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Abstract

The automotive industry is undergoing a profound transformation driven by the imperatives of weight reduction,
enhanced safety, and improved fuel efficiency or extended range for electric vehicles. This paradigm shift has
necessitated a move away from traditional, monolithic material strategies towards sophisticated multi-material design.
In this context, the combination of metallic materials, primarily aluminum and high-strength steel (HSS), with advanced
carbon fiber reinforced polymers (CFRPs) has emerged as a leading frontier. Metals offer well-understood behavior,
excellent ductility, and cost-effectiveness, while CFRPs provide an unparalleled specific strength and stiffness. However,
their integration presents significant challenges, particularly in joining and long-term durability. This review article
provides a comprehensive analysis of the current state-of-the-art in the application and fusion of these disparate material
systems. It begins by delineating the roles and evolving applications of key metallic alloys and CFRPs in automotive
body-in-white (BIW), chassis, and interior components. The core of the review is dedicated to a critical examination of
hybrid joining technologies, including adhesive bonding, mechanical fastening, and their hybrids, with a focused
discussion on the emerging promise of thermoplastic-based fusion bonding. The interplay between material properties,
manufacturing processes, and joint performance is thoroughly explored. Furthermore, the article presents case studies of
production vehicles that have successfully implemented metal-CFRP hybrid structures, analyzing their design
philosophies and performance outcomes. Finally, the paper identifies key technical hurdles, such as galvanic corrosion
and recyclability, and discusses the ongoing research directions aimed at overcoming them. The central thesis is that the
successful fusion of metals and CFRPs is not merely a joining challenge but a systems-level integration problem
encompassing materials science, manufacturing engineering, and structural design, which is pivotal for the next
generation of high-performance, efficient vehicles.
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1. Introduction

The global automotive sector faces unprecedented pressure from environmental legislation, consumer demand for
performance, and the rapid electrification of the powertrain. For internal combustion engine vehicles, mass is directly
correlated with fuel consumption and CO2 emissions. For battery electric vehicles (BEVs), mass is a critical
determinant of driving range, as a heavier vehicle requires a larger, more expensive, and heavier battery pack to achieve
the same range-a vicious cycle known as "mass decompounding". Lightweighting has, therefore, become a central pillar
of automotive engineering strategy [1].

Historically, automotive structures were dominated by mild steel, prized for its low cost, formability, and well-
characterized performance. The advent of High-Strength Steels (HSS) and Advanced High-Strength Steels (AHSS)
allowed for thickness reduction while maintaining or improving structural performance. Aluminum alloys offered a
further step change, providing a density one-third that of steel, leading to their widespread adoption in body panels and
space frames. However, the quest for extreme lightweighting has pushed the industry towards advanced composite
materials, notably Carbon Fiber Reinforced Polymers (CFRPs).

CFRPs possess an exceptional combination of high specific strength (strength-to-density ratio) and specific stiffness
(stiffness-to-density ratio), outperforming all metals in these metrics. They also offer excellent fatigue resistance and
corrosion immunity (to chemicals, though not to galvanic issues when coupled with metals). Despite a significant
reduction in cost over the past decade, primarily due to automation and the use of non-autoclave processes, CFRPs
remain more expensive than metals on a per-kilogram basis [2]. This economic reality, coupled with the different failure
mechanisms and lack of ductility compared to metals, makes a wholesale replacement of metals with CFRPs
impractical for most volume vehicle segments.

Consequently, the most rational and prevalent approach is multi-material design, where the right material is placed in
the right place, fulfilling specific functional requirements. This philosophy leverages the strengths of both material
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families: using metals for energy absorption in crash structures, for cost-sensitive high-volume components, and for
areas requiring high ductility; and using CFRPs for stiff, lightly loaded panels, for primary structural members where
bending stiffness is paramount, and for ultra-lightweight interior components.

The successful implementation of this philosophy hinges on one critical enabling technology: the ability to reliably,
durably, and cost-effectively join metallic and composite components. The inherent differences in their chemical,
thermal, and mechanical properties make this a non-trivial task. This article reviews the current landscape of metal-
CFRP fusion in automotive manufacturing. It will explore the individual material characteristics and applications, delve
deeply into the state-of-the-art joining techniques, present real-world applications, and discuss the persistent challenges
and future research vectors essential for the wider adoption of this powerful material synergy [3].

2. Metallic Materials in Automotive Construction

Metals continue to form the backbone of the automotive industry due to their mature supply chains, established
manufacturing protocols, and favorable mechanical properties.

2.1 High-Strength and Advanced High-Strength Steels (HSS/AHSS)

Steel remains the most widely used material in car bodies. The development of HSS and AHSS has been instrumental in
lightweighting without compromising safety [4]. AHSS, which includes Dual-Phase (DP), Transformation-Induced
Plasticity (TRIP), and Martensitic (MS) steels, utilizes complex microstructures to achieve high strength and good
formability. The latest generation, often referred to as 3rd Gen AHSS, aims to provide ultra-high strength (>1 GPa) with
enhanced ductility, making them ideal for A-pillars, B-pillars, and roof rails in passenger safety cells. Their high energy
absorption capacity during crashes is a key advantage over brittle composites.

2.2 Aluminum Alloys

Aluminum alloys (5xxx and 6xxx series are most common) are the primary lightweight metal alternative. Their use
ranges from cast components (engine blocks, wheels) to wrought forms for body panels (hoods, doors) and extruded
sections for space frames. The Audi A8, with its Aluminum Space Frame (ASF), is a landmark example of aluminum-
intensive design. While aluminum offers a significant weight saving over steel, its lower modulus of elasticity often
requires increased section sizes to achieve equivalent stiffness, partially offsetting the mass benefit [5].

2.3 Magnesium Alloys and Others

Magnesium alloys, with a density even lower than aluminum, are used in niche applications like instrument panel
beams and steering column supports. However, their high cost, limited formability at room temperature, and concerns
over corrosion resistance have restricted their widespread use. Other advanced metallic solutions, such as titanium
alloys, are generally cost-prohibitive for all but the most extreme performance applications [6].

Table 1. Key Properties of Primary Automotive Metallic Materials

Material Density Tensile Strength Young's Modulus Specific Strength
(g/cm?) (MPa) (GPa) (kNm/kg)

Mild Steel 7.85 270-350 210 34-45

DP 600 Steel 7.85 600-700 210 76-89

06061-T6 Aluminum 2.70 310 69 115

7075-T6 Aluminum 2.81 570 72 203

AZ91D Magnesium 1.81 230 45 127

Table 1 mention If looking for strength and stiffness, choose steel. If looking for lightweight and high specific strength,
choose aluminum alloy, especially 7075-T6. If weight is paramount (e.g., portable devices, ultra-lightweight automotive
parts), magnesium alloy is a good candidate, but strength and corrosion resistance must be addressed.

3. Carbon Fiber Reinforced Polymers (CFRPs)

CFRPs are composite materials consisting of carbon fibers embedded in a polymer matrix. The fibers provide the
strength and stiffness, while the matrix binds them together, transfers loads, and defines the shape.
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3.1 Carbon Fibers and Matrix Systems

Carbon fibers are produced by the pyrolysis of precursor fibers, most commonly Polyacrylonitrile (PAN). They are
anisotropic, meaning their properties are directionally dependent. The matrix can be either thermoset (e.g., epoxy, vinyl
ester) or thermoplastic (e.g., polyamide (PA), polyether ether ketone (PEEK)) [7].

e Thermoset CFRPs: Epoxy is the most common matrix. It offers excellent adhesion, high temperature resistance, and
good chemical stability. Curing is typically a time-consuming process involving an irreversible chemical reaction.

e Thermoplastic CFRPs: These are gaining traction due to their inherent advantages: infinite shelf life, recyclability,
repairability (via re-melting), and shorter processing cycles. Their potential for fusion bonding with metals is a
significant driver for their investigation in hybrid structures.

3.2 Manufacturing Processes for Automotive Applications

The high-cost, labor-intensive autoclave process used in aerospace is unsuitable for automotive volumes. Instead,
several rapid, automated processes have been adopted:

o Resin Transfer Molding (RTM): Dry carbon fiber preforms are placed in a mold, which is then closed and injected
with resin. This is suitable for complex, high-quality structural parts.

e Compression Molding: Using Sheet Molding Compound (SMC) or, more relevantly, CFRP Organosheets
(thermoplastic pre-impregnated tapes woven into a fabric). This is a very fast process ideal for body panels.

o Automated Tape Laying (ATL) / Automated Fiber Placement (AFP): Robots lay down strips of pre-impregnated
tape to build up a structure layer by layer. This is used for larger, more complex parts like chassis tubs [8].

Table 2. Comparison of Thermoset vs. Thermoplastic CFRP for Automotive Use [4, 10, 14]

. Advantage for

Property Thermoset CFRP (Epoxy) Thermoplastic CFRP (PA/PP) Automotive
Process Cycle Time Long (minutes to hours) Short (seconds to minutes) Thermoplastic
Toughness/Impact Moderate High Thermoplastic
IRecyclability Difficult Possible Thermoplastic
Storage ieffer igeration, Limited Shelf Ambient, Infinite Thermoplastic
Joining to Metals Adhesives, Mechanical Adhe.swes, Mechanical,  Fusion Thermoplastic

Bonding
Max. Service High (~180°C) Moderate to High (~150-250°C) Thermoset (for high-temp|
Temp. areas)

Table 2 show Thermoplastic CFRP offers significant advantages in manufacturing cycle time, impact resistance,
recyclability, storage, and joining processes, making it ideally suited for the automotive industry's mass production and
lightweighting needs. Although thermoset CFRP has disadvantages in production and recycling, its improved high-
temperature resistance makes it an advantage in certain high-temperature automotive areas, such as around the engine or
in the braking system.

4. The Fusion Challenge: Joining Metallics and CFRPs

Joining is the most critical aspect of multi-material design. The fundamental property mismatch-stiffness, coefficient of
thermal expansion (CTE), and chemical nature-creates complex stress states at the joint interface.

4.1 Adhesive Bonding

Adhesive bonding is often the preferred method as it provides a continuous connection, excellent fatigue performance,
and uniform stress distribution, avoiding the stress concentrations of holes.

o Advantages: Distributes loads over a large area, excellent for joining thin sheets, provides sealing and damping.

e Challenges: Surface preparation is paramount. Metals require degreasing and often abrasion or chemical treatment.
CFRP surfaces, often mold-release contaminated, require plasma or laser ablation to ensure chemical activation. The
durability of the bond under hygrothermal (moisture and heat) conditions is a major concern, as it can lead to
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degradation [9]. Furthermore, adhesive bonds are difficult to inspect non-destructively and can be challenging to
disassemble for repair.

4.2 Mechanical Fastening
This includes rivets, bolts, and self-piercing or flow-drill screws.
o Advantages: Well-understood, easy inspection and disassembly, high peel strength.

e Challenges: The process of drilling holes in CFRPs cuts the continuous fibers, creating significant stress
concentrations and drastically reducing the static and fatigue strength of the composite. Washers are essential to manage
bearing stress. The difference in CTE can lead to pre-load loss in bolted joints over temperature cycles. Special
fasteners, such as self-piercing rivets, can be used to avoid pre-drilling, but they require careful control of the die-side
material support [10].

4.3 Hybrid Joining

To mitigate the weaknesses of each method, hybrid joints combining adhesive bonding with mechanical fastening are
frequently used.

Synergy: The adhesive carries the shear loads and provides damping, while the mechanical fastener provides peel
resistance, redundancy in case of adhesive failure, and allows for lower curing pressures. This is considered the state-of-
the-art for critical structural joints in multi-material vehicles [11].

4.4 Direct Fusion and Interlocking Methods
This is an emerging area of significant promise, particularly with thermoplastic CFRPs.

¢ Thermoplastic Fusion Bonding: Techniques like induction welding, ultrasonic welding, or laser-assisted welding
can be used to melt the thermoplastic matrix at the interface with a metal part, creating a direct molecular bond. This
often requires the metal surface to be structured or coated with a compatible polymer to enhance adhesion [19].

e Overmolding: The metal component is placed into an injection mold, and molten thermoplastic (either neat or with
short fibers) is injected, flowing into micro-cavities or macro-features in the metal to create a strong mechanical
interlock. This is highly amenable to automation and high volumes [12].

o Tailored Fiber Placement: Creating macro-scale features, like hooks or pins, on the metal surface that become
embedded in the CFRP during the molding process.
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Metal Adhesive I\/Ietal// \?FRP matrix
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Micro-rough or

) macro-structured surface
Adhesive

Adhesive Bond Fusion/Interlock

Figure 1. Schematic of Hybrid Joining Techniques

Figure 1. A schematic representation of primary joining methods for metal-CFRP hybrids: (a) Pure adhesive bonding, (b)
Mechanical fastening, (c¢) Hybrid adhesive-mechanical joint, and (d) Direct fusion/interlocking using a structured metal
surface and thermoplastic matrix.*
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5. Case Studies in Production Vehicles

The theoretical advantages of metal-CFRP hybrids have been translated into practice in several landmark production
vehicles.

5.1 BMW i3 and i8

The BMW i3, launched in 2013, was a watershed moment. It featured a passenger cell, or "Life Module," made entirely
from CFRP, mounted onto an aluminum "Drive Module" chassis that housed the powertrain and battery. The joining
between the CFRP module and the aluminum chassis was achieved through a combination of adhesive bonding and
riveting-a classic hybrid joint. This design demonstrated the viability of CFRP for volume production (though at a
premium segment) and achieved exceptional lightweighting, crucial for its electric range [13].

5.2 BMW 7 Series (G11/G12)

BMW further integrated this technology into its flagship sedan with its "Carbon Core" strategy. Rather than a
monolithic module, CFRP reinforced roof bows, B-pillars, and tunnel braces were integrated into a primarily steel body.
This allowed for weight reduction in the upper body, lowering the center of gravity, while maintaining the cost-
effectiveness of steel for most of the structure. The joining involved advanced adhesives and specific processes to
integrate the CFRP components into the existing steel production line [14].

5.3 Aston Martin Valkyrie & Hypercars

In the ultra-high-performance domain, cars like the Aston Martin Valkyrie use a full carbon fiber monocoque tub onto
which front and rear aluminum subframes are attached. These joints must withstand extreme dynamic loads. They
typically employ aerospace-grade bonding techniques complemented by a large number of high-strength titanium bolts,
with meticulous attention to surface preparation, tolerances, and thermal management [15].

Table 3. Summary of Production Vehicle Case Studies

. Primary - .
\Vehicle Structure CFRP Role Joining Strategy Key Achievement
BMW i3 Aluminum Passenger Cell (Life Adhesive + Rivets First volume-produced CFRP
Chassis Module) (Hybrid) passenger cell

Selective . .
BM.W 7 Steel Body Reinforcement (Carbon Advanced Adhesives Integrated CF.RP into- high-
Series volume steel line

Core)
Aston Martin CERP Primary Structure Structural Adhesive + EX;;IT;? htinsnffnt?(frs trircll(z
\Valkyrie Monocoque y High-Strength Bolts & ghting

performance

Table 3 list the BMW i3 represents a breakthrough for CFRP in mass-produced passenger cars (including mass-
produced passenger cells). The BMW 7 Series showcases the combination of CFRP and steel, emphasizing hybrid
structural lightweighting. The Aston Martin Valkyrie embodies the pursuit of extreme performance in a top-tier supercar,
achieving both lightweight and high stiffness through the comprehensive use of CFRP structures.

Overall, the table highlights the diverse applications and achievements of CFRP in different vehicle types (mass
production, luxury, and supercars), illustrating the material's broad potential in the automotive industry [16].

6. Discussion: Performance, Durability, and Sustainability
The integration of metals and CFRPs, while beneficial, introduces new complexities that must be managed.
6.1 Galvanic Corrosion

When carbon fiber (a noble, cathodic material) is in electrical contact with a less noble metal (e.g., aluminum,
magnesium) in the presence of an electrolyte (like road salt), a galvanic cell is formed. This accelerates the corrosion of
the metal anode. Mitigation strategies include:

o Isolation: Using thick adhesive layers or non-conductive sealants to break the electrical path.

o Material Selection: Pairing CFRP with more noble metals or alloys, or using stainless steel fasteners.
o Coatings: Applying protective coatings to the metal surface.

6.2 Crashworthiness and Failure Modes

The brittle, linear-elastic failure of CFRP contrasts sharply with the ductile, plastic deformation of metals. In a crash, a
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metal component will crumple and absorb energy predictably [17]. A CFRP component may fracture catastrophically. In
a hybrid structure, the interaction of these failure modes must be carefully engineered. The joint itself can be a weak
point, with failure modes including adhesive fracture, composite delamination, or fastener pull-out. Computational
modeling is essential to predict these complex interactions.

6.3 Recyclability and Life-Cycle Assessment (LCA)

The end-of-life treatment of multi-material vehicles is a significant challenge. While metals are readily recycled, the
separation of CFRP from metals is difficult. Thermoset CFRPs are typically downcycled (e.g., as filler) or landfilled.
Thermoplastic CFRPs offer a more promising path for recycling and re-melting. A full LCA is necessary to validate the
environmental benefits of lightweighting against the higher embodied energy of CFRP production and end-of-life
complications [18].
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Figure 2. Bar Chart Comparing Specific Stiffness and Specific Strength

Figure 2. Comparison of specific stiffness and specific strength for common automotive materials, illustrating the
superior performance of CFRP, which is the primary driver for its use in hybrid structures. (Data based on Tables 1 & 2
and typical CFRP properties) [19].

7. Conclusion

The fusion of metallic materials and carbon fiber composites represents a sophisticated and necessary evolution in
automotive body engineering. It is a powerful enabler of the lightweighting required to meet the stringent demands of
efficiency and performance in the 21st century. This review has established that while both material families have
distinct and powerful roles to play, the key to unlocking their full synergistic potential lies in overcoming the joining
challenge.

Current state-of-the-art relies heavily on hybrid adhesive-mechanical fastening, which provides robust and redundant
performance. However, the future points towards more integrated solutions, particularly with the adoption of
thermoplastic CFRPs. Techniques like fusion bonding and overmolding offer a path to faster, more automated, and
potentially stronger joints that better manage the property mismatches between materials.

Successful implementation requires a holistic, systems-engineering approach that considers not only the structural
performance but also long-term durability issues like galvanic corrosion, repairability, and, crucially, end-of-life
recyclability. As material scientists and engineers continue to develop lower-cost carbon fibers, more durable adhesives,
and smarter joint designs, the fusion of metal and carbon fiber will undoubtedly transition from a premium feature to a
mainstream solution, forming the literal and metaphorical framework of the next generation of automobiles.
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