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Abstract

Research Article

The use of lightweight materials in vehicle production is a key trend in the automotive industry, driven

by a need for greater efficiency, sustainability and improved performance. Key materials include
aluminum, magnesium and titanium alloys, as well as various types of advanced high-strength steel.
Fiber-reinforced polymers (such as glass, carbon and aramid) are ideal for reducing weight, particularly
in internal structures. This paper analyses the effect of weight reduction on energy consumption using
up-to-date weight and energy consumption data for internal combustion engines and battery electric
vehicles. To compare AIMg alloys and steels, a sheet-specific version of the Ashby concept was
developed. This supplements the Material-Shape-Process characteristics with three additional parameter
groups: Design Parameters, Formability Characteristics and Shape Constraints. Some of these material
parameters were further analyzed using a banana chart constructed from a database collected in our own
laboratory. This chart was then compared with other global and local formability parameters, such as
the Forming Limit Diagram (FLD) and Erichsen number. It was concluded that these characteristics
only follow the trend defined in the banana diagram to a limited extent, so complex parameter sets
according to the extended Ashby concept were needed to characterize the complex forming process. A
further comparison was conducted between aluminum and steel sheets using a multi-objective
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1. Introduction

Over the last few decades, the demands of car buyers have
changed significantly. They now expect increased functionality,
comfort and enhanced safety, while also aiming to reduce costs
over the vehicle’s service life.

However, the extended functionality and comfort demand sig-
nificantly increase the weight of cars, which increase energy
consumption and operational costs. Consequently, the conflict-
ing objectives of achieving greater comfort and reducing fuel
use have become the driving force behind the automotive indus-
try's push towards lightweight vehicle design. The advantages
of reducing weight are clear: lower fuel consumption, reduced
CO: emissions and improved driving dynamics without the need
for increased engine performance. However, increasing safety
regulations present another challenge for car designers, as light-
weight materials generally offer lower strength than steel, and
their cost is sometimes higher. These aspects have motivated car

manufacturers to develop advanced materials, new design meth-
ods and production techniques that can fulfil these complex de-
mands.

Many authors advocate reducing CO: emissions by increasing
the proportion of electric vehicles (BEVS) rather than internal
combustion engine vehicles (ICEVs) [1]. However, it is also
well established that reducing a vehicle's weight leads to lower
fuel or energy consumption for both ICEVs and BEVs [2]. Pub-
lication [3] estimates a 5% reduction in fuel consumption and
emissions when the weight of a vehicle is decreased by 15-20%.
Various analyses on the internet support these findings: for in-
stance, a 10% weight reduction generates a 6% improvement in
fuel economy, and electric vehicles also experience an increase
in driving range. However, this information is not supported by
appropriate measurements and differs from the statement in [2].
Other sources state that reducing a vehicle's weight by 100 kg
results in a 5 g/lkm decrease in CO: emissions.

12


http://www.ijastech.org/
mailto:czinege@sze.hu
https://doi.org/10.30939/ijastech..1755417
https://orcid.org/0009-0003-6060-7971

I. Czinege. / International Journal of Automotive Science and Technology 9 (SI 1st Future of Vehicles): 12-21, 2025

PARAPY..o o000 ™
v. "y ALTOMONVE ENGINEERS

There are also calculations regarding the relationship between

weight and the energy consumption required to move the vehicle.

These calculations estimate the average energy demand to be
0.8-1 kWh/100 km/100 kg. Despite known consumption growth
data, the weight of cars increased significantly worldwide from
1985 to 2005. After this period, the growth rate decreased due
to lightweighting efforts.

Vehicle weight can be reduced while maintaining safety re-
quirements by developing higher strength grades of the same
material, or by using lower-density materials with an equivalent
or better specific strength (strength-to-density ratio) than the
material to be replaced. Examples of the first solution include
advanced high-strength steels (AHSS), while the second solu-
tion involves the use of lower-density, high-strength aluminium
alloys. A possible classification of lightweight materials is sum-
marised in [4]. The authors divide these materials into four cat-
egories: light metal alloys (e.g. aluminium, magnesium and tita-
nium); the AHSS family (e.g. DP, TRIP and TWIP); polymer
composites (e.g. carbon fibre reinforced plastics); and smart ma-
terials, which represent the future and are described in detail in
publication [5].

These materials will only achieve the desired results if they
are selected in conjunction with modern design methods. The
development of design and material selection models is pre-
sented in publication [6] for the period between 1978 and 2010;
naturally, this is not exhaustive. In this area, the research results
of M. F. Ashby et al. [7-10] are outstanding; they summarised
the complex design and material selection process in the mate-
rial-shape—process triangle. These theoretical results have prac-
tical applications supported by the computer-aided design sys-
tem integrated for example into Ansys. This system relies on a
large database to help users make the best material choices in an
interactive way. A good example can be found in [11]. Several
authors have applied or further developed the Ashby model,
some results can be found in publications [12-15].

The original Ashby concept aimed to optimise one parameter
to minimise weight under various material properties and con-
straints [7]. Subsequently, the need arose for the development of
multi-objective optimisation models, one possible solution to
which was presented by Ashby in [8]. He also stated that several
factors, such as cost, mass, volume, power-to-weight ratio and
energy density, should be considered simultaneously in design.
This also initiated further applications, examples of which can
be found in references [16-21]. Multi-objective solutions that
combine material selection and CO2 emission reduction deserve
special attention [22-25]. Extending this to the entire life cycle,
the goal is for a systematic material selection process to integrate
weight optimisation and environmental life cycle assessment
[26].

Over the past 10 years, more studies have been published in
the field of design and material selection that rely heavily on
artificial intelligence (Al) tools. One such method is generative
design [27-30]. Publication [31] analyses how artificial intelli-
gence is transforming the design thinking process; publication

[32] provides an overview of the further spread of Al; and pub-
lication [33] presents artificial neural network (ANN) methods
focused on materials design and manufacturing.

Alongside the presented design and material selection con-
cepts, significant development has also been shown in vehicle
materials [4]. Many models have been produced with an all-al-
uminium body, with the 2015 Jaguar XE being a notable exam-
ple. There are also positive results from using titanium and mag-
nesium, but they are used less frequently in vehicle construction.
Polymer composites are finding even wider application in the
automotive industry, as detailed in publication [34]. According
to the authors' analysis, weight savings of 16-55% can be
achieved, depending on the components used. The BMW i3
model is the most well-known example of a composite body,
with a weight reduction of 60% compared to steel and 40% com-
pared to aluminium. However, recent development trends indi-
cate an expansion of the multi-material concept. A detailed anal-
ysis of the assessment of suitable automotive component ranges
for multi-material design can be found in [35]. Hybrid material
pairings are also increasingly being used within a single compo-
nent; the [5] publication highlights aluminium-steel, magne-
sium-aluminium, and CFRP-aluminium pairings.

Sheets are of paramount importance in car body construction,
with steel and aluminium being the two most common materials.
In the case of body steels, the two main parameters included in
the well-known banana diagram [36-38] are strength and form-
ability. This illustrates the trade-off between yield strength and
ultimate tensile strength, as higher strength is usually coupled
with lower formability. The banana diagram characterises the
global formability parameters of sheets. Other local formability
and diffuse necking test results are also important for design pur-
poses and are summarised in [39]. However, to describe the
complex process of sheet metal forming, additional strength pa-
rameters are needed, such as the flow stress curve and the yield
surface. These can be determined based on various yield criteria.
These material characteristics provide the basic parameters for
various sheet metal forming design systems, such as AutoForm,
LS-Dyna and PAM-STAMP. These models are analysed and
summarised in Banabic's 2010 book [40], and [41] presents the
latest developments up to 2020, for example.

Based on the wide range of applications for lightweighting,
this study focuses on the sheet metals most frequently used in
car body and chassis construction: steels and AlMg alloys. Sec-
tion two presents the materials included in the study and de-
scribes an improved application of the well-known Ashby model
for sheet forming. The third section, 'Results’, examines three
topics. Firstly, it focuses on the relationship between vehicle
weight and energy use. This is followed by a material-specific
analysis, comparing the strength and formability parameters of
steel and aluminium sheets. The third topic concerns the appli-
cation of multi-material optimisation to select appropriate car
body materials. Section 4 summarises the results and conclu-
sions.
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2. Research Methods

This section includes a discussion of two topics. The first part
describes the materials included in the studies and their test
methods. The second subsection further develops the Material-
Shape-Process system of the original Ashby concept in relation
to sheet metal analysis.

2.1. Materials and testing methods

The materials and test results used in the various analyses were ob-
tained from the Materials Testing Laboratory database at Széchenyi
Istvan University. These tests were conducted according to the re-
quirements of automotive component manufacturers, using sheet
metal supplied by them. The steel sheets tested were classified into the
Mild Steel (MS) and Advanced High Strength Steel (AHSS) catego-
ries, namely dual phase (DP600, DP800, DP1000) and TRIP steels.
Test specimens of aluminium alloys were selected from AlMg3
(AA5754) and AlMg4.5 (AA5182) grades. Magnesium alloys are rep-
resented by AZ31B and TiAl6 grades have also been added to the da-
tabase. It should be noted that, among the AIMg alloys, both annealed
(0) and hardened (H14, H22) sheets can be found; this results in sig-
nificant scatter in the measured data. The same is true of DP600 sam-
ples, where the yield strength varies between 350 and 450 MPa.

Tensile tests were performed using a 100 kN capacity Instron 5582
tensile testing machine with a video extensometer for strain measure-
ment. The extensometer measured longitudinal and transverse strain
between two points. The specimens were cut according to the DIN EN
10002 standard; in most cases, the gauge length was 80 mm, and the
width was 20 mm. The specimens were cut in three directions: 0°, 45°
and 90° relative to the rolling direction. The test results were recorded
and evaluated using Instron Bluehill 2 software. To better characterise
the formability, Nakajima tests were also carried out and Forming
Limit Diagrams (FLDs) were determined according to ISO 12004-
2:2009 on three parallel specimens with seven different geometries per
sheet material. Measurement and evaluation were performed using the
GOM ARAMIS® hardware-software system. Further tests included
cup drawing and Erichsen tests.

Figure 1. Extended Ashby model

2.2. Sheet metal specific model

The original Ashby concept defines the function of a compo-
nent by its Material, Shape and Process parameters, as shown in
Figure 1. For sheet metal analysis, this model can be specified

with three additional databases: Design parameters, Formability
characteristics, and Shape constraints. Data defined in this way
creates relationships between the initial material, shape and pro-
cess factors.

The Design parameters are located between material and
shape in Figure 1 and contain the data necessary for dimension-
ing the part, e.g. yield strength, elastic modulus, fracture
strength and fatigue limit. The design software used might be
any integrated CAD system that includes a Finite Element Mod-
ule (FEM) for strength and crash analysis. This ensures that the
shape and its material parameters are harmonised and that both
the geometric dimensions and the material selection fulfil the
demands of the defined load and the component's constraints.
Among the Formability characteristics, the first parameters to
mention are those derived from the tensile test: uniform strain,
total elongation, hardening exponent and anisotropy coefficient
(r-value). Software used for complete process modelling might
include AutoForm, LS-Dyna or PAM-STAMP. The input data
for these is the flow stress curve (FSC), the forming limit dia-
gram (FLD) and the yield surface (YS), as well as the friction
coefficient specialised for the process. Finally, the shape con-
straints that characterise the relationship between shape and pro-
cess include manufacturing constraints such as minimum bend-
ing radius, curvature of sharp corners, limiting drawing ratio
(LDR), Erichsen number and wrinkling limits. With these addi-
tions, a functionally complete system is created that can describe
the design process of sheet metal forming operations.

The following sections provide a comparative analysis of
steel and aluminium sheets, highlighting some of this system's
characteristic parameters.

3. Results and Discussion

The most important results are summarised in the following
subsections. The first analyses the relationship between the mass
of cars and the energy consumption of conventional and electric
vehicles, demonstrating that mass is a significant factor in en-
ergy usage and CO: emissions. This justifies the importance of
weight reduction. Subsequent analyses examine the comparison
of steel and aluminium sheets in the banana diagram and the
strength-density coordinate system, as well as multi-objective
optimisation, all from the perspective of weight reduction.

3.1 Recent results in relation to the weight and energy use of
cars

The publications presented in the Introduction contain limited
amounts of data on the relationship between car type, consump-
tion and emissions. To focus the analysis on vehicle mass, fuel
consumption and CO: emissions, data on 35 Internal Combus-
tion Engine Vehicle (ICEV) models from 2018 was collected.
This was the last year in which a wide range of ICEVs were still
available from car manufacturers. The data refers exclusively to
Volkswagen products to ensure the cars are as homogeneous as
possible in terms of their technical level. Additionally, data on
the weight and electric energy consumption (kWh/100 km) of
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17 Battery Electric Vehicle (BEV) models from 2024 was col-
lected. The brands examined were Audi, BMW, Chevrolet, Ford,
Honda, Hyundai, Jaguar, Kia, Mazda, Mercedes, Nissan,
Polestar, Porsche, Renault, Tesla, Volkswagen and Volvo.
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Figure 3. Energy consumption-mass relations for BEVs

Figure 2 shows the fuel consumption values of the ICEV
models in litres per 100 km (L/100 km) as a mass function. The
diagram shows combined consumption, as it is the most compa-
rable to the energy consumption of BEV models. Figure 3 shows
the energy consumption values of BEV models.

Figure 4 shows CO: emissions for ICEVs based on manufac-
turer data, while Figure 5 presents the calculated values for BEV
models. According to relevant EU statistics, 1 kWh of electricity
is associated with an average of 213 g of CO- emissions. There-
fore, the energy consumption per 1 km must be multiplied by
this value to calculate the gCOx/km value from electricity gen-
eration. However, an additional emission value should be added
to this, which is generated during battery production. This can
be calculated as 31.5 gCO2/km over a range of 200,000 km.

The average, minimum and maximum values of the data pre-
sented in the figures are shown in Tables 1 and 2. Comparing
the two tables shows that BEV models are heavier than ICEV
models because the battery significantly increases the weight.
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Figure 5. Emission values of BEVs
Table 1. Characteristic figures for ICEVSs.
Mass Fuel Consumption ng:imls_
ICEVs
K L/100 L/100 km 9/100 km
9 m /100 kg /100 kg
Ave 1347 5.4 0.40 927,47
Max 1717 6.4 0.45 1028,17
Min 1055 4.7 0.35 820,95
Table 2. Characteristic figures for BEVs.
Mass Energy Consumption CO_Z emis-
sion
BEVs
kWh/100 kWh 0/100 km
kg km /100 km 1100 k
/100 kg g
Ave 1906 18.47 0.98 240
Max 2495 24.00 1.18 287
Min 1345 14.70 0.81 197

According to the above calculation, CO2 emissions are much
more favourable for BEVs than for ICEV models if the EU av-
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erage value of 213 gCO2/kWh is considered. However, this ad-
vantage does not apply in all countries. In regions where the na-
tional energy mix produces up to 900 gCO»/kWh, charging BEV
batteries with such electricity completely negates their emission
benefits.

3.2. Comparison of steel and aluminium sheet characteris-
tics

3.3.1. Analysis of the banana diagram

The banana diagram is a traditional classification model for
steel sheets that shows the relationship between strength and
ductility. The horizontal axis of the diagram shows tensile or
yield strength, which is also replaced by specific strength (the
strength-to-density ratio), primarily at the initiative of alumin-
ium sheet manufacturers. The latest diagram for steels was pub-
lished by WorldAutoSteel in 2021 and is now called the Global
Formability Chart, as the newly developed extra-high-strength
steels have significantly altered its shape. Figure 6 shows an ex-
ample of this. Figure 7 illustrates a banana diagram for alumin-
ium sheets with specific strength on the horizontal axis. In this
comparison, AA5xxx Al-Mg alloys are equivalent to DP series
steel sheets and AA6xxx and AA7xxx alloys reach the third gen-
eration AHSS category in terms of specific strength. However,
the formability of aluminium alloys is significantly lower than
that of steels. Magnesium alloys also have good specific strength
values, but their formability is poor.
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Figure 8. Banana diagram of tested sheets

Comparing these diagrams with the data of our own database,
measured points can be seen in Figure 8. The location of the
three DP grades roughly corresponds to the relevant data in Fig-
ure 6. It is also clear that the AIMg4.5 alloy points are located
above the DP points. The AIMg3 points overlap the DP values
and the elongation of TRIP700 steel is higher than that of dual-
phase steels. The specific strength of the mild steel group (DC
and DD) is significantly lower than that of the other sheets, but
this is coupled with outstanding elongation. The hyperbola (H)
fitted to the DP grades is also shown in the figure.

However, total elongation, which is used as a measure of
formability, only characterises part of the forming processes that
follow the deformation path close to uniaxial tension, such as
deep drawing (see Figure 9). In contrast, a significant proportion
of car body panels are formed by biaxial stretching (stretch
forming); however, sharp corners and bent edges also require
sheets to have special formability properties. These factors are
important and should be highlighted, as global formability is
well characterised by a banana diagram or forming limit dia-
gram (FLD), but hole expansion tests, edge tension tests, dome
tests and Erichsen tests are primarily suitable for classifying lo-
cal formability. In connection with Figure 1, the difference be-
tween global and local formability can be interpreted as follows:
global formability is primarily related to the material-process
relationship (formability characteristics), while local formabil-
ity is a characteristic of shape constraints and is closely corre-
lated with manufacturability.
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Figure 9. Comparison of FLDs and strain paths
16



I. Czinege. / International Journal of Automotive Science and Technology 9 (SI 1st Future of Vehicles): 12-21, 2025

PARAPY..o o000 ™
v. "y ALTOMONVE ENGINEERS

50 1
g 40 U,B o TE-Alu
E’ » TE-DP
= 30 0,6 &
© © N TE-DC
] NS s

- £1(0,2)-Alu

2 20 04 B °FU02
= » £1(0,2)-DP
8
2 10 0,2 *£1(0,2)-DC

0 0

50 250 450 650

Yield strength, MPa

Figure 10. Comparison of total elongation and stretchability of
sheets

The right side of the FLD is suitable for modelling stretching
related to global formability capability. Therefore, the major
strain (£1(0.2)) at the minor strain £2=0.2 can be considered an

appropriate measure of comparative stretchability (see Figure 9).

Figure 10 shows the diagram constructed using the available
data from the examined database, illustrating the tensile exten-
sion (TE) and the major strain values of £1(0.2) as a function of
yield strength. The distribution of the points suggests that there
is only a very weak relationship between the examined quanti-
ties.

Figure 11 shows the relationship between the Erichsen num-
ber and total elongation for steel sheets, which is used as an in-
dicator of local formability. The trend lines indicate that there is
no meaningful correlation between the examined variables.
Therefore, tensile extension is not suitable for ranking sheets
with strong local formability needs, and according to Figure 10,
it can only be used to a limited extent for evaluating the stretch
forming abilities of sheets.
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Figure 11. Comparison of total elongation and local formability of
sheets

The analysis presented shows that, while the banana chart is
a useful tool for illustrating the global correlation between
strength and formability, additional information is needed for a
detailed analysis of a significant proportion of forming
processes.

3.3.2. Comparing steel and aluminium sheets using the
strength-density model

A detailed comparative analysis of the application of steel and
aluminium in relation to lightweight structures was published
earlier [42], analysing the applicability of steel and aluminium
sheets based on literature data and public databases. The tests
presented here were conducted using our own database,
following a similar methodology. According to the Ashby
model, a relationship resulting in minimum mass can be
established for various load cases, strains, and constraints. In
this model, the material properties are represented by 'material
indices'. Car body panels are mostly subjected to bending stress.
The material indices defined for the strength and stiffness
analysis of sheets [9] are as follows:

strength:

My =7 &)
y

stiffness
p

My =—75 @)

In the above equations, p denotes density, oy denotes yield
strength, and E denotes elastic modulus. Meanwhile, M: and M-
are material indices. Figure 12 shows the points of the examined
aluminium and steel sheets, as well as the M1 = p/oy!/> line ac-
cording to Eq. (1), in the yield strength—density logarithmic co-
ordinate system. The location of the AIMg3 alloys of lowest
strength indicates that they can be comparable with DP600 steel
sheets in terms of minimum weight, while the other aluminium
alloys result in significantly lower weight. Equation (2) can be
used if stiffness is the parameter to be analysed.
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Figure 12. Ashby chart for tested sheets

The relationship between masses is expressed by Eg. (3).

1/2
mp _ Pi/O'y{

. 1/2
m : .
J ,DJ/O'yJ

©)

This equation can be used to calculate the mass ratios of the
main groups of sheets in pairs, forming a matrix shown in Table
3.
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Table 3. Mass ratios matrix

AlMg  AlMg DP DP
3 4.5 DC 600 TRIP 800

AlMg

3

AlMg

4.5 1,04

DC 0,49 0,47

DP

600 0,56 0,53 1,13

TRIP 0,60 0,58 1,22 1,08

DP

800 0,68 0,66 1,39 123 1,14

DP

1000 0,74 0,71 149 132 1,22 1,08

The matrix data show that all aluminium alloys produce sig-
nificant mass reduction compared to steel sheets. To better illus-
trate the results, the mass ratios of DP1000, DP600 and mild
steel (MS) were selected. The resulting bar chart is shown in
Figure 13. For example, this shows that the weight of a compo-
nent made of AIMg4.5 sheet could be 71% of that of a DP1000
component, 53% of a DP600 component, or 43% of an MS com-
ponent, considering the average yield strength of the data set
used. It is known that an average weight reduction of 40% can
be achieved using aluminium sheets. The diagram shows that
this is realistic, but the actual weight ratio also depends on the
strength properties of the original and replacement sheets.

1,6
mDP1000 wDP600 mMS
1,4

1,2

1,0
0,8
0,6
0,4
0,2 I I
0,0

AlMg3 AlMg4.5 MS DP600 TRIP DP800 DP1000

Relative mass

Figure 13. Comparison of mass ratios
3.3.3. Multi-objective optimization of a car body panel

As shown in publications [8, 16-21], multi-objective optimi-
sation is a key application of material selection. Further analysis
shows a possible solution for the panel analysed in terms of
strength in the previous chapter. Here, the material indices are
applied together according to equations (1) and (2), following
the method in publication [8]. The shape of the value function
(V), as defined by the model, is shown in Eq. (4), where M, and

M: are the performance metrics, as defined in Egs. (1) and (2),
and o¢; and «: are the exchange constants.

V =, My +o¢, M, 4

Taking the defined value of Vg, the relationship between M,
and M: is shown by Eq. (5).

My == tMy ©)
2

The values of the exchange constants can be determined ac-
cording to the strength/stiffness ratio characteristic of the given
part. If the strength requirement is dominant, then ou is higher;
in other cases, the stiffness exchange constant may be more sig-
nificant. In general, the strength and stiffness requirements are
equal for floor panels. In the crash zone, stiffness is more im-
portant, while for doors and the A and B pillars, strength is more
favourable. Taking these factors into account, the oc; and o« ex-
change constants can be selected according to the given compo-
nent. The function defined in this way produces a straight line
in the M1-M; coordinate system (see Eq. 5), the slope of which
is -o<a/ocy. Its position depends on the value of Vg. These lines
are shown in Figure 14, with the dashed lines representing the
slopes SL(-4), SL(-2) and SL(-1) starting from the (0;1.4) point.
To emphasise strength, values of oc; = 0.8 and oc2 = 0.2 might be
a suitable choice for the exchange constants. Using these values,
other parallel lines with SL (-4) are displayed in the chart to-
gether with the average yield strength of the sheets in the data-
base on the M1 axis. The points on the M2 axis are located at
the same height because the elastic modulus (E) is approxi-
mately the same for each group of materials. This chart shows a
different arrangement of materials to that in publication [8], but
the evaluation and ranking of materials may be similar.

From the diagram, it can be concluded that, when the chosen
exchange constant values are applied, magnesium sheets would
be the most favourable, followed by titanium and aluminium al-
loys, with steel sheets being the least favourable. Of course,
these statements apply only to the given exchange constant val-
ues; in the case of other parts, the chosen coefficients can change
the order.

M2, p/E¥?; Mg/m3/GPa'?

0,0 0,1

0,2 0,3 0,4 0,5
M1, p/o¥?; Mg/m3/MPa'?

Figure 14. Value functions plotted with material performance
metrics
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4, Conclusions

The use of lightweight materials in vehicle production is a key
trend in the automotive industry, driven by the need for effi-
ciency, sustainability, and improved performance. The ad-
vanced high-strength steels and AIMg aluminium alloys were
analysed as key materials. For this analysis, a sheet-specific
form of the Ashby concept was developed, supplementing the
Material-Shape-Process parameters with three additional data-
bases: Design parameters, Formability characteristics and Shape
constraints.

First, the impact of weight reduction on energy consumption
was examined using data from internal combustion engine and
battery electric vehicles. The analysis clearly shows that

- a 100 kg mass reduction results in a ~6.4% decrease in fuel
consumption for ICEVs and a 4.2% energy saving for
BEVs, with the same emission reduction being achieved.

- the average energy usage is ~1.1 kWh/100 km/100 kg for
ICEVs and ~1 kWh/100 km/100 kg for BEVs.

Based on the banana chart created from our own database of
measurements, it was observed that

- data points for different steel sheets follow the global
trends reported in previous publications, albeit with a
larger scatter,

- evaluation of the diagram showed that this data only par-
tially characterises formability and that consideration of
further global and local formability parameters is needed
when designing sheet forming operations.

The major strain at 0.2 minor strain within the biaxial range
of the forming limit diagram and the Erichsen number were
compared with tensile elongation in the banana diagram. It could
be concluded that:

- these characteristics only follow the trend defined in the
banana diagram to a limited extent,

- a parameter set according to the extended Ashby concept is
needed to characterise the complex forming process.

The multi-objective optimisation of the strength and stiffness
parameters of the tested sheets resulted in a chart of specific ma-
terial indices, with the limited material groups arranged horizon-
tally according to elastic modulus. Analysing a possible load
case for the sheets established the order of the sheet groups.
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