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Abstract: The development of lightweight and durable materials for car body panels and load-bearing
elements in the automotive industry results from the constant desire to reduce fuel consumption
without reducing vehicle performance. The investigations mainly concern the use of these alloys in
the automotive industry, which is characterised by mass production series. Increasing the share of
lightweight metals in the entire structure is part of the effort to reduce fuel consumption and carbon
dioxide emissions into the atmosphere. Taking into account environmental sustainability aspects,
metal sheets are easier to recycle than composite materials. At the same time, the last decade has
seen an increase in work related to the plastic forming of sheets made of non-ferrous metal alloys.
This article provides an up-to-date systematic overview of the basic applications of metallic materials
in the automotive industry. The article focuses on the four largest groups of metallic materials:
steels, aluminium alloys, titanium alloys, and magnesium alloys. The work draws attention to the
limitations in the development of individual material groups and potential development trends of
materials used for car body panels and other structural components.

Keywords: aluminium alloy; automotive industry; body panel; steel; titanium alloy

1. Introduction

Car manufacturers are guided by technological, material, and economic criteria when
selecting materials for car body panels. Meeting all these conditions at the same time
is often not possible, which is why many types of materials made of non-ferrous alloys
and steel are currently used. Chronologically, steel was the first common construction
material used in the automotive industry. With the development of sheet metal production
and processing methods, wooden elements in cars were replaced with sections and sheets
made of low-carbon (LC) steel with relatively low mechanical strength and low corrosion
resistance. The desire to reduce the weight of vehicles and thus reduce fuel consumption
and emissions of harmful substances into the atmosphere have resulted in an evolution
in the materials of body panels and vehicle chassis components. Carbon steel sheets and
sections are beginning to be replaced by their lightweight equivalents, such as aluminium
alloys, titanium alloys, and magnesium alloys.

The first uses of steel sheets in the automotive industry were observed in the early
20th century when Henry Ford used them in the mass production of the Model T. In
Europe, steel has been used in car production since the early 20th century when German
engineer Carl Benz created the first car powered by an internal combustion engine in 1919.
Carbon steel is a construction material ideal for the developing automotive industry and
is characterised by adequate strength and durability at relatively low production costs,
which is one of the main criteria for mass production. Even though carbon steel is not
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resistant to corrosion, it is one of the most popular materials used in the metal industry,
which makes it relatively cheap compared to other materials. Over the years, increasingly
better anti-corrosion protection coatings have been developed. Moreover, carbon steel
shows very good plastic properties in cold sheet metal forming compared to aluminium
or titanium alloys. In the 1970s, the production of steel with increased strength began,
which resulted in a reduction in the weight of vehicles. This trend has continued to this
day and has been intensified in recent years by climate problems and the need to reduce
emissions of harmful substances into the natural environment. The global steel industry
responded to the challenge of reducing vehicle weight by launching the Ultra-Light Steel
Auto Body (ULSAB) project to reduce body weight by 25% [1,2]. This project initiated the
extensive development of innovative Advanced High-Strength Steel (AHSS) grades with
sufficient formability.

Conventional deep-drawing quality low-carbon steel sheets have a yield strength of
less than 300 MPa and are used to build motorcar bodies. The carbon content in these steels
does not exceed 0.12 wt.%. Among Low-Strength Steels (LLs), we can distinguish between
Mild Steels (MSs) and Interstitial Free (IF) steels. High-Strength (HS) steels include Isotropic
Steels (ISs), Interstitial Free–High-Strength (IF–HS) steels, Bake Hardenable (BH) steels,
Carbon–Manganese (CMn) steels, Press Quenched Steels (PQSs), and High-Strength Low-
Alloy (HSLA) steels. Dual Phase (DP) steels, Ferrite–Bainite (FB) steels, Complex Phase
(CP) steels, Transformation Induced Plasticity (TRIP) steels, and martensitic (MS) steels
are classified as Ultra-High-Strength (UHS) steels [3]. The third-generation AHSS (Dual
Phase–High Ductility (DH) steels, Complex Phase–High Ductility (CH) steels, TRIP-Aided
Bainitic Ferrite (TBF) steels, Carbide-Free Bainite (CFB) steels and Quenching & Partitioning
(QP) steels) expand on the previously established first-generation AHSS (DP, CP, TRIP, MS,
and Press Hardened Steels—PHSs) and the second-generation AHSS (TWIP) [4]. Sixty
percent of the body structure of the Jeep Grand Cherokee L (2021) is made from AHSS and
third-generation steels [5].

The development of HS and UHS steels was related to the need to reduce vehicle
weight while maintaining the high stiffness of motorcar bodies [6]. One way to meet
this criterion is to use steel sheets of increasingly smaller thickness and higher tensile
strength while maintaining good formability [7]. In 2005, deep-drawing quality low-alloy
steel sheets accounted for approximately 85% of vehicle weight. Meanwhile, in 2015, the
share of steel from this group in the weight of vehicles was 40% [8]. According to the
Automotive and Transportation Market Research Report (2023) [9], high-strength low-alloy
steels currently constitute up to 60% of modern car body structures. HS steels have a tensile
strength of up to 550 MPa. Some advanced third-generation steels have a tensile strength
exceeding 1000 MPa while maintaining good formability [10]. Steels of increased quality
(cold-rolled and hot-rolled) are commonly used for the production of vehicle frames and
suspension elements. The use of HS steel ensures increased durability of vehicles and
increased safety of passengers. Stainless steel is very rarely used for passenger car body
parts due to its high price. In the case of public transport vehicles (buses, trams) and
passenger trains, which are heavily used vehicles, the bodies are made of stainless steel.

Currently, aluminium is very important in the construction of car bodies. A body made
of aluminium alloys is much lighter than one made of steel. The density of aluminium
and its alloys is about 65% lower than that of steel. Reducing the weight of a mid-range
vehicle can be as much as 300–400 kg without compromising its performance or safety
level. It is assumed that reducing the vehicle weight by 100 kg allows for fuel savings of
approximately 0.6 dm3 per 100 km. When the vehicle mass is reduced by 100 kg, the fuel
consumption is reduced by about 0.4 dm3/100 km, and the CO2 emission decreases by
7.5 to 12.5 g/km [11]. Aluminium alloys are corrosion resistant and have high mechanical
strength. Aluminium alloys with copper, magnesium, silicon, nickel, and manganese are
most often used in body structural elements (doors, engine covers, roof elements, boot lids,
etc.). Al–Mg and Al–Mg–Mn alloys are characterised by average mechanical strength, but
they are highly resistant to corrosion. Al–Mg–Si series alloys have average mechanical
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strength but high corrosion resistance and good plasticity. Al–Zn–Mg and Al–Zn–Mg–Cu
alloys have strengths similar to those of steel body sheets. The first car to use car body
panels made of aluminium was the Bugatti 10. In the post-war years, the aluminium-bodied
‘1953 Porsche 356 1500 [12] was created. Nowadays, aluminium alloy sheets are used in
the Audi A8, Land Rover Defender, and BMW 5 series. In 2015, Ford introduced the
aluminium-bodied F-150. Aluminium and its alloys are eagerly used in the production of
trailers and semi-trailers, delivery trucks, and motor tracks. Aluminium alloys are also
a material for producing composite car bodies [13,14]. Basic aluminium-based laminates
include glass-reinforced aluminium laminates (GLAREs), aramid-reinforced aluminium
laminates (ARALLs), carbon fibre-reinforced aluminium laminates (CARALLs), kenaf fibre-
reinforced aluminium alloy laminates (CAKRALLs), and flax fibre-reinforced aluminium
alloy laminates (CAFRALLs) [15].

Titanium and titanium alloys are characterised by low density (4.43 g/cm3) while
maintaining good mechanical properties and corrosion resistance. Titanium alloys are
characterised by a high tensile strength of 1275 MPa for the Ti-6Al-6V-2Sn alloy. Currently,
they are widely used in car production. The density of titanium alloy is only 60% of the
density of steel, and the strength can reach more than 800 MPa. Titanium not only has high
specific strength but also good toughness. Components made of titanium alloys used in the
production of cars are mainly used in car exhaust systems, suspension springs, body parts,
and car body frames [16]. Titanium suspension springs provide an opportunity for reducing
the weight by upwards of 70% [17]. Crash elements made from Ti-6Al-4V titanium alloy
are conceivable in the body because of titanium energy-absorbing deformation behaviour.
The use of Ti and Ti alloys can at least be partially considered for the armouring of security
vehicles [18]. A significant reduction in vehicle weight and thus fuel consumption in
combustion vehicles or electricity consumption in electric vehicles can be achieved by
replacing steel with light magnesium alloys. These alloys, compared to other metallic
alloys, have the highest strength-to-weight ratio. Properties of magnesium alloys desired
by the automotive industry include high mechanical strength and creep resistance. The
main area of application of magnesium alloys is currently the drive systems and vehicle
rims. The use of magnesium alloys for the production of body panels and structural
members is very limited compared to steel or aluminium alloys. However, the use of Mg-
based alloys is constantly growing and is focused on the production of brackets, profiles,
and extruded interior door components. Plastic processing of magnesium alloys is a
technological challenge because these materials are characterised by low plasticity due
to their hexagonal close-packed crystal structure. Magnesium alloy sheets, for example
the common AZ31 alloy, exhibit good plastic properties at temperatures above 220 ◦C.
The heating of tools associated with hot forming, as well as limitations in the available
high-temperature lubricants and the technological complexity of the forming process
significantly limit the use of magnesium alloys for the production of body panels.

This article presents an up-to-date overview of the applications of metallic materials
in car body panels and bearing components. The article focuses on the four largest groups
of metallic materials: steels, aluminium alloys, titanium alloys, and magnesium alloys.
Limitations in the development of individual material groups and potential development
trends of materials used for car body panels and bearing components are presented.

2. Steels
2.1. Background

Currently, commonly used materials for body production are various grades of both
deep-drawing steels and high-strength low-alloy steels [6,19]. Replacing low-carbon steels
with high-strength steels allows for reducing the thickness of the sheets while maintaining
or even increasing the strength properties of the car structure. For several decades, despite
the optimisation of the design related to the reduction of pollutants emitted by combustion
engines, the weight of ‘compact’ cars has been kept practically constant. The weight
reduction resulting from the use of thinner, high-strength sheets is balanced by additional
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equipment in motor vehicles installed to improve the comfort and, above all, the safety of
users [20]. A solution is to use composite materials, but due to difficulties with recycling
and the high cost of production, their use is not common. Metallic materials continue to be
the basis for the construction of mass-produced vehicles. In the context of the requirements
of the automotive industry, modern sheet metals should [21]:

• be characterised by high specific strength, defined as the ratio of the material’s strength
to its density,

• show high energy absorption capacity in the event of a collision,
• have properties that minimise technological problems in production (including spring-

back) and ensure high efficiency,
• have good weldability,
• show high corrosion resistance.

Steel is coated with several methods to make it resistant to corrosion. The steel sheet
metals for car body outer panels are supplied with four different main coatings: elec-
trolytic galvanising, where the sheet is coated with zinc from a sulphate–acid electrolyte,
zinc–magnesium coating, hot-dip galvanising (the most frequently used and galvannealed
coatings where zinc coating is converted into a zinc–iron coating by heat treatment [22].
Zn–Be and Zn–Ni coatings are electrodeposited [23]. According to Close et al. [24], elec-
trophoretic coating (E-Coat) is the most widespread solution to protect vehicles from
corrosion. Many auto makers in Japan use galvannealed steel sheets. The mainstream
product in North America is electrogalvanised sheets. In Europe, auto makers mainly
use hot-dip galvanised sheets [25]. In the hot-dip galvanising process, coatings with a
thickness of between 45 and 150 µm are obtained. The minimum thickness of zinc coatings
in accordance with EN ISO 1461 [26] standard depends on the thickness of the galvanised
element t and is 45 µm (t < 1.5 mm, coating weight 325 g/m2), 55 µm (1.5 mm ≤ t < 3 mm,
coating weight 395 g/m2), 70 µm (3 mm ≤ t < 6 mm, coating weight 505 g/m2) and 85 µm
(t ≥ 6 mm, coating weight 610 g/m2). A 15-µm-thick galvanised coating generally contains
0.2 wt.% Al and is deposited by continuous hot-dip galvanising with a bath temperature
comprised between 400–495 ◦C [27]. At the vehicle production stage, the sheet metal is
protected against corrosion thanks to the use of anodic and cathodic coatings [28]. The
conventional finishing process of auto-body panels includes solvent-based surface primer +
base coat + clear coat, which is featured by large volatile organic compound emission [29].
Therefore, waterborne coating systems composed of water-soluble melamine formaldehyde
and water borne acrylic or alkyd resin eliminates the use of solvents and reduce the volatile
organic compounds.

The following material groups of steel are used in the automotive industry (Figure 1) [21,30]:

• soft steels, with the ultimate tensile strength (UTS) Rm below 300 MPa and elongation
A80 above 30% (IF),

• conventional steels, with the UTS from 300 to 700 MPa and elongation A80 from 10%
to 30% (HS, BH, HSLA),

• advanced steels, with very high UTS above 700 MPa and elongation A80 in the range
of 5–30% (TRIP, DP, CP, MS).

Chronologically, according to the development of steel sheets for automotive applica-
tions, the following groups are distinguished [31]:

• low-carbon and conventional HS steels: LC, BH, HSLA, solid solution strengthened (SSS),
• first-generation AHSS: DP, stretch flangeable SF, TRIP, CP and MS,
• second-generation AHSS: TWIP, lightweight steel with induced plasticity (LS-IP).

According to Grosman and Piela [32], the yield strength of HSS sheets is 650 MPa, and
for UHSS steels, the yield strength is between 550 MPa and 1500 MPa. Individual steel
grades differ in their strengthening mechanisms.
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Figure 1. Classification of steels used in the automotive industry(reproduced with permission from
Reference [4]; copyright © 2024 Acta Materialia Inc. Published by Elsevier B.V. All rights reserved).

Car body panels are most often produced using conventional sheet metal forming
methods, such as bending and deep drawing. Stamping dies consist of three basic parts: a
punch, a die, and a blankholder [33,34]. In an SMF process, a thin piece of metal sheet is
stretched by a stamping tool into the desired shape without wrinkling [35,36]. The basic
problems limiting the sheet metal forming processes are the springback phenomenon [37]
and friction conditions [33,38], which determine the surface quality of the drawpiece and
the possibility of obtaining large deformations of sheet metal. In unit and small-batch
production, it is economical to produce a car body using single point incremental forming
methods, which enable forming of the metallic [39,40] or bimetallic [41] sheets.

The body of a typical passenger car consists of many parts, most often welded [42–44],
self-pierce riveted [45–47], or clinched [48] together. Moreover, the flow drill screwing
process is the optimal process to realise the single-side connection of metal sheets [49]. Car
body components can also be formed from tailor-welded blanks joined using laser welding
technology. The advantages of tailor-welded blanks (TWBs) in the automotive industry
include reductions in cost, weight, and noise with simultaneous increases in dimensional
accuracy and crashworthiness [50].

The steel industry is seeing unprecedented growth in automotive applications of
Advanced High-Strength Steels (AHSSs). Independent marketing research [51] suggests
that these are the fastest growing materials for future automotive applications. Industrial
interest resulted in the continuation of the ULSAB project by scientific–industrial consortia
in the projects: ULSAB—Advanced Vehicle Concepts [52], UltraLight Steel Auto Closure
(ULSAC) [53], UltraLight Steel Auto Suspensions (ULSAS) [54], and FutureSteelVehicle
(FSV) [55].

In parallel with the optimisation of the chemical composition and microstructure
of steels, there has been an increased interest in metal-based laminates, which provide
the required stiffness while being lighter. In addition to the commonly known layered
composites based on aluminium alloy sheets, there has been an increased interest in hybrid
structures combining steel sheets and a polypropylene core. Steel–polymer laminates
(steel/polymer/steel) demonstrate high fatigue strength and impact resistance [56]. Ex-
amples are Bondal and Litecor sandwich materials. Bondal laminate (ThyssenKrupp Steel
Europe) in a 0.5/0.5/0.5 mm configuration is used for damping applications [57]. Litecor
laminates (ThyssenKrupp Steel Europe) consist of two layers of HX220YD interstitial-
free steel sheets (0.2–0.5 mm) with an intermediate layer of polyamide/polyethylene
(PA6—52 wt.%, PE—36 wt.% and 12 wt.% of other additives) [58]. Significant advantages
of this class of materials are their improved acoustic and thermal damping properties.
Hybrix, a laminate developed by Lamera AB, consists of steel or polyamide microfibres
sandwiched between two sheet metals (stainless steel, carbon steel, or aluminium). This
material is produced with a thickness of 0.5–3.5 mm [59]. Steel/polymer/steel composites
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can be subjected to deep drawing and bending [60,61]. Since this review is devoted to the
use of metallic materials in the production of body panels and structural members, the
properties and application of steel-based hybrid structures will not be discussed in the
following chapters.

2.2. Conventional Low-Carbon Steels

The most important technological property of sheets intended for cold metal form-
ing in various forming operations is formability. Formability is the ability of a sheet
metal to undergo plastic deformation without being damaged. According to the EN
10130 standard [62], cold-rolled sheet metals from low-carbon steels are produced in six
grades: DC01, DC03, DC04, DC05, DC06, and DC07. The basic mechanical properties of
low-carbon steels for cold forming are presented in Table 1.

Table 1. Selected properties of cold-rolled flat products from low-carbon steel, prepared on the basis
of PN-EN 10130 [62] standard.

Grade Yield Stress Rp0.2 (max.),
MPa

Ultimate Tensile
Strength Rm, MPa

Elongation A50
(min.), %

DC01 280 270–410 28
DC03 240 270–370 34
DC04 210 270–350 38
DC05 180 270–330 40
DC06 180 270–350 38
DC07 150 250–310 44

Conventional low-carbon (CLC) steels are supplied in the form of cold-rolled sheets
or strips. Due to the rolling production method, the mechanical properties of sheets and
strips are anisotropic. Due to their high plastic properties and tendency to strain hardening,
they are processed in plastic forming methods such as roll profiling, deep drawing and
stretching. Good plastic properties result from the very low carbon and nitrogen content
in this group of steels. CLC sheets are characterised by very good weldability and can
be joined by arc welding and pressure welding. These methods are the basic methods of
joining sheets and components in the automotive industry. The advantage of this technique
is the high speed of the process and the lack of need to make holes for riveting or screw
connections. Although CLC sheets have lower strength than steels with higher carbon
content, they exhibit sufficient strength for many structural applications, such as body
panels and stringers. Due to their susceptibility to corrosion, CLC sheet metal components
must be covered with anti-corrosion coatings.

A non-ageing DC06 steel is suitable for the most demanding deep-drawing pro-
cesses [63]. DC04 and DC05 deep-drawing quality steels are suitable for deep drawing
with increased requirements and stretch-draw forming. These grades of steel sheets are not
subject to ageing and are intended to make structural elements that allow for the execution
of a very complex shape. In the case of conventional deep-drawing quality steel sheets, as
the strength properties increase, the formability decreases, making it difficult to form car
bodies with complex shapes. The change in sheet metal formability is closely related to the
carbon content. Meanwhile, for the steel with the lowest drawability (DC01), the carbon
content is 0.12%, and for the steel with the greatest susceptibility to deep-drawing (DC07),
the carbon content does not exceed 0.01%.

2.3. Complex-Phase Steels

The concept of the development of CP steels initially emerged from the idea of re-
placing martensite with bainite in dual-phase steels [64]. The microstructure of CP steel
is characterised by refined grains. The yield strength of these steels is much higher than
that of two-phase steels with the same tensile strength. Ferritic–martensitic–bainitic steels
have a yield strength of up to about 800 MPa, a tensile strength of up to about 1000 MPa,
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and an elongation at break of at least 7% [65]. The fine microstructure of high-strength
phases (bainite, martensite) increases the yield strength [66]. Promising strength properties
are demonstrated by steels with a multi-phase microstructure containing carbon-depleted
martensite, carbide-free bainite, and retained austenite [67]. Their high ability to absorb
energy and their bendability mean that complex-phase steels are used to produce bumpers
and B-pillar reinforcements [68]. These steels are also used to form side beams as a kind of
reinforcement supporting plastic cover plates. The combination of high-strength steel and
the damping properties of plastics proves useful in absorbing collision energy. Components
exposed to fatigue failure are tested in stress-controlled high cycle fatigue tests to determine
the fatigue limit. Chaurasiya et al. [69] found that the fatigue limit of AHSS steel sheets is
much higher than that of lower-strength structural steel and has comparable ductility. Due
to their homogeneous microstructure, CP steels exhibit superior stretch–flangeability [70].
Graux et al. [71] investigated the effect of process parameters on final mechanical properties
and microstructure. The microstructure of hot-rolled bainitic steel obtained consisted of a
homogeneous lath/granular bainite mixture and exhibited a hole expansion ratio exceeding
70% and a UTS of 830 MPa. The lower recrystallisation promoted bainite transformation
and provided more nucleation sites for bainite nucleation [72].

2.4. Interstitial Free Steels

Interstitial free steels are a class of steel with increased plasticity defined by the
anisotropy coefficient r ≥ 1.8 and the strain hardening exponent n ≥ 0.22 [73]. The inter-
stitial elements in these steels combine with stabilising elements, mainly titanium and/or
niobium, to form various types of carbides, nitrides, sulphides, carbonitrides, and carbon
sulphides. Although IF steels meet the stringent requirements of the automotive industry
in terms of formability, their main disadvantage is low tensile strength (Rm < 360 MPa).
Adding 1.18 wt.% of Cu can achieve a yield strength of 456 MPa and a tensile strength
of approximately 566 MPa by post-annealing aging [74]. The effect of adding amounts
of niobium, titanium, and phosphorus on the mechanical properties and microstructure
of IF steel was studied by da Rocha Santos [75]. It was found that in order to utilise
the full potential for IF steel strengthening, they must have their rolling process closely
controlled to mitigate the effects of solid solution carbon and excessive hardening. An
increase in the formability of sheet metals is achieved by using a high-purity metal charge
and technological methods for obtaining nitrogen and carbon contents in IF steels [76].
A significant increase in the ductility of cold-rolled IF steels annealed according to the
continuous hot-dip galvanising unit regime by giving a favourable existence form to the
interstitial elements and impurities [77].

IF steels are characterised by very good formability with a yield strength between
140 and 260 MPa. Reducing the nitrogen and carbon content in these steels is achieved
by the addition of niobium and titanium, which bind interstitial elements into durable
compounds. Increasing the phosphorus content in these steels allows obtaining sheets
with a yield strength of 275–350 MPa [78]. Increased strength is achieved by increasing
the content of phosphorus, manganese, and silicon. IF steel and Drawing Quality Special
Killed (DQSK) steel are mild steels with high plasticity. These steels are characterised by a
total elongation of 30–60% [23]. Accumulative roll bonding (ARB) followed by annealing
treatment enables the enhancement of the strength of IF steels without compromising
toughness and ductility [79]. However, as reported by Tsuji et al. [80], ARB-processed IF
steel showed high strength but limited elongation. IF steels are suitable for producing
particularly complex stampings that require high mechanical strength, such as inner wheel
arches and boot lid reinforcements.

2.5. Bake Hardenable Steels

Bake hardenable steel in as-received state is characterised by good formability in cold
forming conditions. After forming, the component is placed in an oven at a temperature of
150–250 ◦C for 15 min to harden. This increases the yield strength (Figure 2) as a result of the
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strengthening process. In BH steels, the strengthening is caused by the release of coherent
carbides and the diffusion of free carbon atoms into dislocations. The steel strengthening
process is a type of strain ageing causing the segregation of carbon and nitrogen atoms into
dislocations generated during the sheet metal forming [78]. The bake hardening process is
considered useful if the increase in yield stress is 40–60 MPa.

Figure 2. The influence of bake hardening on stress (reproduced with permission from Reference [78];
copyright © 2024 Elsevier Ltd. All rights reserved).

BH steels are used in the production of body parts that are required to be dent resistant.
In addition to the phenomenon of strain hardening occurring during forming, car elements
made of BH sheets (e.g., doors, boot lids) strengthen during bake hardening. These steels
are solution hardened (Mn, P, Si), and the upper values of the yield strength obtained for
sheets made of these steels are 320–450 MPa [81].

2.6. Dual-Phase Steels

The microstructure of dual-phase steels includes ferrite as the matrix and hard marten-
site [82]. Martensite provides DP steel with high strength, and ferrite is responsible for
its plastic properties. Reduced martensite content in steel may result in insufficient ten-
sile strength and high yield strength [83]. The two-phase microstructure is obtained by
annealing the sheet metal after cold rolling in the temperature range of ferrite and austenite
occurrence. The structure of DP steels is formed by a ferrite matrix in which martensite
(10–35%) and residual austenite (1–2%) are homogeneously dispersed [84]. Avoidance of
the formation of pearlite or bainite is achieved by an appropriate rate of cooling of the
sheet from the annealing temperature. During deformation, the unstable retained austenite
transforms into martensite, thus increasing the ductility of the material. The difference in
the microstructures of dual-phase and the precipitation hardened HSLA steels is shown
in Figure 3. HSLA steel consists mainly of ferrite with the presence of fine and dispersed
carbides of vanadium, titanium or niobium. However, the microstructure of DP steel gener-
ally contains 10–70% volume fraction of martensite and consists of irregular martensitic
islands in a ferrite matrix. The higher the martensite content in DP steels, the greater their
tensile strength [85].

DP steels do not exhibit a physical yield point. Two-phase steels are characterised by
very good drawability; the ratio of yield strength to tensile strength of these steels is below
0.5. The strengthening of these steels during the bake hardening can reach 100 MPa [78].
Effect of forming strain on low cycle, high cycle and notch fatigue performance of DP
steels has been discussed by Paul [86]. Llewellyn and Hudd [87] found that the opti-
mum combination of strength and formability is obtained by a very fine distribution of
martensite islands and a very fine ferrite grain size. Ding et al. [88] concluded that good de-
formation compatibility between lamellar martensite and lamellar ferrite increases strength
and plasticity.
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Figure 3. Typical microstructure of (a) HSLA and (b) DP steel (reproduced with permission from
Reference [31]; copyright © 2024 Woodhead Publishing Limited. All rights reserved).

Ferrite–bainite steels are a variation of DP steel that combines ferrite with bainite
as a second phase instead of martensite [89]. Bainite is a phase with lower strength
than martensite; therefore, FB steels exhibit similar properties to ferritic–martensitic DP
steels [89]. The tensile strength of ferrite–bainite steels is between 500 and 900 MPa [89]. FB
steels were developed for edge-stretching applications due to the decreased likelihood of
cracks forming in bainite during shearing operations [89]. DP steel has the largest share in
the structure of a modern car (approximately 80%) [78].

DP grades are commonly designated by their tensile strength (e.g., the nominal mini-
mum tensile strength of DP500 steel is 500 MPa [89]. The common range of DP grades is
DP500 to DP1000 [89]. However, it is possible to obtain a strength of 1400 MPa [90]. DP
steels with low carbon content are weldable. They increase safety in cars where they are
used as seat guides, child seats, and windshield pillars [90]. DP steel is also ideal for use
in complex structural components of light vehicles, such as car body panels and bumper
reinforcements [83,90].

2.7. Transformation-Induced Plasticity Steels

Transformation-induced plasticity steels are first-generation steels with a fine-grained
structure, which are characterised by high strength and high plasticity [91]. TRIP steels
are defined as steels with increased ductility due to the phase transformation of retained
austenite into martensite during the forming process [92,93]. The properties of TRIP steel
are constituted by many strengthening mechanisms: solution, dispersion, work hardening,
and phase transformation. The strengthening effect is based on the transformation of
retained austenite into martensite during plastic deformation, which leads to a favourable
combination of strength and plastic properties [94]. Transformation-strengthened steels
obtain high strength because they contain a certain amount of transformation products
such as martensite, bainite, and retained austenite. In order to ensure high ductility of
the sheet material, austenite should be characterised by stability allowing its gradual
transformation over the entire range of deformation during product formation. The factor
that determines the stability of austenite is the carbon content in the steel. Austenite with
a low carbon content can be completely transformed into martensite with only a small
deformation. On the other hand, austenite with a very high carbon content is so stable that
even large deformations will not cause its transformation. To stabilise the austenite at room
temperature, the retained austenite is strengthened by dissolving the carbon and reducing
the grain size, thereby avoiding the formation of martensite during cooling. Krizan [95]
linked the effect of increasing strength in TRIP steels with the formation of additional
mobile dislocations in ferrite in adjacent areas of deformed martensite.

The main components of multiphase TRIP steels are carbon and manganese (usually
approximately 1.5 wt.%). Manganese promotes an increase in the content of retained
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austenite in steel. Multiphase TRIP steels containing ferrite, martensite, bainite, and
retained austenite show even better formability than DP steels. Aluminium and silicon limit
the release of carbides and cementite during the formation of bainitic ferrite, thus promoting
the enrichment of austenite in carbon. An increase in ductility due to transformation is
achieved in all steels containing metastable austenite, which undergoes a martensitic
transformation during deformation [78]. The enrichment of austenite with carbon occurs
during heating in the two-phase range and during the transformation of austenite into
bainite. Too long annealing causes a decrease in the volume fraction of austenite in the steel
at ambient temperature due to the increase of volume fraction of austenite transforming
into bainite [78]. TRIP steels are characterised by high impact absorption energy; therefore,
their typical applications are front longitudinal beams, A-pillar and B-pillar reinforcements,
and in the crash zones of the car for their high energy absorption [96].

2.8. Twinning-Induced Plasticity Steels

The chemical composition of twinning-induced plasticity steels, which show me-
chanical twinning induced by deformation, is characterised by a high manganese content
(between 15% and 35%). TWIP steels also typically contain 0.5–1 wt.% C [97]. Nickel and
manganese are mainly used to obtain retained austenite in a microstructure even at room
temperature. Additionally, the silicon content in the amount of 2–4% and/or aluminium
gives the steel an austenitic microstructure, ensuring its high ductility and susceptibility
to deep drawing [98]. These steels exhibit a unique combination of tensile strength and
ductility (e.g., at tensile strengths above 1000 MPa, the material can exhibit ductility of
up to 50%) [99]. TWIP steels have a regular face-centred cubic (FCC) structure with low
stacking fault energy [1]. The properties of TWIP steels are related to the main mechanism
of plastic deformation—twinning [100].

Quenching and tempering of 35CrSiMn5-5-4 and 30NiMnSiCr7-5-4-4 steels involves
the creation of an ultra-fine-grained, multi-phase microstructure consisting of carbide-free
bainite with retained austenite in a ferritic matrix, which was the basis for the creation of
(Ultrafine-Grained Transformation Induced Plasticity (UFG-TRIP) steels [101]. TWIP-cored
three-layer steel sheets containing thin surface layers of low-carbon (LF) or IF steel can be
fabricated by solid-state hot-roll bonding (Figure 4) followed by cold rolling [102]. TWIP-
cored sheets cover a wide range of ductility levels required in automotive steel sheets by
controlling the volume fraction of the TWIP-cored region.

Figure 4. Fabrication procedure of the cold-rolled LC/TWIP/LC and IF/TWIP/IF sheets (reproduced
with permission from Reference [102]; copyright © 2024 Elsevier B.V. All rights reserved).

The second generation of advanced TWIP steels is characterised by increased work
hardening intensity and very high plasticity. The dominant deformation mechanism in
these steels is twinning [103]. TWIP steel is a fully austenitic steel with high aluminium,
manganese and carbon content. These steels are characterised by very high mechanical
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strength with very high drawability. As a result of the dynamically induced twinning
mechanism, a very high strain hardening capacity can be achieved. This feature makes
TWIP steel an excellent material for energy-absorbing elements and structurally responsible
components with complex shapes [103].

2.9. Triplex Steels

Triplex steels have considerably huge amounts of carbon (up to 1.3%) and manganese
(up to 30%) [104]. However, the amount of manganese should be less than 35% in order
to avoid formation of brittle β-Mn. In austenite + ferrite + κ-carbide Triplex steel, the
manganese content varies in medium to high levels, and the lightweight effect is 10.5%
(in comparison with pure Fe) [105]. Triplex steels belong to the group of high-manganese
steels with different shares in the structure of three phases: high-alloy austenite, high-alloy
ferrite, and carbide precipitates, including dispersion carbides κ-(Fe,vMn)3AlC [106] re-
sponsible for the very good mechanical properties of these steels. The precipitation of
M3C-(Fe, Mn)3AlC nanocarbides (so-called κ carbides) in this type of steel is influenced by
the addition of Al (>5 wt.%). Triplex steels offer tensile strengths from 870 MPa to 1100 MPa
with total elongation in the range of 25–70% [107]. They are also characterised by a specific
density of 6400–7100 kg/m3, which is at least 10% lower compared to conventional steel
grades (~7850 kg/m3). With increasing Al content, Fe–Mn–Al–C steels achieve high specific
strength due to the combination of low density and intense work hardening [108]. The
mechanical properties of these steels are determined primarily by the morphology of κ-(Fe,
Mn)3AlC carbides, which may cause the steel to become brittle during cold plastic defor-
mation at the grain boundaries in the form of large particles [106]. The advantage of Triplex
steels in the automotive industry is their strength–elongation compromise coupled with
a low density. The austenite stability and stacking fault energy determine the hardening
capacity of low-density steels [109]. An outstanding strength–ductility balance of Triplex
steels results from an optimum percentage of carbon, aluminium, and manganese [110,111].
The carbon content is crucial to achieving the outstanding comprehensive performance of
Cr-containing low-density triplex steels [112].

2.10. Martensitic Steels

Martensitic steels (MSs) use the phenomenon of martensitic transformation that occurs
when austenite reaches the initial transformation temperature (Ms). After cooling, these
steels are subjected to martensitic tempering to increase their formability. Steel with a
higher martensite content shows greater strength. The disadvantage of this group of steels
is the relatively low elongation. The tensile strength of this group of steels reaches 1700 MPa
with an elongation not exceeding 10% [113]. Martensitic steels are commercially available
with various tensile strengths ranging from 980–1700 MPa [114].

Hydrogen embrittlement (HE) is a potential issue for martensitic steels in auto service.
The hydrogen embrittlement sensitivity of UHSSs is influenced by the concentration of
diffusible hydrogen, stress, and strain hardening resulting from the cold forming process.
Sub-critical cracking is associated with a reduction in the strength, toughness, and ductility
of MS steel [115,116]. Sub-critical crack extension by HE includes the following mechanisms:
hydrogen-enhanced strain-induced vacancies [117], hydrogen-enhanced decohesion [118],
hydrogen-enhanced plasticity-mediated decohesion [119], adsorption-induced dislocation
emission [120], and hydrogen-enhanced localised plasticity [121]. Tong et al. [122] proposed
a method of determination of the critical conditions for a safe service and rapid evaluation
of the hydrogen embrittlement sensitivity of martensite steel MS1500.

MS steel components have the highest potential for absorbing impact energy and are
used for bumpers, door beams, the protective cage around passengers, including front and
rear bumpers, roof cross members, and protection zones for electric vehicle batteries [123].
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2.11. Press-Hardened Steels

Press-Hardened (PH) steels are typically carbon–manganese–boron alloyed steels that
were developed in the mid 1980s for the automotive body in white construction [124].
A small amount of boron (~0.002 wt.%) is used to facilitate the quenching process. These
steels are strengthened at the hot stamping stage, and their ultimate tensile strength reaches
2000 MPa (yield stress up to 1380 MPa). The hot-forming process is mainly divided into two
different approaches, indirect and direct [125]. PH steels are also known as Hot Formed (HF)
steels or hot press forming (HPF) steels. Heat treatment of these steels is a complex process
and involves forming and tempering. The first stage of processing is full austenitisation
by heating to a temperature of 880–950 ◦C. The workpiece is cooled down rapidly in the
tool, applying the critical cooling rate (25–30 ◦C/s). It should be noted that HPF steels
have a ferritic–pearlitic microstructure in as-received state. PH steels are characterised
by very low springback and are suitable for forming components with complex shapes.
Components formed by PH steels exhibit multi-strength performance (e.g., energy transfer
and energy absorption) via tailored tempering [125]. Typical applications of PH steels
include door reinforcements, A-pillar and B-pillar reinforcements, roof panels, and door
and sill reinforcements.

2.12. Quenching and Partitioning Steels

Quenching and partitioning (QP) steels belonging to the third generation of AHSS
exhibit a good combination of formability and strength [126]. These steels are based on the
QP process which was first proposed by Speer et al. [127]. The QP steels contain manganese
between 1.5 and 2.5%, carbon between 0.15 and 0.4%, and around 1.5 wt.% of Al + Si [128].
The addition of other alloying elements, such as phosphorus, aluminium, and silicon, plays
an important role by delaying the carbide formation [129,130].

The microstructure of commercially available QP steels consists of martensite (50–80%)
formed during hardening, ferrite (20–40%) formed during slow cooling of austenite and
dispersed retained austenite (5–10%). The main components of QP steels are martensite
and residual austenite, and ferrite may be present in some of these steels. High-strength
QP steels have a reduced amount of ferrite [131]. The morphology, amount, and stability
of retained austenite depend on the hardening temperature, partitioning temperature and
partitioning time. During the plastic processing of components, austenite is transformed
into newly formed martensite through the TRIP effect, thus increasing the strength and
ductility of the steel.

QP steels contain retained austenite which allows a significant energy absorption
during deformation via the TRIP effect. The scheme of the thermal cycle of heat treatment
of QP steel is shown in Figure 5 [132]. After first quenching from a fully austenitised or
intercritical annealing temperature, the steel can be reheated to a higher temperature and
then quenched to room temperature. Carpio et al. [133] observed a significant increment in
the retained austenite at an increasing partitioning temperature.

Typical QP steels are QP980 and QP1180 [132]. The first application of QP980 was
carried out in Chevrolet Sail (2016) [134]. In 2021, hot dip galvanised QP980 was used in
five components of the front and rear floor assemblies in Ford Bronco [135].

2.13. Stainless Steels

Stainless steel (SS) is an alloy of iron and carbon containing up to 1.2 wt.% of carbon
and at least 10.5 wt.% of chromium. Iron-carbon alloys with a concentration above 13 wt.%
of chromium tend to create passive layers with a tendency to self-rebuild, providing steel
corrosion resistance. Corrosion-resistant steels included in the EN 10088-1:2014 [136]
standard include several dozen grades divided into the following groups: ferritic stainless
steels, austenitic stainless steels, martensitic and precipitation-hardened stainless steels,
ferritic-austenitic stainless steels, heat-resistant ferritic steels, heat-resistant austenitic steels,
high-temperature creep resistance martensitic steels, high-temperature creep resistance
austenitic steels.
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Figure 5. Thermal cycle for the quenching and partitioning process (Ac3—transformation temperature,
RT—room temperature), prepared with permission from Reference [132] (copyright © 2024 Acta
Materialia Inc. Published by Elsevier Ltd. All rights reserved).

The main advantageous property of stainless steels, in addition to corrosion resistance,
is a favourable strength-to-density ratio [137]. Stainless steels are susceptible to plastic
forming and exhibit strain hardening phenomena, but their properties may vary signif-
icantly between corrosion-resistant steel families (Figure 6). The austenitic steel group
provides more than half of the world’s demand for stainless steels. Austenitic steels are
characterised by high susceptibility to plastic deformation and rather low strength, while
martensitic steels show high strength and low ductility [138]. Particularly attractive is
the high impact strength of austenitic stainless steels, which are used for elements of car
crumple zones [139].

Figure 6. Comparison of tensile curves of selected corrosion-resistant steel families (reproduced with
permission from Reference [139] (copyright © 2024 Elsevier Ltd. All rights reserved).

The density of stainless steels is similar to the density of conventional steels; therefore,
replacing carbon steel with stainless steel does not bring any benefits that reduce the weight
of vehicles. However, the strength to density ratio of SS steels is higher than HSS steels; they
are more susceptible to deformation and absorb more energy on impact. High corrosion
resistance means that they do not require additional anti-corrosion coatings. In passenger
cars, stainless steel is used primarily in exhaust systems and fuel tanks, where the material’s
resistance to corrosion and oxidation is required. Moreover, SSs have been successfully
used on body structure reinforcements, dashboard casing (Porsche), front cross members
(Audi), vertical pillars, and car seat elements.
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Stainless steel is very rarely used for passenger car body parts due to its high price. In
the case of public transport vehicles (buses, trams) and passenger trains, which are heavily
used vehicles, the bodies are made of stainless steel [140,141]. The high cost of producing
stainless steel is related to the content of expensive alloying elements (including chromium
and nickel). In the long term, despite the high price, stainless steel has an advantage over
conventional carbon steel.

Particularly for hydrogen fuel cell vehicles, an important condition for safety is the
reliability of the vehicle-mounted hydrogen container. Nam et al. [142] examined the
high-manganese steels for hydrogen-related properties. In a low-temperature hydrogen
environment, materials can be affected by hydrogen embrittlement and low-temperature
embrittlement (LTE), which involves the weakening of materials exposed to low tempera-
tures. Moreover, ultra-high-strength and low-carbon martensitic steels exhibit relatively
low fracture toughness and are susceptible to low-temperature embrittlement that may lead
to sudden accidents [143,144]. It is well known that grain boundaries can act as obstacles
for cleavage crack, and LTE can be suppressed by grain refinement [145,146]. According to
Nam et al. [142] low temperature mechanical properties of steels have barely been reported.
Table 2 summarises the applications of the most common advanced high-strength steels
used to produce the body frames and structural members.

Table 2. Main applications of the steel sheets used for body panels and structural members; (*) grade
not specified.

Steel Group/Grade Components Reference

PHS press hardened body parts [147]

PHS press hardened front and/or rear bumper beam [148]

PHS A- and B-pillars [149]

PHS transmission tunnel and the firewall (Volkswagen Passat) [150]

PHS B-pillar (Audi A8) [151]

PHS body panels (Dongfeng Voyah iFree) [152]

PHS press hardened door beams (Jaguar XJ40) [153]

PHS door beams (VW Polo) [154]

PHS press hardened bumper beam (Renault Safrane) [148]

PHS press hardened bumper beams (Volvo S80) [155]

PHS A-pillar (BMW series 3) [156]

PHS 3rd row seating support (Volvo V70) [157]

PHS front bumper beam, and the right/left A-pillars
(Citroën C5) [149]

PHS 2nd row seat frame (Volvo XC90) [158]

PHS “form fixture hardened” front and rear bumpers (Ford
Mustang 5th generation) [157]

PHS tailor-rolled and press hardened components
(Dodge Caliper, BMW X5) [159,160]

PHS tailor welded B-pillar (Audi A4) [161]

PHS
B-pillar reinforcement, A-pillar reinforcement, rear rail,

tunnel reinforcement, upper B-pillar reinforcement (BMW
7 series 5th generation)

[162]

PHS modular transverse platform (Volkswagen Golf, Audi A3) [163]

PHS swing doors in the front and two sliding rear doors
(Ford B-Max) [164]
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Table 2. Cont.

Steel Group/Grade Components Reference

PHS A- and B-pillars, hinge pillar, and front portion of the
rocker reinforcement (Honda Acura MDX, 3rd generation) [165]

PHS A-pillars (Honda Acura NSX) [166]

PHS a tailor rolled tube (Ford Focus fourth gen., Jeep Wrangler
4th generation) [167]

PHS A-pillar reinforcements (BMW E46 Cabrio, Citroën C5) [156,168]

PHS B-pillar reinforcements and roof rail (Peugeot 307) [169]

PH1500 B-pillar reinforcement (Chrysler Pacifica) [170]

PHS1800 bumper beam reinforcements (Mazda CX-5) [171]

PHS2000 hot stamped door ring (third generation Haval H6) [172]

Boron steel (*) B roof bow, rear seat frame (Volvo XC90) [173]

MBW 1900 (PHS) seat crossbeams (Volkswagen ID.3) [174]

22MnB5 hot stamped B-pillars (Audi A5 Sportback,
Volkswagen Tiguan) [175]

PQS450 front side members, B-pillar reinforcements, rear side
members (Volvo XC90) [158]

PQS450 rear side member (Fiat Tipo) [163]

PQS450 laser-welded tailored rear side member (Fiat 500X) [176]

PQS450 B-Pillar (Jaguar I-Pace) [176]

PQS550 front door ring, B-pillar (Chrysler Pacifica, Chrysler RAM) [177,178]

PQS550 tailored B-pillar (Renault Scenic 3) [179]

PQS550 + PHS1500 patchwork B-pillar (Mercedes C-class) [180]

HSLA the energy absorbing components [181]

Rephos
(a phosphorus alloy
high-strength steel)

A-pillar upper, W-screen member (Volvo XC90) [173]

TRIP steels front longitudinal beams, A-pillar and
B-pillar reinforcements [96]

TRIP 350/600 rail reinforcements, frame rails [182]

TRIP 400/700 crash box, side rails [182]

TRIP 450/800 roof rails, dash panels [182]

TRIP 600/980 engine cradle, roof rail, front and rear rails, B-pillar upper,
seat frame [182]

TRIP780 bumper cross member, B-pillar reinforcement [183]

MS steels (*) front and rear bumpers, roof cross members, door beams [123]

MS 950/1200 bumper beams, cross members, side intrusion beams [184]

MS 1150/1400 bumper reinforcements, side intrusion beams [184]

MS 1250/1500 bumper reinforcements, side intrusion beams,
bumper beams [184]

CR1200Y1470T-
MSteel centre roof reinforcement (Lexus NX) [185]

DP steels seat guides, child seats, windshield pillars [186]

DP steels bumper reinforcements, car body panels [86,90]

DP90 rocker, B-pillar (Volvo XC90) [175]
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Table 2. Cont.

Steel Group/Grade Components Reference

DP 300/500 floor panel, door outer, roof outer [187]

DP 350/600 body side outer, fender, floor panel [187]

DP 500/800 rear rails, body side inner [187]

DP 600/980 floor panels, B-pillar, front sub-frame [187]

DP 700/1000 roof rails [187]

DP 800/1180 B-pillar upper [187]

CP steels tunnel stiffeners, pillar reinforcements, bumper beams,
side beams, frame rails, rocker panels [68,188]

FB steels engine sub-frames, upper and lower control arms, seat
cross members, longitudinal beams [189]

IF steels complex stampings, inner wheel arches, boot
lid reinforcements [79]

BH steels doors, boot lids [81]

TBF980 structural reinforcements (Infiniti QX50) [190]

TBF
1180—TRIP-assisted
bainitic ferrite steel

A- and B-pillar reinforcements, side reinforcement, roof
rail (Infiniti Q50) [191]

TBF 1180 A-pillar inner and reinforcements (Nissan Murano) [192]

TBF 1180 A- and B-pillar reinforcements (Nissan Maxima) [193]

QP980 front and rear floor assemblies (Ford Bronco) [135]

QP980 A-pillar inner lower, A-pillar inner upper, hinge pillar
inner, kick down lower (General Motors vehicles) [194]

TWIP energy-absorbing elements and structurally responsible
components with complex shapes [99]

TWIP

A-pillar, B-pillar, crash box, bumper beam, dash lower
reinforcement, tunnel, floor cross-members, door hinge
reinforcement, wheelhouse, front side member, rear side
member, door impact beam, shock absorber housings (i.e.,

General Motors, Daewoo, Ssangyong, Renault)

[195,196]

TWIP1000 bumper beam (Fiat Nuova Panda) [196]

TWIP 450/950 bumper reinforcements (Jeep Renegade BU/520) [197]

TWIP980 sill side outer, A-pillar lower (Renault EOLAB concept) [198]

stainless steel (*)
buses’ frames, side members, bumper beams,

self-supporting body, panels, outer covering body, body
panels, structural frameworks of buses and coaches

[199–201]

stainless steel (*) energy absorbing components (Volvo) [199]

stainless steel (*)
auto body components (Audi A6), bumper system and

collision boxes (Saab), frame (Hyundai Mobis), fuel tanks
(Volkswagen Beetle)

[199]

AISI 304, AISI 304L fuel tanks [202]

AISI 304, AISI 304L,
AISI 321, AISI 3167,
AISI 316L, ASTM

S30415

housings for turbochargers and catalytic converters [202]

AISI 304, AISI 304L,
ASTM S41050 chassis for buses and trucks, structural components [202]
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Table 2. Cont.

Steel Group/Grade Components Reference

AISI 304, AISI 304L,
AISI 430, AISI 434,

AISI 436
door scuff plates, bumpers, headlight bezels [202]

AISI 304L automobile frames, A-pillar structural tubes, [203]

AISI 304 whole frame (Pininfarina Nido) [199]

H400 stainless steel rear and front side members, lower rear axle wishbone
(Porsche Carrera GT) [199]

Fe-15Cr-10Mn-
0.35Ni-1.6Cu-0.12

stainless steel
bumper (Ashok Leyland) [204]

AISI 304 fuel tank (Fiat Barchetta) [204]

Nitronic 30
(15Cr-1.5Ni-8Mn-

0.18N) stainless steel
urban bus frames (Autocinetics Inc.) [205]

3. Aluminium and Aluminium Alloys
3.1. Characterisation of Aluminium and Aluminium Alloys

Aluminium is a metallic element with a density of 2698.9 kg/m3 at a temperature
of 20 ◦C. The strength-to-weight ratio of aluminium alloys is greater than that of steel. It
is distinguished by a comparatively lower density, measuring 2.7 g/cm3, in contrast to
7.9 g/cm3 for steel. It exhibits a propensity for malleability, along with notable electrical
and thermal conductivity, as well as a remarkable resistance to corrosion. In coastal regions
or other corrosive settings, sheet metal undergoes an electrolytic oxidation process despite
its inherent propensity to develop a naturally oxidised coating on its surface.

Furthermore, it is noteworthy that the ductility of these materials is unaffected by low-
ering temperatures, resulting in better ductility compared to steel under low-temperature
conditions. Aluminium alloys are experiencing growing usage in construction. This
trend allows for maintaining equivalent strength while reducing the structure’s weight by
approximately 50% compared to steel materials [206].

Aluminium alloys may be classified into two main categories: cast and wrought.
The composition of the substance is represented by a numerical code consisting of four
digits, which indicates the primary impurities present and, in some cases, the degree of
purity. Placing a decimal point between the last two numbers is customary in cast alloys.
After the numerical sequence, a hyphen is present, followed by the essential temperature
classification. This classification consists of a letter and, potentially, a numerical value
ranging from one to three digits. This designation signifies the specific mechanical and/or
thermal treatment implemented on the alloy.

The basic designations for aluminium alloys are as follows [207]:

• F—as fabricated
• O—annealed
• H—strain hardened (cold worked)
• W—solution heat treated
• T—thermally treated

The first digit after ‘H’ identifies the basic condition:

• H1—strain hardened only
• H2—strain hardened and partially annealed
• H3—strain hardened and stabilised
• H4—strain hardened and painted
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The ‘T1–T10’ designations are applied to those alloys that are age hardened. Details of
the designations can be found in [207].

Forming aluminium alloy sheets at elevated temperatures is a challenging thermal-
mechanical process, with friction conditions being a crucial factor affecting forming quality
and tool life [208]. High-temperature (warm) forming is a common method for shaping
aluminium alloys, involving the heating of input material and extrusion with hot tools.
Wrought aluminium alloys that are not heat-treatable can be classified into one of three
groups listed in Table 3 based on standard designations provided by the Aluminium
Association [209].

Table 3. Non-heat-treatable wrought aluminium alloys.

Alloy Series Alloy Additions

1xxx Al (99% pure)
3xxx Al-Mn
5xxx Al-Mg

3.2. Aluminium Alloy Families

Aluminium alloys are categorised into eight series, 1xxxx-9xxx, based on their chem-
ical composition, as specified by the EN 573-3:2005 [210] standard. Table 4 displays a
compilation of specific characteristics of wrought aluminium alloys.

Table 4. The classification and basic properties of aluminium alloys for plastic forming, prepared on
the basis of [211].

Alloy Series Type of Alloy Ultimate Tensile
Strength, MPa Basic Properties

1xxx Al (impurity content < 1%) 70–150
good plasticity in cold and elevated temperature
forming, low strength, good corrosion resistance,

high electrical and thermal conductivity

2xxx Al–Cu–Mg
Al–Cu–Mg–Si 170–530 low corrosion resistance

3xxx Al–Mn–Mg 140–280 good plasticity but low strength, good
weldability, and corrosion resistance

4xxx Al–Si 100–360 high strength and corrosion resistance, good
casting properties

5xxx Al–Mg
Al–Mg–Mn 140–350 good saltwater corrosion resistance, good

weldability and analysability

6xxx Al–Mg–Si 160–370 high corrosion resistance, good formability, very
good anodising ability

7xxx Al–Zn–Mg
Al–Zn–Mg–Cu 360–610 the highest strength of all aluminium alloys, low

and medium corrosion resistance

8xxx various alloying elements,
Al–Li, Al–Fe, Al–Li–Cu–Mg 260–580 properties depending on the

chemical composition

9xxx zinc and copper Not specified
remarkable strength and superior mechanical

properties depending on the specific
alloy composition

Due to their advantageous characteristics, aluminium and its alloys have gained
appeal for use in the aerospace and automotive sectors. Aluminium alloys used in the
fabrication of automobile body components consist mainly of 5xxx-series (Al-Mg) and
6xxx-series (Al–Mg–Si), with a minor presence of 2xxx-series (Al-Cu) and 7xxx (Al-Zn-
Mg-Cu). Alloys in the 5xxx series are valued for their excellent strength-to-weight ratio,
high formability, and full recyclability. Meanwhile, the 6xxx series is versatile, amenable
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to heat treatment and welding, and exhibits excellent plasticity. Consequently, the 6xxx
series alloys presently account for at least 80% of the aluminium alloys used by automotive
manufacturers [212].

The addition of alloying elements into aluminium significantly enhances its strength
qualities, sometimes resulting in a multiple-fold increase [213]. The Al-based alloys formed
using metal forming processes have a low density and a high impact strength. Various
elements, including molybdenum, magnesium, cobalt, manganese, tungsten, vanadium,
nickel, titanium, copper, iron, zinc, and silicon, have been identified as significant con-
tributors to the enhancement of aluminium hardness [214]. The inclusion of nickel and
cobalt, together with magnesium and manganese, has been shown to enhance the strength
characteristics of the material. Additionally, the presence of titanium and chromium has
been found to influence the grain refining process [215]. The presence of copper has been
shown to mitigate casting shrinkage. There are two distinct categories of aluminium alloys:
casting alloys, denoted as [211], and wrought alloys, marked as [210]. The concentration
of primary alloying elements in casting alloys may reach a maximum of 30 wt.%, but it
typically ranges to around 10 wt.% in wrought alloys. Wrought alloys generally consist of
alloying elements comprising a maximum of 5 wt.% and are often used in a form that has
been strengthened and heat-treated. Cast aluminium alloys have the potential to undergo
metal-forming techniques under certain circumstances [216]. Certain alloys can be used in
both cast and wrought forms.

Modern aluminium alloys are extensively used in various structural components
within the aviation and automotive sectors because of their notable attributes, including
a high power-to-weight ratio, cheap cost, and exceptional wear resistance [217]. Wang
et al. [218] conducted a material flow analysis to identify the secondary aluminium flows
in China, specifically focusing on the classification of these flows based on alloy type.
The proportion of wrought alloys in secondary aluminium production is projected to
decline from 30% in 2019 to 4% in 2050, assuming the current recycling system remains
unchanged. Additionally, the study suggests that it is possible to recycle 87–183 kt of
wrought alloys derived from End-of-Life Vehicles by enhancing the processes of collection,
dismantling, and sorting. It is anticipated that there may be a potential decrease in primary
aluminium ingot usage ranging from 10% to 37% throughout 2019 to 2050. In 2019, the
automotive industry used 2599 kilotons of cast alloys and 870 kilotons of wrought alloys
(see Figure 7). In the end, the study’s findings indicate an anticipated increase in the
utilisation of cast alloys in the automotive industry, irrespective of the progress made in
electric vehicle technology.

Automobile companies such as Volvo replaced stamped and extruded sheets into
single castings, also known as ‘mega-giga casting technology’ (MGCT) [219]. Tesla, in
future model Tesla Y., used MGCT to produce two parts instead of 171 parts. Volkswagen
plans to speed up production including potential mega-casting solutions under the “Project
trinity” [220]. The share of aluminium alloys in the overall weight of an average car
constantly increases from 35 kg in the 1970s to 152 kg in 2023, and it is expected that
by 2025, the Al-based alloy content in typical cars will reach 250 kg [221]. As a result of
physical and mechanical properties, car body structures are most commonly made from
aluminium alloys belonging to the following groups: 5xxx, 6xxxx, and 7xxx [222].

3.3. 1xxx-Series Aluminium Alloys

The predominant applications of 1xxx-series aluminium alloys encompass the pro-
duction of packaging foil and strips, chemical equipment, tank car or truck bodies, spun
hollowware, and intricate sheet metal work, primarily due to their commendable attributes
of high corrosion resistance and formability [223]. The distinguishing features of 1xxx
alloys revolve around their exceptional corrosion resistance, suitability for constructing
chemical tanks and piping, and notable electrical conductivity for applications such as
bus bars. However, it is pertinent to acknowledge that these alloys exhibit comparatively
limited mechanical properties [224]. Floor components and structural components are



Materials 2024, 17, 590 20 of 56

fabricated from EN AW-1100 aluminium alloy, while EN AW-1050, EN AW-1100, and EN
AW-1200 are used to produce heat insulators.

Figure 7. Aluminium alloy-specific Chinese automotive demand estimates. Top to bottom, the
three rows show No-LT (a–c), Middle-LT (d–f), and High-LT (g–i). Three columns show Low-PN,
Middle-PN, and High-PN situations from left to right. Where LT = light-weighting-trend and
PN = penetration scenario (reproduced with permission from Reference [218]; copyright © 2024 The
Author(s). Published by Elsevier B.V.).

3.4. 2xxx-Series Aluminium Alloys

The 2xxx-series comprises aluminium alloys that include copper as the primary al-
loying element [209], often in concentrations of up to around 2 wt.%. These alloys are
distinguished by their relatively high strength; nevertheless, including copper renders
them more susceptible to corrosion. Typically, sheet metal products undergo a cladding
process whereby they are coated with high-purity aluminium. Alloys of the 2xxx series,
such as the widely used EN AW-2024 alloy, provide advantageous properties for machining
processes. The set of alloys above finds use in several sectors, such as automotive, military,
and aviation industries, where they are utilised in sheet metal structural components. The
uses of 2xxx-series aluminium alloys in the automotive industry are presented in Table 5.

Table 5. Main applications of the 2xxx-series aluminium alloys in car body structures.

Aluminium Alloy Grade Components Reference

EN AW-2008, EN AW-2010 outer and inner body panels [225]
EN AW-2013 seat shells, load floors, outer and inner body panels [226]
EN AW-2016 external body panels [227]
EN AW-2024 wheel spokes, structural components [228]
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3.5. 3xxx-Series Aluminium Alloys

The aluminium alloys of the 3xxx series are well recognised for their exceptional
formability, resistance to corrosion, and mild strength. The primary composition of this
series mainly comprises aluminium-manganese alloys, whereby manganese serves as the
principal alloying element, often falling within the range of 1.0 wt.% to 1.5 wt.% [229].
The alloys belonging to the 3xxx series exhibit a moderate level of resistance to corrosion,
especially when exposed to marine and chemical conditions. The use of manganese signifi-
cantly improves its capacity to withstand air corrosion. These materials have favourable
weldability characteristics, rendering them appropriate for a range of welding methodolo-
gies including gas metal arc welding (GMAW) and resistance welding. These alloys are
used in producing cookware and cooking equipment due to their malleability and ability
to resist corrosion [207]. The 3xxx alloys are often used in heat exchanger applications due
to their high thermal conductivity. Air conditioning systems often use alloys from the 3xxx
series as constituent materials. The alloy that is most often seen in the 3xxx family is EN
AW-3003, which finds extensive utilisation across several applications, particularly in the
field of architecture [230]. These alloys provide favourable formability characteristics, ren-
dering them appropriate for various shaping techniques, including rolling, extrusion, and
drawing. The 3xxx-series Al-based alloys are recognised for their exceptional formability,
good corrosion resistance, and satisfactory strength level. The uses of Al–Mn–Mg alloys in
the automotive industry are presented in Table 6.

Table 6. Main applications of the 3xxx-series aluminium alloys in car body structures.

Aluminium
Alloy Grade Components Reference

EN AW-3003 trailer and truck panels, awning slats, pressure vessels, piping [231]
EN AW-3004 truck trailer sheet, horse trailers, interior panels and components [212]
EN AW-3105 floor components [232]

3.6. 4xxx-Series Aluminium Alloys

The 4xxx series of aluminium alloys is distinguished by including silicon as the
principal alloying element, typically in the range of 4.5–6.0 wt.%. The most frequently used
alloys, in addition to silicon, also contain additions of nickel, magnesium and copper, thanks
to which they can be subjected to supersaturation and ageing, which increase their strength.
The eutectic mixture in alloys containing 11.6% Si is formed from coarse acicular crystals
consisting of a β solution with the addition of α solid solution crystals. Hypoeutectic
alloys contain, in addition to the α solid solution, the precipitates of the eutectic mixture
(α + β). However, in hypereutectic alloys, primary precipitates of β phases appear in the
eutectic. Hypereutectic silumins improved with phosphorus are characterised by α + β

eutecticity with a small dispersion of β solution. The group of 4xxx-series alloys includes
wrought alloys and cast alloys. Moreover, the 4xxx series consists of non-heat-treatable and
heat-treatable alloys.

The alloy that stands out the most in this series is EN AW-4043. The 4xxx-series
aluminium alloys are renowned for their exceptional welding properties and are extensively
used in situations where the ability to be welded is of utmost importance, mainly for
welding and brazing electrodes and brazing sheets [233]. The use of silicon in welding
materials has been shown to improve fluidity and mitigate cracking, making them well-
suited for a wide range of welding techniques. The 4xxx-series alloys have recently been
eagerly used to produce Li-ion battery compartments (Audi E-tron [234]). The uses of
4xxx-series aluminium alloys in car body structures are presented in Table 7.
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Table 7. Main applications of the 4xxx-series aluminium alloys in car body structures.

Aluminium Alloy Grade Components Reference

EN AC-43500 suspension strut dome (Audi A7, BMW 5 Gran Turismo) [235]

A356 (AlSi7Mg0.3) suspension–cradle interface (Chevrolet Corvette Stingray C7) [235]

C448 (AlSi9Mg) hinge pillars, brackets, B-pillar reinforcements, shock towers [236]

AlSi10MgMn(Sr) front longitudinal member (Audi A8), engine torsion support [237,238]

(AlSi10MgMnFe) front sections, shock tower, engine cradle [239–242]

Aural®-2 (AlSi10MgMnFe) one-piece B-pillar, assembled structural elements (Audi A2) [235]

Castasil®-37 (AlSi9MnMoZr)
rear longitudinal beam (Audi A8 D4)

components of retractable roofs [235,243]

Castasil®-37 (AlSi9MnMoZr) shock tower, front sections, engine cradle [239–242]

Silafont®-36 (EN AC-43500)
engine bracket (BMW N52), front end carrier (BMW 3 series), front crash

management system (Audi A2) [237,244]

Silafont®-36 (EN AC-43500)
shock tower, engine cradle, front sections, space-frame members,

suspensions, B-pillar reinforcements, shock towers, brackets, hinge pillars [236,240,245]

3.7. 5xxx-Series Aluminium Alloys

The series of alloys known as 5xxx, which mainly consist of magnesium as the princi-
pal alloying element (ranging from 0.2 wt.% to 10.6 wt.%), has good resistance to corrosion
and is also susceptible to plastic deformation and anodisation processes. The 5xxx-series
aluminium alloys are supplied to automotive companies in an annealed condition charac-
terised by a recrystallised grain structure influenced by insoluble Fe-based intermetallics
and dispersoids. The crystallographic texture of these alloys has little effect on their forma-
bility. However, magnesium content and grain size are considered to be the main factors
influencing the formability and strength of 5xxx-series alloys [246].

Aluminium alloys belonging to the 5xxx group find use in many sectors, such as
shipbuilding, construction, chemicals, and rail vehicle production. Alloys with a magne-
sium concentration over 3.5 wt.% and operating at temperatures beyond roughly 65 ◦C are
more susceptible to experiencing corrosion cracking [211]. Among the 5xxx-series alloy
aluminium sheets, EN AW-5083, EN AW-5182, and EN AW-5754 aluminium sheets are
commonly used in automobile manufacturing [247]. The 5xxx-series alloys are mainly used
in body-in-white applications [248]. The uses of 5xxx-series aluminium alloys in car body
structures are presented in Table 8.

Table 8. Main applications of the 5xxx-series aluminium alloys in car body structures.

Aluminium Alloy Grade Components Reference

AF350 (AlMg1/AlMg5.7/AlMg1) shell doors (BMW 5 and 7) series [249]

C446 (AlMg3Mn) B-pillar reinforcements, shock towers, brackets, hinge pillars [236]

EN AC-51500 suspension strut dome (BMW 5 series, Porsche Panamera) [237]

EN AC-AlMg5Si2Mn inner door frames (Mercedes Benz S-class) [249]

EN AW-5022 pillars, floors, roofs, doors, oil pans, rear fenders, bonnets [250]

EN AW-5042, EN AW-5182 weight-reduced front end (BMW E60) [235]

EN AW-5051A-O, EN AW-5182-O inner panels [251]

EN AW-5052 floor components, truck trailers [231,232]

EN AW-5052 bumpers, body panels, interior panels [226]

EN AW-5052, EN AW-5182, EN AW-5454 internal body parts [227]

EN AW-5052, EN AW-5083 car doors, automobile plates [252]
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Table 8. Cont.

Aluminium Alloy Grade Components Reference

EN AW-5083, EN AW-5456 complex automotive components [212]

EN AW-5083 boot lid (Cadillac STS) [250]

EN AW-5083 lashing rails [250]

EN AW-5110A reflective panels [250]

EN AW-5154
underbody components,
drivetrain components,
suspension components

[250]

EN AW-5182 dust covers, seat frames, air cleaner cases, inner panels [212,235,250]

EN AW-5182 rear fenders, car hoods, car front, and car doors [252]

EN AW-5182 reinforcement members, inner body panels [226]

EN AW-5182 structural panels (Audi A8 D2) [235]

EN AW-5182 inner panels (Saab 9-3, Renault Vel Satis, BMW 3 series) [249]

EN AW-5182 hood inner (Jaguar XE) [253]

EN AW-5182 one-piece inner panel (Jaguar XJ353) [235]

EN AW-5182-O inner panel (Chevrolet GMT 830) [249]

EN AW-5182-O roof structure (Renault Avantime) [243]

EN AW-5182, EN AW-5457 internal structural parts [254]

EN AW-5754 structural sheet applications [212]

EN AW-5454 suspension components [250]

EN AW-5454, EN AW-5182 structural panels (Rolls Royce Phantom) [235]

EN AW-5454 engine brackets and mounts [226]

EN AW-5456 armour plates [226]

EN AW-5454-O, EN AW-5754-O body structures (sheets) [251]

EN AW-5754 automobile plates, structural sheets, load floors, inner body panels [226,235,252]

EN AW-5754 extrusions (Lotus Evora) [235]

EN AW-5754 instrument panel support (Volkswagen Polo, Skoda Fabia, Seat
Ibiza) [237]

EN AW-5754 cockpit carrier (Audi A6, Audi A7) [235]

EN AW-5745 B-pillar assembly, floor panels (Chevrolet Corvette Z06) [235]

EN AW-5754 door inner, hood inner, B-pillar, rocker, brackets, structural
reinforcements [236]

EN AW-5754, EN AW-5182 structural sheets, inner panels (BMW Z8) [235]

Formall®-545 (EN AW-5083) inner front door (Maybach) [249]

Magsimal®-59 (AlMg5Si2Mn) doors (Range Rover L322) [249]

Magsimal®-59 (AlMg5Si2Mn) components of retractable roofs [243]

Magsimal®-59 (AlMg5Si2Mn) door frames (Rolls Royce Phantom) [235]

3.8. 6xxx-Series Aluminium Alloys

The 6xxx series of aluminium alloys is distinguished by the incorporation of magne-
sium and silicon as the principal alloying constituents, with magnesium playing a predom-
inant role in enhancing the strength of the alloy [230]. In the 6xxx aluminium alloys, the
contents of Si and Mg are in the range of 0.5–1.2 wt.%, and the addition of these two alloying
elements is done in the proper ratio of 1.73 to form an Mg2Si valence compound which is
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required for the formation of Mg2Si phase [230]. There are three strengthening methods of
6xxx-series aluminium alloys: grain-boundary strengthening, precipitation strengthening,
and work hardening [230]. According to Baruah and Borah [255], the strengthening of
Al–Mg–Si alloys is carried out in three steps: solution heat treatment, quenching and pre-
cipitation hardening or artificial ageing. The presence of magnesium excess increases the
corrosion resistance but reduces formability and strength, while excess Si produces higher
strength and higher formability [230]. According to the conventional theory of precipitation
hardening in the 6xxx series of aluminium alloys, the hardening occurs via the precipitation
and growth of Mg2Si [256]. Manganese is added to form α-AlMnSi dispersoids, which
improve recrystallisation resistance and elevated-temperature strength [257].

The mechanical properties of typical precipitation hardening 6xxx-series alloys are
characterised by the precipitation of hardening phases during production. Therefore, in
order to obtain the desired crystallographic texture and grain size, it is necessary to control
the processes of formation of precipitations and dispersions [246]. The Mg2Si phase is gener-
ated first since its forming free energy is lower than those of other precipitating phases [258].
In 6xxx-series alloys, the strengthening effect is usually achieved through β′ and β” pre-
cipitates representing metastable variants of the equilibrium Mg2Si phase [257,259]. Work
hardening increases the strength of these alloys. Additional dislocations are created during
processing, and further clusters are formed during the hardening process. Al–Mg–Si alloys
are characterised by the presence of the Q phase, which is stable only as a quaternary
compound [260]. During artificial aging, metastable Q′-precipitates causing an additional
strengthening effect [257]. The combination of precipitation hardening and work hard-
ening during forming and paint curing is responsible for the increase in the strength of
6xxx-group alloys [246]. Recrystallisation in these alloys occurs simultaneously with the
solutionising step. The formation of large sheet panels is facilitated when the sheet has
isotropic properties closely related to the crystal allographic texture and grain shape. As
shown by Burger et al. [246], the dependence of strength on grain size is very weak. In
6xxx-series alloys, control over the recrystallised microstructure obtained after solution
heat treatment is achieved by using the effect of the distribution of soluble precipitates. In
general, the iron content in Al–Mg–Si alloys adversely affects the mechanical properties
and corrosion resistance by creating brittle β-AlFeSi lamellar phases in the microstruc-
ture [261,262]. However, a certain number of α-Fe dendrites can delay the propagation of
microcracks and improve the tensile strength at elevated temperatures [263]. Wu et al. [261]
stated that an iron content lower than 0.3–0.4% improves the mechanical properties of the
aluminium alloy.

The utilisation of 6xxx-series aluminium alloys in diverse structural applications is
extensive owing to their exceptional amalgamation of strength, weldability, and corrosion
resistance [264]. One of the noteworthy alloys in this series is EN AW-6061, renowned for
its adaptability and extensive use in extrusions, automotive components, and structural
applications. The formability indexes of aluminium alloy sheets in the annealed state,
specifically EN AW-6082, as presented in [265], suggest their suitability for various plastic
forming processes.

The study by Rochet et al. [266] focused on investigating the deformation behaviour of
an Al–Mg–Si aluminium alloy by implementing a two-pass equal-channel angular pressing
(ECAP) technique. Using the ECAP technique resulted in notable enhancements in the
alloy’s microstructure. These improvements included the fragmentation of more significant
intermetallic compounds rich in iron (Fe-rich IMCs), a decrease in grain size, and an
increase in the density of high-angle grain boundaries (HAGBs). Nevertheless, the results
of the corrosion tests indicated that pitting corrosion was seen in all scenarios. However, it
was observed that the samples subjected to ECAP had a higher number of pits, although
shallower in depth. This observation may be attributed to the impact of the modified
microstructure on the propagation of corrosion. Miller et al. [251] provided many instances
of aluminium-intensive vehicles that included aluminium body components. The Audi
A8 is equipped with an aluminium space frame, resulting in a notable reduction of 40%
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in the overall weight of the vehicle’s body. The object’s aluminium components weigh
385 kg, including 125 kg of sheet products, 70 kg of extrusions, 150 kg of castings, and
40 kg of miscellaneous aluminium forms. Similarly, the Ford AIV utilises a body structure
composed of stamped aluminium, leading to a reduction in weight of 200 kg. This weight
reduction is attributed to a decrease of 145 kg in the body structure itself and 53 kg in the
closing panels. The Honda NSX has a body structure and outside panels manufactured
using stamping. This process involves the shaping of the materials by the application of
pressure. In the case of the NSX, around 210 kg of aluminium have been used for this
purpose. About 100 kg is allocated for chassis components, while the remaining 130 kg is
dedicated to various engine and drivetrain components. Several firms, including Chrysler,
Reynolds Metals, Renault, Lotus, Jaguar, and GM, have developed prototypes and concept
automobiles that prominently include aluminium components (see Figure 8 for Audi AL2
aluminium body structure).

Figure 8. Audi AL2 aluminium body structure (reproduced with permission from Reference [251];
copyright © 2024 Elsevier Science S.A. All rights reserved).

Oana et al. [267] investigated the impact of the chemical composition of the additive
material on the macroscopic and microscopic characteristics, as well as the primary defects,
in heterogeneous welded joints in 6xxx-series aluminium-based alloys (EN AW-6063 and
EN AW-6082). Different quantities of porosities are generated for filler materials under the
given laser welding settings. Macro- and microcracks and porosities were observed in the
welded root area of weld seams formed using AlMg5 and AlMg5Cr filler alloys. According
to the findings obtained from experimental investigations, it is suggested that AlSi12
exhibits superior characteristics as a filler material for the laser beam welding process of
6xxx-series alloys. To sum up, the basic applications of 6xxx-series alloys include extruded
components, body-in-white constructions [251,268] and body structures (sheet metals) [251].
The use of 6xxx series aluminium alloys in the automotive industry is presented in Table 9.

Table 9. Main applications of the 6xxx-series aluminium alloys in car body structures.

Aluminium Alloy Grade Components Reference

A356 (EN AC-42000) B-pillar reinforcements, lift gate outer, body side, shock towers [236]

AdvanzTM C300-T61 long members (Jaguar XE) [253]

AdvanzTM E170
fender, hood outer (Jaguar XE); doors outer (Ford F150); roof,

bodyside (GM CT6) [253]

AdvanzTM S600 roof, strength parts inner (Jaguar XE), fender, roof (Ford F150) [253]

Alcoa C611
Mercalloy® 367 front sections, shock tower, engine cradle [239–242]
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Table 9. Cont.

Aluminium Alloy Grade Components Reference

Anticorodal®-120 (EN AW-6016-PX) outer body panels (Audi A2, Audi A8) [235]

Anticorodal®-121 (EN AW-6061) outer panel (Audi A2) [249]

Anticorodal®-170 (EN AW-6014) one piece body side (Range Rover) [235]

Anticorodal®-170 (EN AW-6014),
Anticorodal®-600 (EN AW-6451-T4)

body shell (Ferrari 548) [235]

Anticorodal®-300 (EN-AW 6014-T61)
structural body applications with high crash performance

(Mercedes SL R231) [237]

Anticorodal®-300 (EN-AW 6014-T61)
tunnel (Mercedes SL R231), front longitudinal beam (Land

Rover L405) [237]

Anticorodal®-300 (EN-AW 6014-T61) long crash members or bumper beams (Land Rover) [269]

Anticorodal®-600 PX (EN AW-6181A) exterior body panels side (Range Rover) [235]

Anticorodal®-600 PX (EN AW-6181A) roof (Range Rover Evoque) [243]

Anticorodal®-600 (EN AW-6451-T4) inner and outer panels (Range Rover) [269]

Ecodal®-608 (EN AW-6181A)
inner and structural panels (Audi A2, Audi A8), cover sheet for
the tunnel (Audi R8), reinforcements, inner panels (Audi A2) [235,249]

EN AW-6005 seat frame components (extruded) [226]

EN AW-6005C seat frames, space frames, bumpers, shock absorbers, side sills [250]

EN AW-6008, EN AW-6060 front longitudinal beam (BMW E60) [235]

EN AW-6009 inner panels (Audi A8) [235]

EN AW-6009 bumper face bars, load floors, inner and outer body panels,
bumper reinforcements [226]

EN AW-6009, EN AW-6010, EN AW-6016 inner and outer body panels [226]

EN AW-6009, EN AW-6010, EN AW-6016 outer and inner panels [270]

EN AW-6009, EN AW-6016, EN AW-6061,
EN AW-6111 outer panels, frames [227]

EN AW-6013 suspension arms [250]

EN AW-6014 front longitudinal member (Jaguar XK & F) [237]

EN AW-6014 crash-sensitive components (Range Rover), hydroformed lateral
roof frame (Audi A2) [235]

EN AW-6016 body-in-white applications (Audi A8), outer panels (BMW Z8,
Rolls Royce Phantom) [235,268]

EN AW-6016 outer panels (Lamborghini Gallardo) [235]

EN AW-6016 external structural parts [254]

EN AW-6016 outer panel (Saab 9-3, Renault Vel Satis, BMW 3 series,
Mercedes Benz S class, Mercedes Benz SL, BMW Z8) [249]

EN AW-6016A-T4 inner panels [251]

EN AW-6016-T4, EN AW-6016-T4P outer panels [251]

EN AW-6022-T6, EN AW-6082-T6, EN
AW-6181A-T6 space frame (Ferrari 548) [235]

EN AW-6060 extrusions (Lotus Evora), space frame (Audi A8 D2), extruded
structural components (Audi A8 D3, Lamborghini Gallardo) [235]

EN AW-6060 instrument panel support (Mercedes-Benz A class) [237]

EN AW-6060 front bumper (Opel Corsa) [244]
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Table 9. Cont.

Aluminium Alloy Grade Components Reference

EN AW-6060 sunroof channels (BMW 7 series), top rear end, transverse and
cant rail assembly (Ford Think) [243]

EN AW-6060, EN AW-6063, EN AW-6082 frame structure (BMW Z8) [235]

EN AW-6060, EN AW-6063, EN AW-6082
(T5 or T7) extruded components (Rolls Royce Phantom) [235]

EN AW-6060-T51, EN AW-6106-T51 roof structure (Renault Avantime) [243]

EN AW-6061 car steering knuckles [212]

EN AW-6061 door outers, roof panels, body side, hood outers [236]

EN AW-6061 brackets, suspension parts, bumper reinforcements [226]

EN AW-6061 cross members, links, arms [250]

EN AW-6061-T4, EN AW-6061-T6, EN
AW-6063-T4 engine cradle (Chevrolet Monte Carlo) [237]

EN AW-6061, EN AW-6063 rear frame (Corvette ZR-1/LT-1) [237]

EN AW-6061-T6 panel applications [271]

EN AW-6061-T6 extruded seatback beam (Chevrolet Corvette Z06) [235]

EN AW-6063 seat frames, roof railings [250]

EN AW-6063 body components [226]

EN AW-6063 bumpers, hinge pillars, A-pillars, roof bows [236]

EN AW-6063 bumper reinforcements, the roof reinforcement bar, A-pillar
(Chevrolet Corvette Z06) [235]

EN AW-6069-T7 frame rail (Chevrolet Corvette Z06) [235]

EN AW-6070 extruded structural components [216]

EN AW-6082 structural elements (extruded) (BMW 6) series, Rolls-Royce
Phantom, Jaguar XJ, Range Rover, Jaguar XK [272]

EN AW-6082-T6 rear bumper beam (Citroen C4 Picasso) [244]

EN AW-6082-T6 post/cant rail aluminium extrusion assembly, door
reinforcements (Jaguar XJ350) [235]

EN AW-6106 extruded tunnel member (Porsche 9 × 1), upper A post panel
(Audi R8) [237]

EN AW-6111 closure panels (Jaguar), outer skin (Jaguar XJ353) [212,235]

EN AW-6111 outer skins [235]

EN AW-6111 body panels [226]

EN AW-6111-T4 outer panels [251]

EN AW-6111-T4P reinforcements (Chevrolet GMT 830) [249]

EN AW-6111-T4PD outer panel (Chevrolet GMT 830) [249]

EN AW-6181 inner panels (Lamborghini Gallardo) [235]

EN AW-6181A Inner panels [251]

EN AW-6181A, EN AW-6022 outer panels [212]

Novelis Advanz e600
(EN AW-6451-T6) external panels, skin and structural applications [212]

Novelis FusionTM AS250 floor structure (Audi A8) [237]
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3.9. 7xxx-Series Aluminium Alloys

The 7xxx series of aluminium alloys is well recognised for its remarkable strength,
making it highly suitable for situations that require high strength and lightweight proper-
ties [264]. The primary method of strengthening these alloys involves the incorporation of
zinc as the principal alloying element [209]. In contrast, copper and minor quantities of
other elements contribute to the qualities of the alloy. One of the notable alloys within this
category is EN AW-7075, which is well-recognised for its outstanding ratio of strength to
weight and extensive use in the aerospace industry.

The 7xxxx-series alloys contain the T phase (Al2Mg3Zn3), η, M phases (MgZn2) and
the β phase (Al3Mg5), which have the ability to be precipitated and solubilised. The
addition of Mg to AlZn alloys could greatly increase the mechanical strength of this
group of alloys. The S-strengthening phase (CuMgAl2) can increase the strength of the
alloy when the copper content is higher than the magnesium content and at the same
time, Zn/Mg > 2.2 [273]. The MgZn2 precipitate is the compound responsible for the
age hardening [215]. Magnesium/zinc mass ratio in the range of 5:2–7:1 can refine the
precipitates and improve the strength of the 7xxx-series alloys [274]. The addition of
manganese creates Al6Mn particles, which improves the stress-corrosion resistance of the
7xxx-series Al-based alloys [275]. However, excessive manganese content would lead to
the emergence of the Al20Cu2Mn3 compound, which reduced strengthening phases in this
group of aluminium alloys [276]. The increase in copper content favours the increase in the
density of the precipitated phase. At the same time, the potential difference between the
grain and grain boundary can be reduced [273]. The addition of zirconium (0.1–0.15%) can
form an Al3Zr dispersion phase with a significant strengthening effect [277]. Reduction
of the size of eutectic compounds and refining the secondary dendrites of the alloy can
be achieved by the addition of yttrium. Such compounds as Y12Al3Zn and Al3Y as the
core of heterogeneous nucleation have an obvious effect on grain refinement and alloy
strengthening. The addition of 0.15% Y and 0.25% Er increases the dissolution temperature
of the eutectic compound and enables the formation of fine-grained microstructure [278].
A comprehensive review of micro-alloying on the properties of 7xxx-series aluminium
alloys can be found in [274].

Through collaboration with industrial partners and with the help of the Department
of Energy, Long et al. [279] have successfully created a number of experimental 7xxx-
series alloys specifically designed for use in the automobile industry. The objective was
to facilitate the creation of intricate structures at temperatures that do not exceed 225 ◦C.
A prototype has been developed to showcase the difficulties encountered during the forma-
tion of a hot-stamped door ring component. The installation of tooling for this particular
component has been completed inside a press line, and ongoing forming experiments
are being conducted to assess the formability, strength, and corrosion resistance of the
alloys [279] (Figures 9 and 10). The optimum forming temperature for 7xxx alloys is 250 ◦C,
as metastable precipitates dissolve at this temperature, contributing to high strength and
low deformability [280]. During warm shaping of the AW-7075-T6 aluminium alloy, it was
determined that the suitable processing temperature, enhancing the plastic properties of
the charge while maintaining the strength properties of the car bracket, is 240 ◦C [281]. The
authors of [282] fabricated a U-shaped element from AW-7075-T6 sheet metal at elevated
temperatures and identified optimal process parameters. Forming sheets at 100 ◦C and
150 ◦C resulted in high-strength products (above 540 MPa), but significant springback
led to pronounced shape geometry deviations beyond permissible limits. Employing
an alternative heating method with sheet temperatures of 200 ◦C and 240 ◦C enabled
the production of a motor vehicle B-pillar component that satisfied both geometric and
strength requirements.
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Figure 9. Baseline part and demonstration part geometry (reproduced with permission from Refer-
ence [279]; copyright © 2024, The Minerals, Metals & Materials Society).

Figure 10. Forming trial results on 7xxx alloy at various forming temperatures (reproduced with
permission from Reference [279]; copyright © 2024, The Minerals, Metals & Materials Society).

Research by Shin et al. [283] aimed to identify an aluminium alloy with excellent
mechanical properties and favourable castability for near-net-shape casting of automotive
structural components. To achieve this, the investigation primarily focused on studying the
newly developed Cu-free medium Al-6Zn-(1.0–2.3) Mg-0.1Zr-(0–0.2)Ti alloy. The objective
of this research was to create an aluminium alloy that demonstrates superior mechanical
characteristics and is also easy to cast. This study focused on investigating the properties of
the Cu-free medium Mg 7xxx Al-6Zn-(1.0–2.3) Mg-0.1Zr-(0–0.2)Ti alloys. According to the
analysis by Svendsen [284], it is projected that the quantity of aluminium used in vehicles
will increase to 514 pounds per car by 2026, representing a 12% rise compared to the levels
seen in 2020. The use of aluminium sheets in various applications, such as closures (e.g.,
hoods, doors), body-in-white, and chassis, has emerged as a significant development area.
Additionally, the rise in electric cars has contributed to this upward trend.

The uses of 7xxx-series aluminium alloys in the automotive industry are presented in
Table 10.

Table 10. Main applications of the 7xxx series aluminium alloys in car body structures.

Aluminium Alloy Grade Components Reference

EN AW-7003 door impact beams, frames, seat sliders, bumper reinforcement [250]
EN AW-7003 folding crash components (BMW E38), bumper systems (Renault Megane) [244]

EN AW-7006, EN AW-7004 bumper reinforcements, seat tracks [226]
EN AW-7020 bumper beams, complex automotive components [212,254]
EN AW-7021 bumper reinforcements, brackets, bumper face bars [226]
EN AW-7033 forged suspension arms [226]
EN AW-7046 impact beams, motorbike frames, bumper reinforcement [250]
EN AW-7071 car bumper brackets, bumper enhanced supports [285]
EN AW-7075 links, seatbelt hinges, bars [212,250]
EN AW-7108 rear seats for roll-over protection (Porsche 911, 966) [244]
EN AW-7108 bumper beams (BMW E38, Volkswagen Passat B5, Audi TT), rear bumper (Opel Corsa) [244]

EN AW-7108-T6 front beam (Jaguar XJ350) [235]
EN AW-7204 cross members, steering components [250]
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3.10. 8xxx-Series Aluminium Alloys

The 8xxx series of aluminium alloys is a distinct classification distinguished by promi-
nent characteristics, particularly renowned for their exceptional conductivity. The alloys
being examined are characterised by including lithium and/or iron as the main alloying
element, specifically for use in the aviation and aerospace sectors [207,264]. The develop-
ment of aluminium–lithium alloys has been undertaken to enhance mechanical strength,
decrease density, and achieve outstanding electrical conductivity. While the use of the 8xxx
series has been seen in some industries, its level of acceptance is minimal when compared to
other series of aluminium. According to the literature review, the 8xxx series of aluminium
alloys are commonly used in the aerospace industry (i.e., AW-8090) and defence appli-
cations where high-performance properties are required. This group of aluminium alloy
sheets is also used as packaging materials. The applicability of 8xxx-series Al-based alloys
in the automotive industry is considerably limited. The authors found no applications
of 8xxx-series alloys for the production of body panels and structural members in the
automotive industry.

3.11. 9xxx-Series Aluminium Alloys

The 9xxx series of aluminium alloys “Reserved for future use” [264] is renowned for
its remarkable strength and superior mechanical properties, mainly attained by including
scarce metals like zinc and copper. These alloys are well recognised for their exceptional
mechanical qualities, rendering them well suited for aerospace and military applications
that prioritise the need for robustness and lightweight materials [286]. Davies [209] finishes
by offering an analysis of potential future advancements in the automobile industry regard-
ing the development of lightweight Al–Si cast aluminium alloys. Figure 11, as shown in the
work of [209] and sourced from [287–290], illustrates the mechanical properties exhibited by
micro alloyed Al–Si cast aluminium alloy at the period of maximum ageing. The chemical
composition of the F357 aluminium alloy is as follows (in wt.%): Si 6.5–7.5, Fe 0.10, Cu
0.20, Mn 0.10, Mg 0.40–0.7, Zn 0.10, Ti 0.04–0.20, Be 0.002, Al—balance. Xu et al. [287], Liu
et al. [288], Rahimian et al. [289], and Mohamed et al. [290] investigated the influence of
trace elements, including Zr, Ti, V, and Sc, on the mechanical characteristics of the Al–Si
cast aluminium alloy. The study states that incorporating microalloying components into
Al–Si cast aluminium alloy significantly improves its mechanical properties.

Figure 11. The strength of Al–Si alloys, prepared on the basis of data from [209,287–290].
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4. Titanium and Titanium Alloys
4.1. Characterisation of Titanium and Titanium Alloys
4.1.1. Titanium

Titanium has been considered a prominent structural metal for more than two cen-
turies, alongside magnesium, iron, and aluminium. The earliest discovery of Titanium may
be traced back to the year 1791, and it is commonly attributed to the British mineralogist
William Gregor [291]. Titanium has strength similar to certain types of steel. Titanium
alloys exhibit a modulus of elasticity that is roughly 50% lower than steel and nickel al-
loys. The increased elasticity or flexibility of the material results in reduced bending and
cycling loads in applications influenced by deflection. The main justification for the use of
titanium-based goods is rooted in the remarkable corrosion resistance exhibited by titanium,
together with its favourable combination of low density (about 4.5 g/cm3 or 0.16 lb/in.3)
and high strength. The minimum yield strengths of various titanium grades exhibit a
range of values, with certain commercial grades having a yield strength of 480 MPa (70 ksi),
whereas structural titanium alloy products possess a yield strength of around 1100 MPa
(160 ksi). Specialised forms such as wires and springs can surpass a yield strength of
1725 MPa (250 ksi). Moreover, some titanium alloys, specifically the low-interstitial alpha
alloys, are commonly utilised in sub-zero and cryogenic environments owing to their
ability to withstand the ductile-brittle transition [229]. Titanium manifests in two allotropic
varieties, denoted as α and β. The α variety crystallises in the A3 hexagonal close-packed
crystal structure, remaining stable up to a temperature of 882 ◦C. Within distinct titanium
grades, the transformation temperature values may vary depending on impurity content
(for instance, the stability temperature of the α variety falls within the range of 860–960 ◦C).
On the other hand, the β variety crystallises in the cubic, spatially centred system A1 and
maintains stability from 882 ◦C to the melting point. Due to its advantageous ratio of
mechanical strength to density, referred to as specific strength, titanium is a fundamental
material in the aviation industry [292]. The selection of suitable techniques for processing
titanium alloys and aluminides, such as casting, wrought, or powder metallurgy (PM), is
contingent upon cost and performance considerations. The high cost of wrought processes
can be attributed to the material removal and slow machining, ultimately resulting in
optimal material properties. Due to the ability to manufacture components in proximity to
their ultimate form, castings offer a cost advantage, albeit large-scale production remains
costly [293]. The mechanical properties of titanium are contingent upon its purity. With an
increase in the content of admixtures (such as Fe, N, C, O, H, and Si), plasticity diminishes,
while concurrently, strength parameters and hardness escalate [294]. The effects of strain
hardening in titanium can be mitigated through annealing. Pure titanium’s mechanical
properties can be altered through plastic forming. The yield strength of commercially pure
titanium (CP) spans from approximately 170 MPa (Grade 1) to 480 MPa (Grade 4), with
tensile strength ranging from 240 MPa (Grade 1) to 550 MPa (Grade 4) [294].

Grade 1 titanium stands out as the most ductile grade, renowned for its high corrosion
resistance, making it particularly suitable for applications in the chemical and marine
industries. Grade 2 titanium, the most popular weldable grade, finds use in construction
and medical applications. Grade 3 titanium exhibits greater strength than Grade 1 and
Grade 2 but is less susceptible to plastic deformation. Grade 4 Titanium is a commercially
available titanium alloy with a high degree of purity. This alloy is composed of titanium as
the base metal, with minor additions of aluminium (4 wt.%) and vanadium (1 wt.%). This
alloy is classified within the category of alpha-beta titanium alloys.

Owing to their commendable susceptibility to plastic deformation, Grade 1 and
Grade 2 titanium sheets undergo shaping through bending, drawing, deep embossing,
and spinning technologies. Regrettably, titanium shaped under cold forming conditions
exhibits substantial elastic deformations upon unloading.
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4.1.2. Titanium Alloys

Titanium alloys crystallise in two crystallographic systems, categorisable into single-
phase α-type alloys, alloys proximate to the α-phase type, two-phase α + β alloys, β-
type alloys, and alloys near the β-phase [295,296] (Figure 12). The α ↔ β transition
temperature can be modified by incorporating alloying elements [297]. The α phase
finds stabilisation from elements like carbon, nitrogen, and aluminium, while chromium,
manganese, niobium, molybdenum, and vanadium stabilise the β phase. β-type alloys
exhibit good ductility, but lower strength compared to α alloys [298]. The elastic modulus
of this group of materials ranges from 105 GPa to 120 GPa. Owing to the high content
of elements stabilizing the β phase [299] and retarding the ageing process, β-type alloys
exhibit a low tendency toward strain hardening.

Figure 12. Classification of the titanium alloys.

Grade 5 denotes a titanium alloy engineered to function as a versatile and extensively
applicable substance. The alloy in question is classified as a highly stabilised alpha-beta
alloy, with aluminium as the stabiliser for the alpha phase and vanadium as the stabiliser
for the beta phase. The structural arrangement described exhibits significant durability and
impressive resistance to high temperatures, particularly in temperatures reaching up to
750 ◦F (399 ◦C) [300].

Grade 6 titanium alloy consists of 5 wt.% aluminium and 2.5 wt.% tin. This alloy is
commonly referred to as Ti-5Al-2.5Sn. The use of this alloy in airframes and jet engines
is attributed to its favourable weldability, stability, and high strength under increased
temperatures. Grades 7, 11, and 12 are technically pure titanium grades modified with a
small addition of palladium. Grade 7 boasts the best corrosion resistance among all titanium
alloys, commonly used in chemical equipment. Grade 11 displays excellent susceptibility
to deep extrusion, akin to Grade 1, with the palladium content imparting resistance to
corrosion in chemically aggressive acid environments. Grade 12, containing additions
of molybdenum and nickel in addition to palladium, enhances corrosion resistance and
material strength. It is used interchangeably with Grade 1 in environments requiring
high corrosion resistance. Table 11 lists the titanium alloys grouped by their mechanical
structure, with examples [301].

Titanium alloys are distinguished by a robust yield strength surpassing 1550 MPa
for two-phase α + β and single-phase β alloys, coupled with a relatively low density of
4600 kg/m3. The tensile strength of titanium and its alloys spans from Rm = 290 MPa
for pure Grade 1 titanium to approximately 1750 MPa for heat-treated β-type alloys [302].
Utilising titanium alloys enhances structural strength while concurrently reducing weight,
exhibiting approximately 170% less density than high-strength steels [303]. β alloys demon-
strate superior fatigue resistance compared to α alloys. The α + β alloys are crafted by
introducing α (2–6%) and β (6–10%) phase stabilisers to facilitate the formation of α-Ti and
β-Ti grains. In general, the microstructures of Ti-based alloys are generally described by
the size and arrangement of α and β phases. Fan et al. [304] distinguished the extreme case
of phase arrangement in titanium alloys.
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Table 11. Titanium alloys grouped by their mechanical structure, with examples.

Alloy Example

Alpha (α) alloys Commercially pure Ti—ASTM Grades 1, 2, 3, and 4
Ti/Pd alloys—ASTM Grades 7 and 11

Alpha (α) + compound Ti-2.5%Cu—IMI 230

Near Alpha alloys

Ti-8%Al-1%Mo-1%V
Ti-6%Al-5%Zr-0.5%Mo-0.2%Si—IMI 685
Ti-6%Al-2%Sn-4%Zr-2%Mo-0.08%Si
Ti-5.5%Al-3.5%Sn-3%Zr-1%Nb-0.3%Mo-0.3%Si—IMI 829
Ti-5.8%Al-4%Sn-3.5%Zr-0.7%Nb-0.5%Mo-0.3%Si—IMI 834
Ti-6%Al-3%Sn-4%Zr-0.5%Mo-0.5%Si—Ti 1100

Alpha-Beta (α—β) alloys

Ti-6%Al-4%V
Ti-4%Al-4%Mo-2%Sn-0.5%Si
Ti-4%Al-4%Mo-4%Sn-0.5%Si—IMI 551
Ti-6%Al-6%V-2%Sn
Ti-6%Al-2%Sn-4%Zr-%Mo

Metastable Beta (β) alloys
Ti-3%Al-8%V-6%Cr-4%Zr-4%Mo—Beta C
Ti-15%Mo-3%Nb-3%Al-0.2%Si—Timetal 21 S
Ti-15%V-3%Cr-3%Sn-3%Al

Equiaxed microstructure resulting from globularisation, and recrystallisation provides
high fatigue propagation resistance. The lamellar microstructure is the result of cooling
from the β phase field and is characterised by lower ductility and lower strength compared
with equiaxed microstructure [305]. The advantage of an equiaxed microstructure is better
fatigue initiation resistance. The bimodal microstructure is a combination of equiaxed and
lamellar microstructures and provides a well-balanced fatigue performance [306].

Components with complex shapes must be formed at elevated temperatures due to
the limited deformability of titanium alloys in cold forming. Better mechanical properties
of titanium alloys can be improved by either developing new alloy systems with different
compositions or modifying the existing titanium alloys. Adding alloying elements in
Ti-based alloys improves the key mechanical properties (e.g., Young’s modulus, formability,
strength) and promotes the generation of ordered intermetallic compounds. Another way
to improve the properties of titanium alloys and adapt them to specific design require-
ments is by introducing them into non-metallic particles and thus producing metal-matrix
composites with improved performance [307].

Titanium alloys display excellent corrosion resistance to salt and seawater environ-
ments. The use of titanium is also expected in automobiles to protect against this de-icing
salt. Titanium is also considered to be helpful in not only weight reduction but also size
reduction [308]. However, automotive parts made of titanium alloys are generally too
expensive, and the high costs make it difficult to popularise this group of materials in body
panels and chassis. Typically, titanium alloys are used for responsible engine connecting
rods, engine valves, valve spring seats, and exhaust systems.

The most prevalent of all titanium alloys is the α-β alloy designated Ti-6Al-4V, cov-
ering over 50% of the economy’s demand for titanium alloy sheets [309]. However, the
widespread use of Ti-6Al-4V alloy sheets is constrained by its limited ductility at room
temperature [310]. The Ti-6Al-4V alloy can be supersaturated, quenched, and aged to
medium/high strength and is then characterised by good deformability due to the presence
of the β phase. The β phase possesses a much higher diffusivity and more accessible slip
planes than α alloys and alloys akin to α [309].

The formability of titanium alloys varies significantly depending on chemical com-
position and processing temperature. In circumstances necessitating extensive plastic
deformations, titanium and its alloys are processed at elevated temperatures [311]. Ti-
tanium alloys in the supersaturated state can undergo cold forming, and the ageing of
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products made of titanium alloys permits the attainment of material strength within the
range of 1300–1500 MPa [312].

4.2. Application of Titanium and Titanium Alloys

The varied uses of this material encompass a wide range of industries [313], includ-
ing aerospace, automotive, marine, construction, chemical, and medical industries. The
basic properties of titanium alloys render them highly suitable for a wide range of ap-
plications, including but not limited to springs, bellows, body implants, dental fittings,
dynamic offshore risers, drill pipes, and sports equipment [301]. Figure 13 by Galanella
and Malandruccolo [314] shows the main applications for titanium and titanium alloys
based on [293,315]. Titanium and its alloys have been used to make many different kinds
of automotive components. Based on [316,317], Table 12 shows a sample of these uses
by [318], and Figure 14 shows some examples of Bugatti titanium components in the au-
tomobile sector [319]. Figure 15 shows Precision Castparts Corporation carried out the
densification of a large engine component casting made of titanium [320]. Recently, there
has been an observable increase in the popularity of motorbikes equipped with titanium
exhaust pipes and their corresponding mufflers. The utilisation of titanium components
in four-wheeled vehicles is predominantly observed in the aftermarket sector. However,
the benefits associated with weight reduction and improved design have resulted in an
increasing adoption of titanium in newly manufactured automobiles that are commercially
accessible [321]. The incorporation of intake and exhaust valves made from titanium-based
alloys into the engine of Toyota Motor Corporation’s Altezza model occurred in 1998. Both
valves were manufactured using a novel and economically efficient powder metallurgy
technique that had just been invented [322]. The application of titanium in exhaust systems
initially emerged within the domain of motorcycles, and in recent years, there has been a
substantial increase in the market for such designs. Several versions of high-performance
sport bikes manufactured by Honda, Yamaha, and Kawasaki include titanium in their
exhaust systems [323].

Figure 13. The main applications of titanium and titanium alloys (reproduced with permission from
Reference [314]; copyright © 2024, Springer Nature Switzerland AG).
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Table 12. Some titanium products and how they are used in the automotive industry.

Systems and Parts Materials

Frame structures

Suspension springs Ti-6.8Mo-4.5Fe-1.5Al
Ti-6Al-4V

Armor Ti-6Al-4V

Body CP-Ti (Grade 4)
Ti-6Al-4V

Engines

Outlet valves
outlet valves γ(TiAl), Grade 2

Ti-6Al-4V
2Sn-4Zr-2Mo-0.1Si

Intake valves intake valves Ti-6Al-4V

Turbocharger rotors γ(TiAl)

Connecting rods Ti-6Al-4V

Exhaust system Grade 2

Figure 14. Bugatti titanium components: (a) eight-piston monobloc brake calliper, (b) active
spoiler bracket, and (c) tailpipe trim covers (reproduced with permission from Reference [319];
copyright © 2024 The Authors. Published by Elsevier B.V.).

The plastic processing of titanium alloy sheets is pivotal in contemporary techniques
for crafting high-quality products with intricate shapes [324]. Nevertheless, the plastic
forming of titanium alloys proves challenging due to the limited formability of titanium
sheets at ambient temperature. Titanium sheets tend to spring back upon unloading, and the
titanium tends to adhere to the working surfaces of tools. Forming titanium alloys is integral
to producing components for the automotive, aerospace, and sports equipment industries,
as well as biomedical engineering. Given titanium’s relatively modest production volume
and alloy products, the incremental forming method is frequently employed in unit and
small-lot production. The forming of titanium alloys primarily occurs under elevated
shaping temperatures, using various heating methods for the charge [325,326], including
laser, hot air, electric heaters, or high-temperature-resistant hot fluids. A comprehensive
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discussion of strategies for incrementally shaping titanium and its alloys, encompassing
machining accuracy, optimisation of tool movement trajectories, and friction conditions,
can be found in the review paper [327]. The latest trends in the development of sheet
processing for non-ferrous metal alloys, including titanium alloys, are expounded in [328].

Figure 15. Large titanium engine component by Precision Castparts Corporation (reproduced with
permission from Reference [320]; copyright © 2024 Published by Elsevier B.V.).

Titanium and its alloys are used mainly for piston pins, brake calliper pistons, lug
nuts, clutch discs, pressure plates, turbocharger rotors, fasteners, and engine elements [329].
However, the use of titanium and its alloys for body panels and suspension system elements
is very limited (Figure 16) [330,331]. The uses of titanium and titanium alloys in the
automotive industry are presented in Table 13.

Figure 16. Development chronologically of titanium parts (reproduced with permission from Refer-
ence [331]; copyright © 2024 Elsevier Inc. All rights reserved).
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Table 13. Main applications of titanium and titanium alloys in car body panels and structure
components, (*)—grade not specified.

Titanium and Titanium Alloys Components Reference

titanium alloys (*) car door into the beam, car stop bracket [332]

pure titanium (*) shock absorber centre, door projecting beam, suspension systems [333]

pure titanium (*) panels (roof, hood) [334]

pure titanium (*) door beams [329]

pure titanium (*) car body frames [330]

pure titanium (*) crash elements [301]

pure titanium (*) active spoiler bracket, tailpipe trim covers (Bugatti) [319]

pure titanium (*) body panels (Thrust Super Sonic Car) [335]

pure titanium (*) muffler (Volkswagen Golf) [330]

pure titanium (Grade 1) The outer shell of the muffler (Bugatti Veyron 16.4) [336]

pure titanium (Grade 2) heat shields (Bugatti Veyron 16.4) [336]

pure titanium (Grade 2) exhaust system (Nissan Fair lady Z, Subaru Impreza, Koenigsegg) [336]

pure titanium (Grade 2) exhaust systems [301]

pure titanium (Grade 2) exhaust system (Bugatti Veyron) [336]

pure titanium (Grade 4), Ti-6Al-4V body panels [301]

pure titanium (Grade 4) car bodies [337]

pure titanium (Grade 4), Ti-6Al-4V car bodies [337]

Ti-6Al-4V bumpers [301]

Ti-6Al-4V armours [337]

Ti-6Al-4V exhaust systems (Chevrolet Corvette Z06) [301]

Ti-6Al-4V axle suspension, crash clamps (Bugatti Veyron 16.4) [336]

Ti-6Al-4V, Ti-6.8Mo-4.5Fe-1.5Al suspension springs [337]

Ti-6Al-4V, Ti-6.8Mo-4.5Fe-1.5Al suspension springs [301]

Ti-5Al-2.5Sn exhaust systems [16]

Ti-6.8Mo-4.5Fe-1.5Al suspension spring, (Bugatti Veyron 16.4, Ferrari 360 Stradale) [336]

Ti-6.8Mo-4.5Fe-1.5Al suspension springs (Volkswagen Lupo FSI) [301]

Ti-1 Cu-1 Sn-0.35 Si-0.2 Nb,
Ti-0.5Si-Fe (Ti-Exhaust XT), Ti-1Cu,
Ti-0.1Fe-0.35Si, Ti-1.5Al, Ti-1 Cu-0.5

Nb, Ti-0.5Al-0.45Si-0.2Nb

exhaust systems [317]

Ti-10V-2Fe-3Al, Ti-6Al-2Sn-4Zr-2Mo,
Ti-6Al-4V, Ti-6Al-6V-2Sn, Ti-

8Al-1Mo-1V
high-strength performance components [337]

Ti-1Cu-0.5Nb, Ti-0.45Si-0.25Fe,
Ti-1.5Al, Ti-0.5Al-0.45Si-0.2Nb,

Ti-0.9SA, Ti-1Cu-0.5Nb
mufflers [331]

5. Magnesium and Magnesium Alloys
5.1. Characterisation of Magnesium and Magnesium Alloys

Magnesium is a grey-white lightweight metal with an atomic weight of 24.305 and it
crystallises in an A3 hexagonal close-packed crystal structure. Magnesium is 33% lighter
than aluminium, 50% lighter than titanium, and 75% lighter than steel [338]. Magnesium is
the eighth most abundant element on Earth; its share in the Earth’s crust is approximately
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1.93%. The density of magnesium is 1738 kg/m3, and the density of magnesium alloys is
in the range of 1400–1900 kg/m3 [339]. Magnesium deformation occurs as a result of the
activity of slip and twinning mechanisms. Pure magnesium is practically not used as a
construction material due to its low mechanical properties [340].

Magnesium alloys can be divided into two types including wrought magnesium
alloys and cast magnesium alloys. The properties of magnesium alloys can be modified
by selecting appropriate alloy additives. The main alloying components of magnesium
alloys are aluminium (up to 10 wt.%), beryllium (up to 0.001 wt.%), cerium, copper, lithium,
neodymium, manganese and rare earth (RE) elements [341]. Magnesium alloys also contain
alloy additions such as calcium, cadmium, and nickel, but their content does not usually
exceed 1 wt.%. The addition of 6 wt.% aluminium optimally improves the strength and
hardness of the Mg alloy while making it easier to cast. Calcium added in small amounts
increases grain refinement. Calcium in amounts below 0.3 wt.% enables welding of sheet
metal without the risk of cracking [342]. The main mechanisms applied for strengthening
the magnesium alloys include solution strengthening and precipitation strengthening. The
decrease in the solubility of the alloying component in Mg-based alloys with decreasing
temperature results in a reduction of the solution strengthening effect [340]. The effects of
precipitation hardening in magnesium alloys are much smaller than in aluminium alloys.

Due to their chemical composition, several basic groups of cast Mg alloys can be
distinguished, containing the main alloying elements such as: aluminium, zinc, manganese,
zirconium, and rare earth metals [343]: Mg–Al and Mg–Al–Zn, Mg–Al–Mn, Mg–Al–Si,
Mg–Zn–Cu, Mg–Zn–Zr, Mg–Zn–RE–Zr, Mg–Ag–RE, Mg–Y–RE, Mg–Th, Mg–Sc, Mg–Li.

Baseline wrought magnesium alloys contain Al (up to 8 wt.%) and the addition of
Mn (up to 2 wt.%), Zn (usually up to 1.5 wt.%), Si (about 0.1 wt.%) and trace additions of
copper, iron and nickel. There are three groups of wrought Mg-based alloys [343,344]:

• alloys with the addition of aluminium, zinc and manganese: Mg–Mn, Mg–Al–Zn,
Mg–Zn– (Mn, Cu),

• alloys containing mainly zinc, yttrium, zirconium, thorium and RE elements: Mg–Zn–
Zr, Mg–Zn–RE, Mg–Y–RE–Zr, Mg–Th,

• alloys containing lithium, for example Mg–Li–Al.

The number of magnesium grades produced in the form of sheet metals is limited to
typical grades AZ31B, AZ61, HK31, HM21, and ZM21, usually available in annealed (O)
or partially hardened (H24) temper [345]. One of the problems that limit the formability
of magnesium alloy sheets, apart from crystallisation in the A3 lattice, is the anisotropy
of mechanical properties. Nerite et al. [346] distinguished three factors that increase the
plasticity of magnesium alloys, i.e., increased forming temperature, grain refinement, and
the presence of elements with a low melting point, e.g., lithium or zinc. Hot forming of
magnesium alloys is usually carried out in the temperature range of 200–350 ◦C [345].

5.2. Application of Magnesium Alloys in Car Body Components

To reduce fuel consumption, general efforts have been made to reduce the weight of
automotive structures through the increased use of non-ferrous metal alloys, including
magnesium alloys. Magnesium alloys have great potential as structural materials in the
automotive industry due to their low density, high specific strength, high dimensional
stability, high thermal conductivity, and high vibration damping properties [347]. In
magnesium alloys with high strength [348], the damping capacity is generally 60 times
higher than that of steel and 15 times higher than that of aluminium alloys [349]. The
automotive industry is characterised by the highest share in the consumption of magnesium
alloys (70%) [350].

Magnesium alloy was first used in the automotive industry in 1918, when Mg-based
engine pistons in the Indy 500 were introduced [351]. The use of magnesium and its alloys
in the automotive industry has been the subject of research almost since the beginning
of the United States Automotive Materials Partnership (USAMP), established in 1993 by
the consortium of Fiat-Chrysler, Ford and General Motors. The first USAMP project on
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magnesium alloy sheets was ‘Magnesium Front End Research and Development’, initiated
in 2007, in which magnesium alloy AZ31B (Mg-3Al-1Zn) was tested for formability and
crashworthiness [352]. Another USAMP project [353] found that the room temperature
formability of typical magnesium alloys, such as AZ31B, did not meet automotive require-
ments in terms of acceptable costs and performance required for high-volume production.
In 2016, USAMP was awarded a project by the U.S. Department of Energy, Low-Cost
Magnesium Sheet Component Development and Demonstration Project, to investigate the
formability of Mg-based sheet metals [354]. Luo et al. [354] presented the results of another
project implemented by the University of Ohio as part of USAMP, in which the ZEK100
(Mg-1.2Zn-0.17Nd-0.35Zr), E-Form (POSCO) and E-Form Plus (POSCO) alloys brought
optimistic formability results. The newly developed Mg-1.0Zn-1.0Al-0.5Ca-0.4Mn-0.2Ce
alloy (USAMP Alloy 2 Plus) offers good plasticity (tensile elongation 31%) and formability
at room temperature determined by the Erichsen method IE = 7.8 mm [354].

Currently, AM60B, AZ91D, and AM50 are the most dominant alloys in exterior and
interior trim systems, body and chassis systems [355,356]. The uses of magnesium alloys in
the automotive industry are presented in Table 14.

Table 14. Main applications of magnesium alloys in car body panels and structural components,
(*)—grade not specified.

Magnesium Alloy Components Reference

A2401-002 steering wheel (Shanghai GMC) [349]

AE44 (Mg-4Al-4RE) engine bracket [357]

AE44 (Mg-4Al-4RE) cradle (Chevrolet Corvette Z06) [358]

AM20 (Mg-2Al-0.5Mn), AM50
(Mg5.0Al0.3Mn) seat frames (Mercedes Benz Roadster, Mercedes Benz SL500) [359,360]

AM50 (Mg5.0Al0.3Mn) seat frame, inside plate [361]

AM50 (Mg5.0Al0.3Mn) steering wheel [362]

AM50 (Mg5.0Al0.3M) car seat backrest [363]

AM50 (Mg5.0Al0.3Mn) trunk lid (Mercedes Benz E-series) [349]

AM50 (Mg5.0Al0.3Mn) cross car beam (Voyah Free) [349]

AM50A (MgAl5Mn) central control bracket (Volvo XC60) [349]

AM50A (MgAl5Mn) front- end carrier (Porsche Panamera G2) [349]

AM50 (Mg5.0Al0.3Mn) side door (Aston Martin DB9) [364]

AM60B (Mg-6Al-0.4Mn) cross car beam [365]

AM60B (Mg-6Al-0.4Mn) seat frame [361]

AM60B (Mg-6Al-0.4Mn) front-end carrier (Tesla S) [366]

AM60B (Mg-6Al-0.4Mn) inside door panel [367]

AM60B (Mg-6Al-0.4Mn) front-end frame [368]

AM60B (Mg-6Al-0.4Mn) folding roofs (Mercedes Benz SLK) [349]

AM60B (Mg-6Al-0.4Mn) body structure (Chrysler) [369]

AM60B (Mg-6Al-0.4Mn) front- end carrier (Range Rover) [349,370]

AS41B (Mg-4Al-0.3Mn-1Si) crankcase housing [371]

AS41B (Mg-4Al-0.3Mn-1Si) transmission housing [372]

AS21 (MgAl2.2Si1Mn0.3), AS41
(MgAl4.5Si1Mn0.3) transmission housing, crank case (Volkswagen) [358]

AZ31 (Mg-3Al-1Zn-0.2Mn) inner panel [373]

AZ31B (Mg-3Al-1Zn) upper rail (USAMP project) [354]
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Table 14. Cont.

Magnesium Alloy Components Reference

AZ31B (Mg-3Al-1Zn) Inner panel (Cadillac STS) [374]

AZ31B-H24 (Mg-3Al-1Zn) luggage retainer for Renault-Samsung SM7), roof panel (Porsche
Carrera GT) [354]

AZ61 (MgAl6Zn1) column beam, luggage rack skeleton [375]

AZ91 (MgAl9Zn1) rear suspension, subframe members, clutch housing, transmission
housing (Volvo LCP 2000) [376]

AZ91 (MgAl9Zn1) rear subframe (Audi A8) [349]

AZ91B (Mg-2.5Al-0.7Zn-0.2Mn) clutch Housing (Ford Ranger) [360]

AZ91D (MgAl9Zn1(A)) inner panel (Ford F150) [377]

AZ91D (MgAl9Zn1(A)) transmission housing [378]

AZ91D (MgAl9Zn1(A)) steering column bracket [379]

AZ91D (MgAl9Zn1(A)) clutch housing [380]

AZ91D (MgAl9Zn1(A)) swivel plate [381]

AZ91D (MgAl9Zn1(A)) central control bracket [382]

AZ91D (MgAl9Zn1(A)) starter housing [383]

AZ91D (MgAl9Zn1(A)) car dashboard member [363]

AZ91D (MgAl9Zn1(A)) steering column (Ford Aerostar) [360]

AZ91D (MgAl9Zn1(A)) truck gearbox housing (Volkswagen Passat, Audi A4 and A6) [384]

cast magnesium alloy (*) cabin bracket (Audi A8) [349]

cast magnesium alloy (*) roof frame, hardtop roof (Cadillac XLR) [349]

cast magnesium alloy (*) steering wheel (Dongfeng Nissan) [349]

cast magnesium alloy (*) tubular subframe (BMW 5- and 7-series) [385]

cast magnesium alloy (*) intake manifold cover (Audi A8) [349]

cast magnesium alloy (*) one-piece inner panel (Mercedes S-class) [386]

cast magnesium alloy (*) liftgate inner (Mercedes E-Class T) [349]

cast magnesium alloy (*) lift doors, side doors (Toyota Venza) [387]

cast magnesium alloy (*) side door, inner panels (Aston Martin Vanquish S) [349]

cast magnesium alloy (*) rear back doors (Jeep Wrangler) [349]

cast magnesium alloy bezel-less doors (Volkswagen) [388]

magnesium alloys (*)

cross car beams (BMW X3, BMW X5, BMW X6, Chrysler Pacifica,
Honda Ridgeline, Honda Acura MDX, Jaguar F-type, Jaguar XF,

Jeep Grand Cherokee, Jeep Wrangler, Land Rover Discovery, Range
Rover Evoque)

[389]

magnesium alloys (*)
lift gate inner (Chrysler Pacifica, Lincoln MKT), front deck (Dodge
Viper, Mercedes AMG), ABS mounting bracket (Chrysler), trunk lid

(Cadillac SLS), front end carrier (Tesla Model S)
[390]

6. Future Developments Directions

The automotive industry is dynamic, so market demands, regulatory changes, and
technological advances will likely influence material developments. Manufacturers must
adapt to these changes to stay competitive and address global sustainability and safety
issues. Furthermore, advanced driver-assistance systems (ADAS) and autonomous vehi-
cles benefit from materials that can directly host sensors or electronics. It is developing
supplementary automotive metal materials like composite materials and hybrid struc-
tures using metals and carbon fibre-reinforced polymers to balance strength, weight, and
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cost [391–393]. Use smart materials like shape memory alloys (SMAs) or self-healing mate-
rials to improve durability, safety, and performance. Over the past few decades, SMAs have
been increasingly utilised in various industrial sectors, including automotive [394]. SMAs
are smart materials that can remember their form when thermomechanical or magnetic
gradients are stimulated. SMAs’ unique and outstanding features have garnered attention
in various commercial applications [395,396]. Additive manufacturing has significantly
enhanced several applications, particularly in the car industry. Various techniques have
been developed to improve and expand its use throughout the manufacturing process for
producing reliable automobile parts [397]. Advanced manufacturing (3D printing) allows
complex geometries, reduced waste, and customised components [398]. Approximately
30% of the current worldwide market share of 3D printing technology is dedicated to
serving the automotive industry, among other sectors [399]. The article in [400] provides a
comprehensive analysis of the advantages and disadvantages of the 3D printing methods
employed in the automotive industry. However, exploring new materials should focus
on developing cost-effective alternatives to traditional materials to make the technology
economically viable for mass production. Automotive manufacturers (including Volkswa-
gen) strive for zero emissions not only in the context of the cars they offer, but also in the
production process itself and the supply chain (‘go-to-zero’ strategy). The steel sheet metal
industry has significantly reduced environmental pollution. Today, its production uses
about 60% less energy than in the 1960s. In 2021, the Volvo Group developed a production
technology for the so-called “green” steel. This process uses pure hydrogen, produced from
electricity from renewable sources, instead of fossil fuels.

Intensive work is still underway to develop another generation of AHSS steels with
even greater strength and satisfactory formability. New cold stamping technologies (instead
of roll forming) open the possibility of designing components with complex shapes from
martensitic steel with a strength of 1500 MPa or 1700 MPa. Cold-formed martensitic steels
replace some grades of press hardened and DP steels.

Tailored blanks, which are a combination of different types of materials, enable the
optimisation of crash performance and strength with minimal material consumption. These
types of materials make it possible to eliminate or limit the joining of many components
together, reducing production time, component manufacturing time, and assembly time.
In this context, an interesting new technique is the replacement of stamped and extruded
sheets with a single component manufactured using ‘mega-giga’ casting technology.

Until recently, the need to transform and optimise the forming process was a barrier
to the use of completely new materials in the automotive industry. However, as the
transformation begins in line with the e-mobility concept and the construction of new
cars, there is the potential to introduce new lightweight materials for the production of
body-in-white structures.

Lightweight metals such as aluminium and titanium alloys are becoming increasingly
important in the automotive industry because they help reduce vehicle weight and lower
fuel consumption or electric energy usage by battery electric vehicles. Every year, there is
an increasing share of mainly aluminium alloys in the total weight of vehicles. Non-ferrous
metals are also easier to recycle than conventional steels. The use of magnesium alloys,
which have even greater potential to reduce the weight of vehicles than aluminium alloys,
is limited due to low formability and low melting point, making safe machining difficult.

Although they offer high strength and excellent stiffness, composite materials allow for
much more efficient weight reduction. However, due to the difficulties in recycling, the use
of these materials is still limited to luxury vehicles. The development of mass technology
for recycling epoxy composites may reverse the proportions of the use of metallic and
composite materials in the automotive industry in the future.

7. Conclusions

With the exception of some cars, it appears that steel will remain a cheap and widely
used construction material. Much will depend on the price of individual materials in the
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future, the development of material production processes, and market requirements in
terms of reducing the weight of the car in order to reduce fuel consumption. Owing to the
ease of recycling metallic materials, the widespread replacement of these materials with
composite equivalents seems to be in the distant future.

HS steels in the automotive industry are among the most important materials used in
the production of cars and other vehicles. This material is characterised by high durability,
stress resistance, corrosion resistance, and lower weight compared to conventional steels.
The factors that determine the use of steel as a construction material for the automotive
industry are low production costs compared to other materials and the possibility of easy
recycling. In general, the process of reducing the weight of vehicles can be carried out by
reducing the thickness of steel elements. In this field, the group of stainless steels constitutes
a concretion for low-alloy steels.

The areas requiring development in the near future include the development of
technologies for the deep drawing of materials covered with metallic coatings, varnishes,
and foils, as well as methods for producing deep-drawing steel sheets with the desired
anisotropic features.

Methods of improving the strength of HS and AHSS steels, under the condition of not
changing the composition, mainly include combing the grain refinement strengthening of
the precipitates and the precipitation strengthening, using cyclic pre-quenching to prepare
a uniform lamellar microstructure.

Car structural elements made of aluminium alloys are not only highly resistant to
weather conditions, but also have high durability, ensuring safety in the event of a collision.
Side beams in door systems, side members, and energy absorbers are increasingly common
aluminium-based components. Aluminium alloys are also increasingly used in the body
panels of cars, buses, and commercial trucks as an alternative to stainless steel.

Despite the advantages of titanium sheets, such as high specific strengths, low density,
and good corrosion resistance, their use in the production of car bodies is limited to unit
production and luxury vehicles manufactured in small series. The high price of titanium
sheets and the difficulty in forming titanium alloy sheets are the main limitations in
increasing the share of these sheets in sheet metal stamping for the automotive industry.
However, as demand for more fuel efficient and environmentally friendly cars increases,
affordability will become less of an issue, increasing the automotive industry’s interest in
titanium sheets.

Author Contributions: Conceptualisation, T.T. and S.M.N.; methodology, T.T. and S.M.N.; validation,
T.T. and S.M.N.; data curation, T.T. and S.M.N.; writing—original draft preparation, T.T. and S.M.N.;
writing—review and editing, T.T. and S.M.N. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Samek, L.; Krizan, D. Steel—Material of choice for automotive lightweight applications. In Proceedings of the International

Conference Metal’2012, Brno, Czech Republic, 23–25 May 2012; pp. 1–6.
2. Ultra Light Steel Auto Body; Final Report; American Iron and Steel Institute: Washington, DC, USA, 1998; Available online:

https://www.yumpu.com/en/document/view/5349987/ultralight-steel-auto-body-final-report-american-iron-steel- (accessed
on 17 November 2023).

3. Perka, A.K.; John, M.; Kuruveri, U.B.; Menezes, P.L. Advanced high-strength steels for automotive applications: Arc and laser
welding process, properties, and challenges. Metals 2022, 12, 1051. [CrossRef]

4. Kumar, A.; Singh, A. Mechanical properties of nanostructured bainitic steels. Materialia 2021, 15, 101034. [CrossRef]
5. All-New 2021 Jeep®Grand Cherokee Breaks New Ground in the Full-Size SUV Segment. Available online: https://www.media.

stellantis.com/uk-en/jeep/press/all-new-2021-jeep-grand-cherokee-breaks-new-ground-in-the-full-size-suv-segment-uk (ac-
cessed on 17 November 2023).

6. Galán, J.; Samek, L.; Verleysen, P.; Verbeken, K.; Houbaert, Y. Advanced high strength steels for automotive industry. Rev. Metal.
2012, 48, 118–131. [CrossRef]

https://www.yumpu.com/en/document/view/5349987/ultralight-steel-auto-body-final-report-american-iron-steel-
https://doi.org/10.3390/met12061051
https://doi.org/10.1016/j.mtla.2021.101034
https://www.media.stellantis.com/uk-en/jeep/press/all-new-2021-jeep-grand-cherokee-breaks-new-ground-in-the-full-size-suv-segment-uk
https://www.media.stellantis.com/uk-en/jeep/press/all-new-2021-jeep-grand-cherokee-breaks-new-ground-in-the-full-size-suv-segment-uk
https://doi.org/10.3989/revmetalm.1158


Materials 2024, 17, 590 43 of 56

7. Kuziak, R.; Kawalla, R.; Waengler, S. Advanced high strength steels for automotive industry. Arch. Civ. Mech. Eng. 2008, 8,
103–117. [CrossRef]
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37. Trzepieciński, T.; Lemu, H.G. Improving prediction of springback in sheet metal forming using multilayer perceptron-based
genetic algorithm. Materials 2020, 13, 3129. [CrossRef] [PubMed]

38. Szewczyk, M.; Szwajka, K. Assessment of the tribological performance of bio-based lubricants using analysis of variance.
Adv. Mech. Mater. Eng. 2023, 40, 31–38. [CrossRef]
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48. Cmorej, D.; Kaščák, L’. Numerical simulation of mechanical joining of three DP600 and DC06 steel sheets. Adv. Mech. Mater. Eng.
2023, 40, 23–29. [CrossRef]

49. Huang, Z.C.; Huang, G.H.; Shan, F.W.; Jiang, Y.Q.; Zou, Y.Q.; Nie, X.Y. Forming quality and microstructure evolution of AA6061-T6
aluminum alloy joint during flow drill screwing process. Adv. Eng. Mater. 2023, 25, 2300054. [CrossRef]

50. Kinsley, B.L. 7—Tailor welded blanks for the automotive industry. In Tailor Welded Blanks for Advanced Manufacturing; Kinsley,
B.L., Wu, X., Eds.; Woodhead Publishing: Sawston, UK, 2011; pp. 164–180.

51. Keeler, S.; Kimchi, M. Advanced High-Strength Steels. Application Guidelines Version 5.0, World Auto Steel. 2014. Avail-
able online: https://www.worldautosteel.org/projects/advanced-high-strength-steel-application-guidelines/ (accessed on
16 November 2023).

52. ULSAB-AVC. Available online: https://www.worldautosteel.org/projects/ulsab-avc-2/ (accessed on 16 November 2022).
53. ULSAC. Available online: https://www.worldautosteel.org/projects/ulsac-2/ (accessed on 16 November 2022).
54. ULSAS-UltraLight Steel Auto Suspensions Report. Available online: https://www.worldautosteel.org/ulsas-ultralight-steel-

auto-suspensions-report/ (accessed on 16 November 2022).
55. FutureSteelVehicle. Available online: https://www.worldautosteel.org/projects/future-steel-vehicle/ (accessed on

16 November 2022).
56. Richter, J.; Kuhtz, M.; Hornig, A.; Harhash, M.; Palkowski, H.; Gude, M. A mixed numerical-experimental method to characterize

metal-polymer interfaces for crash applications. Metals 2021, 11, 818. [CrossRef]
57. Structure-Borne-Damping Composite Material with Customized Properties. Available online: https://www.thyssenkrupp-steel.

com/en/products/composite-material/overview-composite-material.html (accessed on 16 November 2023).
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