their exceptional strength-to-weight ratio, which is superior to aluminum
and steel [33]. With a density of only 1.74 g/cm?, magnesium alloys can significantly reduce vehicle
weight, leading to enhanced fuel economy and lower CO: emissions [34]. Recent advancements in
alloy design, processing techniques, and corrosion resistance have expanded the potential
applications of magnesium alloys in automotive components. This section reviews the latest
developments in magnesium alloys for lightweight automotive parts, focusing on mechanical
properties, fabrication methods, and challenges in implementation.

Mechanical Properties and Alloy Design for Automotive Applications

Recent studies have demonstrated the potential of magnesium alloys to achieve high strength
and stiffness, making them suitable for structural automotive components. Zhu et al. [35] developed
an Mg-11Y-1Al alloy with a yield strength of 350 MPa and 8% elongation, combining high mechanical
performance with improved corrosion resistance. Similarly, multicomponent magnesium alloys have
been designed to achieve exceptional compressive strength up to 627 MPa and a Younge modulus
of 65 GPa [36], which is critical for load-bearing parts such as chassis and suspension systems.

The Mg-5n-based alloys have also gained attention due to their aging response and mechanical
performance. Zhuo et al. [37] reviewed the relationship between aging treatment and room-
temperature strength, highlighting that optimized Mg-5Sn alloys can provide a balance between
strength and ductility. Furthermore, the development of high-performance Mg-Al-Ca alloys
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processed via high-pressure die casting (HPDC) has shown yield strengths of up to 196 MPa after
aging treatment [38], making them viable for engine blocks and transmission cases.

A. Friction Stir Processing (FSP) and Additive Manufacturing

Friction stir processing (FSP) has been widely adopted to refine the microstructure of
magnesium alloys, improving their mechanical properties. Wang et al. [39] demonstrated that FSP
enhances grain refinement and homogenization, leading to superior strength and ductility.
Additionally, selective laser melting (SLM) has emerged as a promising technique for fabricating
complex magnesium components with high relative density (up to 99%) and improved mechanical
properties compared to traditional casting [40].

Figure 5 illustrates the microstructural evolution of an EZ33 magnesium alloy subjected to FSP.
The process effectively refines grains and breaks down precipitates, contributing to enhanced
mechanical performance critical for automotive applications.

(a)

Mg implant
® - 1.4+0.05 mm

Figure 5. Microstructure Evolution in EZ33 Magnesium Alloy via Friction Stir Processing (FSP) (Source
Shunmugasamy, V. C., Abdelgawad, M., Sohail, M. U., et al. (2023). In vitro and in vivo study on fine grained
Mg-Zn-RE-Zr alloy as a biodegradable orthopedic implant produced by friction stir processing. Published
under CC BY-NC-ND 4.0.).

B. Advanced Processing and Applications of Magnesium Alloys in Automotive Components

The template is used to format your paper and style the text. All margins, column widths, line
spaces, and text fonts are prescribed; please do not alter them. You may note peculiarities. For
example, the head margin in this template measures proportionately more than is customary. This
measurement and others are deliberate, using specifications that anticipate your paper as one part of
the entire proceedings, and not as an independent document. Please do not revise any of the current
designations.

Magnesium alloys are increasingly utilized in automotive applications due to their lightweight
nature, high strength-to-weight ratio, and excellent energy absorption characteristics. Recent
advancements focus on enhancing mechanical properties, corrosion resistance, and
manufacturability through innovative processing techniques and nanocomposite reinforcement.

Thixomolding and Nanocomposite Reinforcement:

The thixomolding process has been effectively employed to disperse graphene nanoplatelets
(GNPs) into AZ91D magnesium alloys. This technique produces strong interfacial bonding between
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the matrix and the nanoparticles, resulting in enhanced mechanical properties suitable for
lightweight structural components such as brackets and housings [41].

Severe Plastic Deformation (SPD) for Grain Refinement:

SPD techniques, including equal-channel angular pressing (ECAP) and high-ratio differential
speed rolling (HRDSR), have been instrumental in producing ultrafine-grained magnesium alloys.
These fine-grained microstructures improve both strength and ductility, which are essential for
forming automotive sheets with enhanced stretch formability [42,43].

Corrosion Resistance and Surface Modifications:

A significant limitation of magnesium alloys is their poor corrosion resistance. Strategies such
as micro-alloying with calcium (Ca) and aluminum (Al) have shown promise in improving corrosion
performance. Deng et al. [44] reported that Ca micro-alloying reduces corrosion rates to below 0.1
mm/y in NaCl solutions. Similarly, Al-assisted passive film growth (Y20s/Y(OH)s and Al2Os/Al(OH)s)
significantly enhances corrosion resistance in Mg-Y-Al alloys [36].

Applications in Automotive Components:

e  Structural and Body Parts: Magnesium alloys are increasingly used in door frames, seat
frames, and roof structures due to their lightweight nature and high stiffness. Development of
high-ductility Mg alloys has enabled their application in crash-relevant components, where
energy absorption is critical [36,45].

e  Powertrain and Engine Components: High-pressure die-cast Mg-Al-Ca alloys are used in
transmission cases and oil pans, offering excellent thermal conductivity and strength. The
WZAG631 alloy, characterized by equiaxed a-Mg grains and LPSO phases, demonstrates
superior high-temperature performance [38,46].

¢ Interior and Miscellaneous Parts: Carbon nanotube (CNT)-reinforced Mg composites have
been explored for self-lubricating and wear-resistant parts such as steering columns and pedal
brackets. CNT additions enhance tribological performance while maintaining lightweight
properties [47].

Challenges and Future Directions:
Despite advancements, key challenges remain:

1. Anisotropy and Ductility: Magnesium alloys exhibit intrinsic brittleness at room temperature,
limiting formability. Future research should target texture modification and alloy design to
improve ductility [48].

2. Corrosion Resistance: While micro-alloying improves corrosion performance, long-term
durability under harsh conditions requires further investigation [35].

3. Cost-Effectiveness: Industrial adoption depends on scalability and production cost
optimization [49].

V. Carbon Fiber Reinforced Polymers (CFRPs)

Carbon Fiber Reinforced Polymers (CFRPs) have emerged as a pivotal material in the ongoing
revolution of the automotive industry, primarily due to their exceptional properties such as high
strength-to-weight ratio, corrosion resistance, and thermal stability. The global automotive sectores
drive toward fuel efficiency, reduced emissions, and enhanced vehicle dynamics has catalyzed the
incorporation of CFRPs into various components. This shift is further supported by the urgent
demand for electrification and light weighting in electric vehicles (EVs), where weight directly
influences battery range and efficiency. In 2021, global CFRP demand reached 181 kilotons, more than
doubling since 2014, and is projected to reach 285 kilotons by 2025, highlighting the materiales rapid
adoption in key industries including aerospace, wind energy, and increasingly, automotive sectors
[50].

The integration of CFRPs into automotive designs has shown substantial benefits in reducing
the weight of structural components without compromising mechanical performance. Structural
applications are among the most prominent in the automotive use of CFRPs. Components such as
vehicle chassis, B-pillars, crash boxes, roof panels, and floor structures have been effectively re-
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engineered using CFRPs. For instance, CFRP floor panels achieved a 27.5% weight reduction—
approximately 6.8 kilograms—while still conforming to stringent crashworthiness standards and
impact resistance benchmarks [50]. Similarly, CFRP-reinforced B-pillars have demonstrated superior
energy absorption capabilities compared to their steel counterparts, offering significant weight
savings along with improved crash performance metrics [51].

One of the major benefits of CFRPs in automotive engineering lies in their high specific strength
and stiffness. Unlike conventional metallic materials like steel or aluminum, CFRPs allow for the
design of parts that are not only lighter but also stronger in specific orientations. This advantage
becomes particularly significant in safety-critical zones of vehicles where the structure must
withstand substantial loads while minimizing mass. Additionally, the thermal and chemical stability
of CFRPs makes them ideal for under-the-hood applications and battery enclosures in EVs, where
exposure to fluctuating temperatures and harsh conditions is common.

The role of CFRPs extends beyond structural parts to functional and aesthetic interior
applications. Steering columns, seat frames, pedal brackets, and dashboard components are
increasingly being fabricated from CFRP materials due to their wear resistance, self-lubrication
(especially when reinforced with carbon nanotubes), and ability to maintain dimensional stability
over long durations. These benefits, combined with CFRPse modern aesthetic appeal, have also
contributed to their rising popularity among automotive designers and OEMs.

Furthermore, CFRPs have found significant applications in electric vehicles, particularly in
protecting high-voltage battery packs. A notable example is the use of thermoplastic CFRP battery
underbody shields that limit deformation during ground impacts to less than 5 mm, thereby
safeguarding the structural integrity of battery systems and enhancing passenger safety. As battery
technology evolves, CFRPs offer a robust solution for lightweight and thermally stable encapsulation.

Recent advancements in CFRP technology have further propelled their automotive applicability.
The integration of graphene oxide (GO) into CFRP matrices has shown to improve interfacial bonding
between fibers and resin, leading to notable enhancements in tensile strength, thermal conductivity,
and durability [52]. Sharma et al. (2022) found that GO-reinforced epoxy CFRPs demonstrated
improved load transfer efficiency due to better adhesion between carbon fibers and the polymer
matrix. Similarly, novel fiber sizing techniques using cationic poly(amide-imide) were shown to
increase interlinear shear strength by up to 56.8%, thereby extending the fatigue life of the composite
[53].

Thermoplastic CFRPs represent another major innovation. Unlike traditional thermoset-based
CFRPs, thermoplastics such as PEEK and PET offer recyclability, faster processing cycles, and
improved toughness. These advantages position thermoplastics as an ideal matrix for high-volume
automotive applications. The capability to reshape or reform components using heat without
compromising mechanical integrity makes thermoplastic CFRPs especially appealing for modular
vehicle design and end-of-life material recovery strategies.

Additive manufacturing (AM), particularly fused filament fabrication (FFF) and fused
deposition modeling (FDM), has opened new horizons for CFRP implementation. By embedding
continuous carbon fibers into polymer filaments during the printing process, highly complex and
optimized structures can be fabricated with tailored mechanical properties. Although current
limitations such as fiber impregnation uniformity and interlayer adhesion persist, ongoing research
shows promise. Notably, co-extrusion processes have achieved tensile strength prediction errors
below 5%, with nylon matrices yielding optimal results in printed CFRP components [56].

VI. Hybrid Composites

Hybrid composites have emerged as a transformative class of materials in the automotive
industry, driven by the imperative need for lightweight, high-performance, and sustainable
alternatives to traditional metal-based components. These composites are engineered by combining
two or more types of reinforcements—typically natural and synthetic fibers or metals with
ceramics—in a polymeric or metallic matrix, which enables a synergistic enhancement of mechanical,
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thermal, and tribological properties beyond those achievable by conventional monolithic materials
[1,2].

A. Natural/Synthetic Polymer Hybrid Composites

Natural/synthetic hybrid composites have emerged as a promising class of materials for
automotive applications, combining the sustainability and cost-effectiveness of natural fibers with
the superior mechanical properties of synthetic reinforcements [56]. Recent research has
demonstrated their potential in enhancing crashworthiness, reducing vehicle weight, and improving
environmental sustainability, though challenges remain in optimizing their performance for
widespread industrial adoption [57].

Crashworthiness and Energy Absorption Performance

Thin-walled structures fabricated from natural/synthetic hybrid composites have shown
significant potential as energy-absorbing components in automotive safety systems, including crush
boxes, impact attenuators, and battery enclosures [56]. Awd Allah et al. (2025) conducted a
comprehensive review of these structures, highlighting that circular cross-sections exhibit superior
energy absorption compared to square or rectangular geometries due to more stable deformation
modes under axial crushing [56]. While natural fiber-reinforced composites (NFCs) can achieve
energy absorption levels comparable to glass fiber-reinforced polymers (GFRPs), they still fall short
of carbon fiber-reinforced polymers (CFRPs) [56]. This performance gap has driven research into
hybridization strategies, where natural fibers such as flax, jute, or hemp are combined with synthetic
reinforcements like glass or carbon fibers to achieve an optimal balance of mechanical properties and
cost efficiency [58].

The energy absorption mechanisms in these hybrid composites are influenced by several factors,
including fiber-matrix interfacial bonding, stacking sequences, and geometric triggers [56]. Foam
filling has been identified as an effective method to enhance energy absorption efficiency by
promoting more uniform plastic deformation, while geometric triggers help reduce initial peak loads
during impact events [56]. However, the strain-rate sensitivity of these materials remains a complex
issue, with performance under dynamic loading conditions often differing from quasi-static behavior
depending on the dominant failure mechanisms [56].

Material Challenges and Enhancement Strategies

One of the most significant limitations of natural fibers in structural applications is their inherent
hydrophilicity, which leads to moisture absorption and subsequent degradation of mechanical
properties [58]. This issue is particularly problematic for automotive components exposed to variable
environmental conditions. Recent studies have explored multiple approaches to mitigate moisture
sensitivity, including chemical treatments (alkali, silane, acetylation), polymer coatings, and the
incorporation of nanofillers such as graphene or nanoclay [58]. These modifications not only improve
water resistance but also enhance fiber-matrix adhesion, leading to better stress transfer and overall
mechanical performance [58].

Fiber consistency and quality present additional challenges, as natural fibers exhibit variability
in properties due to factors such as plant source, growth conditions, and processing methods [59].
This variability can lead to inconsistencies in composite performance, necessitating rigorous quality
control measures. Optimization of manufacturing processes, including resin transfer molding (RTM)
and compression molding, has been shown to improve fiber alignment and reduce defects, thereby
enhancing the reproducibility of hybrid composite components [59].

Automotive Applications and Industry Adoption

The automotive industry has increasingly adopted natural/synthetic hybrid composites for both
interior and exterior applications, driven by regulatory pressures for light weighting and
sustainability [57]. Interior components such as door panels, seat backs, and parcel shelves have been
primary targets for implementation due to their non-structural or semi-structural nature [57]. For
instance, BMW has successfully integrated natural fiber composites into the i3 electric vehicle, where
injection-molded polyamide seat backrests weighing only 2 kg demonstrate significant weight
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reduction without compromising performance [57]. Similarly, Forde use of pultruded composite
beams in the F-150 Lightning highlights the potential of hybrid materials in structural applications,
offering improved crash protection while reducing weight [57].

Figure 6. Seat backrests in the BMW i3 electric vehicle [2].

Exterior applications have also seen progress, with sheet molding compounds (SMC) being used
for closures such as hoods and lift gates [57]. Continental Structural Plastics has demonstrated that
SMC components can compete with aluminum in terms of weight reduction while offering greater
design flexibility for complex geometries. The growing electrification of vehicles has further
expanded opportunities for hybrid composites, particularly in battery enclosures where their
combination of lightweight properties and impact resistance is highly valued [57]. Teslass Model 3
battery enclosure exemplifies this trend, utilizing composite materials to achieve both weight savings
and structural protection for battery systems.

VII. Future Outlook and Emerging Innovations

The evolution of materials used in automotive engineering is at a pivotal juncture, driven by the
intersecting demands of environmental sustainability, vehicle electrification, intelligent systems, and
cost efficiency. Lightweight materials, long a focus of performance-driven design, are now expected
to be multifunctional, adaptive, and environmentally conscious. This section outlines the key future
directions and innovations shaping the next generation of automotive materials.

Magnesium alloys have emerged as highly attractive materials for automotive applications due
to their low density, high strength-to-weight ratio, and excellent energy absorption capabilities.
Recent advances focus on enhancing mechanical properties, corrosion resistance, and
manufacturability through innovative processing techniques and nanocomposite reinforcement. For
instance, the dispersion of graphene nanoplatelets (GNPs) into AZ91D magnesium alloys has been
shown to improve interfacial bonding and mechanical strength, making them suitable for lightweight
structural components such as brackets and housings. Severe plastic deformation (SPD) techniques,
including equal-channel angular pressing (ECAP) and high-ratio differential speed rolling (HRDSR),
enable ultrafine-grained microstructures that enhance both strength and ductility, facilitating the
production of automotive sheets. Corrosion resistance can be further improved through micro-
alloying with elements like calcium or aluminum, combined with the formation of protective passive
films (Y205/Y(OH)s, Al2Os/Al(OH)3). Magnesium alloys find applications in structural and body parts
(door and seat frames), powertrain components (transmission cases, oil pans), and interior elements
(steering columns, pedal brackets), although challenges such as intrinsic brittleness, anisotropy, long-
term corrosion resistance, and industrial scalability remain critical considerations.
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Figure 7. Materials for Next-Generation Automotive Applications.

Alongside metallic solutions, bio-based composites are gaining attention as sustainable
alternatives to conventional synthetic materials. These composites replace petrochemical-based
polymers with renewable natural fibers, such as flax, hemp, jute, kenaf, and sisal, embedded in
biodegradable or recyclable matrices like polylactic acid (PLA) or bio-based epoxies. They offer
reduced reliance on fossil resources, lower life-cycle carbon emissions, good vibration damping, and
high strength-to-weight ratios. Typically applied in non-load-bearing parts such as door panels,
headliners, seat backs, and trims, ongoing research focuses on fiber surface functionalization, nano-
reinforcement (e.g., nanocellulose, graphene), and hybridization with synthetic fibers to improve
moisture resistance, fiber consistency, and flammability, potentially extending their use to semi-
structural components.

Smart and adaptive materials further expand the capabilities of modern vehicles by sensing,
responding, and adapting to environmental or structural changes. Self-healing composites enable
autonomous repair of micro-cracks through microcapsules, vascular networks, or reversible covalent
bonding, while shape-memory polymers (SMPs) can return to predefined shapes under heat,
electrical current, or light. Such materials find applications in crashworthy sub frames, energy-
absorbing zones, adjustable aerodynamic components, and thermally adaptive insulation layers,
enhancing vehicle lifespan, safety, and maintenance efficiency.

Artificial intelligence (AI) and machine learning (ML) are increasingly integrated into material
design, accelerating optimization and application. Al-driven predictive modeling can anticipate
material behavior under complex loads, while topology optimization reduces weight without
compromising strength. Automated laminate design —including fiber orientation, stacking, and resin
content—along with data-driven material screening, supports rapid R&D and real-time quality
control. Coupled with finite element analysis (FEA) and digital twin technologies, these approaches
allow full lifecycle simulations, minimizing physical prototyping and optimizing performance.

Modern automotive demands also call for multifunctional and hybrid material systems. Hybrid
nanocomposites combine mechanical strength with thermal or electrical conductivity, making them
ideal for battery housings and electronics. Structural composites embedded with sensors enable real-
time health monitoring of cracks, stress, and temperature, while energy-storing laminates act as
structural batteries or capacitive materials, supporting mechanical loads while storing energy. These
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multifunctional materials facilitate system-level integration, paving the way for smart, connected,
and energy-efficient vehicles.

Finally, sustainability and circular economy principles are increasingly central to material
selection. Strategies include recyclable thermoplastic composites for remelting and reshaping, design
for disassembly (DfD) to enable easy material separation, closed-loop recycling of waste carbon fiber-
reinforced polymers (CFRP) into reusable fibers or fillers, and low-temperature solvolysis for energy-
efficient fiber recovery. Future trends point toward the use of material passports, embedding detailed
composition, sourcing, and recyclability metadata to ensure transparency and regulatory compliance
throughout automotive manufacturing.

VIII. Conclusions

The automotive industrys shift toward lightweight materials is driven by the urgent need to
enhance fuel efficiency, reduce emissions, and improve vehicle performance, particularly in the era
of electrification. This review has explored the latest advancements in Advanced High-Strength Steels
(AHSS), aluminum alloys, magnesium alloys, carbon fiber-reinforced polymers (CFRPs), and hybrid
composites, evaluating their mechanical properties, manufacturing challenges, and applications in
modern automotive design. AHSS remains a cornerstone for structural components due to its high
strength and crashworthiness, though weldability and fracture resistance require further refinement.
Aluminum alloys offer an optimal balance between weight reduction and durability, yet their
formability and recycling complexities demand innovative processing techniques. Magnesium
alloys, with their ultra-low density, hold immense potential but face limitations in corrosion
resistance and ductility, necessitating advances in micro-alloying and severe plastic deformation
methods. CFRPs stand out for their exceptional strength-to-weight ratio, particularly in electric
vehicles, but high costs and recyclability issues must be addressed to facilitate mass adoption. Hybrid
composites, combining natural and synthetic reinforcements, present a sustainable alternative,
though challenges in moisture sensitivity and manufacturing scalability persist.

Looking ahead, the future of automotive light weighting will be shaped by smart materials, bio-
based composites, and Al-driven design optimization, enabling multifunctional solutions that
enhance performance while minimizing environmental impact. Self-healing polymers, shape-
memory alloys, and structural batteries are emerging as game-changers, offering adaptive and
energy-efficient solutions. Additionally, the integration of circular economy principles—such as
recyclable thermoplastics and closed-loop material systems—will be crucial in achieving sustainable
automotive manufacturing. As the industry moves toward autonomous and electrified mobility,
continued innovation in material science and manufacturing technologies will be essential to
overcoming existing limitations and unlocking the full potential of lightweight materials. By
prioritizing sustainability, safety, and efficiency, automakers can pave the way for a new generation
of vehicles that are not only lighter and more efficient but also environmentally responsible. The
ongoing evolution of lightweight materials underscores their critical role in shaping the future of
transportation, ensuring greener and smarter mobility solutions for years to come.
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