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Abstract: This paper deals with the selection of the optimal material for railway wagons, from
among three different steel and three aluminium based materials, by using four different Multicrite-
ria Decision Making Methods (MCDM) and comparing their ranking of the materials. We analysed:
Dual-Phase 600 steel, Transformation-Induced Plasticity (TRIP) 700 steel, Twinning-Induced Plas-
ticity (TWIP) steel, Aluminium (Al) alloys, Al 6005-T6, and Al 6082-T6, and porous Al structure
with closed cells. Four different MCDM methods were used: VIKOR, TOPSIS, PROMETTHEE and
the Weighted aggregated sum product assessment method (WASPAS). Key material properties that
were used in the MCDM analysis were: density, yield strength (Y.S.), tensile strength (T.S.), Y.S./T.S.
ratio, Youngs modulus (Y.M.), cost and corrosion resistance (C.R.). Research results indicate that
aluminium and its alloys prove to be the most suitable material, based on setup criteria. Advanced
steels also achieved good ranking, making them a valid option, immediately behind lightweight alu-
minium alloys. Porous aluminium did not perform well, according to the used MDCM methods,
mainly due to the significantly lower strength exhibited by the porous structures in general.

Keywords: multicriteria decision-making methods; railway vehicles; dual-phase 600 steel;
transformation-induced plasticity (TRIP) 700 steel; twinning-induced plasticity (TWIP) steel;
aluminium alloy, Al 6005-T6; aluminium alloy, Al 6082-T6; porous aluminium (with closed cell

porosity)

1. Introduction

Selection of materials for railway vehicles represents a complex task, due to many suit-
able material candidates, among which both aluminium alloys [1-4] and advanced high
strength steels (AHSSs) [5,6] offer different benefits for vehicle body elements and struc-
ture and are both applied with the focus on lightweight structures.

AHSSs have been used in structural elements within the railway and automotive in-
dustries for a long time, due to their superb properties in relation to combined mechan-
ical strength and ductility. Research and improvement of the 3rd generation of AHHSs
is aiming towards a novel 4th generation of AHHSs that can have specifically tailored
material properties and provide a lightweight design [5]. Different approaches—for in-
creasing the mechanical strength while reducing the weight and cost of AHSSs for trans-
portation industries—have been reviewed [6,7]. Development of dual phase (DP) steels,
transformation induced plasticity (TRIP) steels, and twinning induced plasticity (TWIP)
steels, among other types of AHSSs—are of significant importance for automotive appli-
cations [8,9] for improving crashworthiness and formability with lightweight properties.
Processing and tailoring of TRIP steel properties to achieve a desired design have shown
that itis a promising candidate for structural components [10]. Microstructure of the TWIP
steels provides improved ductility at high strength [11]. One of the challenges in the devel-
opment of AHSSs is hydrogen embrittlement (HE) since it can induce irreversible damage
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and catastrophic failures in the material structure over time [12,13], and different methods
have been used to detect and overcome this issue [14]. Moreover, profound understanding
of the corrosion mechanisms in these steels is important for their further development [11].
In general, welding is one of the major technologies utilized in elements of railway, auto-
motive, and aerospace industries and different aspects related to the welding of AHSSs
are studied [15,16] to provide important data on their functional behaviour aiming at im-
provements in AHSSs. Material cracking within the weld and heat affected zone is still an
issue with AHHSs, due to a difference of fatigue and tensile strength between the AHSSs
and the joint [16].

Different series of aluminium alloys have already been heavily used in elements of
railway vehicles, and 6005 and 6082 aluminium alloys are amongst the most often used
ones in the 6xxx alloys series [1,2,17,18], due to their superb lightweight properties [19]
and corrosion resistance [20]. Processing routes and treatments have the most significant
influence on the microstructural properties and mechanical properties of aluminium al-
loys [17,19,21,22]. Moreover, welding introduces changes in microstructural properties of
these alloys: this is why the study of friction stir welding is currently attracting particular
interest [18,23]. The 6005 and 6082 aluminium alloys show good mechanical properties
under cyclic loading [1,24]. For elements subjected to the loading due to vibrations and
shock, 6082 aluminium alloys have been recommended [19].

New developments in material research have introduced porous material structures
including porous aluminium structures [3,25,26], in order to further lower the weight of
the components. Aluminium foams with open-cell structure have shown exceptional prop-
erties in the context of applications that involve energy and sound absorbing, electromag-
netic shielding or controlled heat exchange [3], and in railway, automotive and aerospace
industries. Their mechanical properties can be tailored, by adjusting the level of poros-
ity, cell shapes and distribution patterns, and the thickness of the struts and walls. Porous
aluminium foams are especially suited for shock absorbing elements [27]. Further improve-
ment of the mechanical strength and increase in stiffness can be achieved by incorporating
different fillers or composite structures. Accordingly, porous aluminium (Al) composites
for lightweight structural applications in transportation-related industries, including rail-
way applications, have gained attention in recent years [4,28]. Al foam has already been
commercially used to support bumper elements or wagon crumple zones (to absorb en-
ergy during possible collision) in some railway vehicles [4,29]. Some new approaches in
the production of Al foams have been studied, such as a friction stir processing route [30].
Sandwich panels that incorporate aluminium foams are also recognised as very important
material structures for different functional elements in automotive and railway compo-
nents [31]. However, metal foams in general need further investigation from different
perspectives, and especially their cost for mass production still prevent them from wider
functional applications [4]. Welding of components made of porous structures, including
novel friction stir welding, is also of significant importance for real applications [32].

It is rather hard for the designers of new or updated vehicles to select the appropri-
ate material from the comprehensive list of available materials, especially considering that
each of the previously mentioned material classes offer some benefits, yet at the same time
all have shown certain drawbacks. Significant parameters and influential factors can vary
widely depending on the specific component; and its function and parameter optimization
can require a number of methods and approaches, in which multicriteria decision-making
in material selection is now a necessity [33-36]. It is important to analyse the potential
cost of the structure and the effect that uncertainties related to material strength could
have on it, especially in industrial decision-making. Using available information regard-
ing material properties, it is possible to form a data-driven model which creates a cor-
relation between input parameters and system objectives [33]. There is a wide range of
materials all with their own properties, but inadequate choice often leads to larger costs
and ultimately can result in product failure [37,38]. Since many different factors should
be considered, multicriteria decision-making (MCDM) methods are used to predict the
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impact that they can have, thus narrowing down the best possible solution out of many
available ones [34]. Alternative techniques such as Ashby’s graphical techniques or digi-
tal tools including GRANTA CES selector and MATWEB have also been used in material
selection [39]. The MCDM method evaluates strengths and weaknesses of all considered
materials, compares them and ranks them based on their economic, technical and environ-
mental results [36]. Aside from material properties, MCDM methods can be used for eval-
uation of the optimal solution for the manufacturing processes, also ranking them based
on their performance in terms of desired attributes [40]. Many different methods have
been developed, such as: TOPSIS (Technique for Order Performance by Similarity to Ideal
Solution) [41], Weighted aggregated sum model [37], PROMETHEE (Preference ranking
organization method for enrichment evaluation) [42] and VIKOR [43,44].

Their implementation has been involved in different areas of engineering such as en-
ergy, material, operation research, and safety management [45]. VIKOR is a multicriteria
ranking method and calculates the best (compromise) solution in a multicriteria environ-
ment from the set of X feasible alternatives (Y1, Y2, ..., YX) evaluated based on the set
of n criterion functions [46]. The VIKOR method has been widely used in optimisation of
concrete structures and for industrial robot selection [47,48]. Further development showed
that the regret theory-based compromise ranking method showed better performance com-
pared to the original compromise ranking method [48]. PROMETHEE has been applied
for the identification of the best material out of a large number of alternatives having con-
flicting criteria [42]. It is based on a multicriteria net flow which includes preferences and
indifferences. Moreover, a fuzzy PROMETHEE approach was proved to be an efficient and
feasible tool for material selection [49]. Hybrid MCDM methods that can combine DEMA-
TEL (Decision Making and Evaluation Laboratory), GRA (Grey Relational Analysis), ANP
(Analytical Network Process) and TOPSIS (Technique for Order Performance by Similarity
to Ideal Solution) also proved to be useful for material optimisation [39].

This paper is focused on selection of the optimal material for a railway wagon, from
three different steel and three aluminium based materials, using four different MCDM
methods and comparing their ranking of the materials. We set up ranking criteria for: Dual-
Phase DP 600 steel, Transformation Induced Plasticity TRIP 700 steel, Twinning Induced
Plasticity, TWIP steel, Aluminum, Al 6005-T6, Aluminum, Al 6082-T6, and porous Al struc-
ture with closed cells. Four different Multicriteria decision-making methods (MCDM)
were used: VIKOR, TOPSIS, PROMETTHEE and Weighted aggregated sum product as-
sessment method. Key material properties that were used in the MCDM analysis were:
density, yield strength (Y.S.), tensile strength (T.S.), Y.5./T.S. Ratio, Young’s Modulus (Y.M.),
cost and corrosion resistance (C.R.).

2. Materials and Methods
2.1. Material

Current research aims to continue to expand the broad spectrum of advanced high
strength steel (AHSS) in light wagon railway engineering applications. Their incorporation
has grown exponentially due to their safety, fuel efficiency, and the ease of manufactura-
bility. First and second-generation AHSS are being applied widely on their own. Detailed
categorized presentation of conventional low to high strength steel and advanced high
strength steel is presented in Figure 1. Formation of dual-phase materials (DP) is now also
carried out from low or medium carbon steel under thermomechanical processing. Their
development began in the 1970s when the metallurgical industry was searching for steel
with high strength and ductility [50,51]. Their microstructure comprises a ferrite phase
(which induces low initial yield stress) and a martensite phase (causing high ultimate ten-
sile strength). The microscopic behaviour of DP can be controlled by various parameters
such as volume fractions, morphology, size, aspect ratio, interconnectivity, etc. [51]. These
impose strain hardening and homogenous plastic flow [52].
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Figure 1. Prospective engineering material for rail wagon light vehicle.

Further improvement in AHSS has led to the foundation of transformation-induced
plasticity steel (TRIP). This is known for its dual optimal properties, i.e., strength and duc-
tility. Its microstructure comprises austenite with sufficient thermodynamic instability;
and it contains high values of carbon, silicon, and aluminium. TRIP exhibits large uniform
elongations, high fracture toughness, and strength. Its property is strongly influenced by
the deformation-induced martensitic transformation from the parent phase (FCCy austen-
ite) to the product phase (BCC o martensite), which depends upon the applied stress, de-
formation history, strain rate, temperature, composition, and other factors [53,54]. Subse-
quent enhancement of AHSS directed the progress of twinning-induced plasticity (TWIP)
steels which are also known as second-generation steel. They fall under the category of
austenite steel whose deformation phenomena depend on mechanical twining as well as
the glide of individual dislocations [55]. They are widely known for their outstanding me-
chanical properties such as high tensile strength and ductility. Moreover, they contain a
large concentration of manganese. The quantitative study of their deformation twinning
strongly depends upon the nucleation and growth process. They have better resistance
to corrosion and wear, high energy absorption, and crash safety [56]. As discussed pre-
viously, AHSS is compared with other grades of aluminium, i.e.,, Aluminium 6005 and
6082. Both belong to the wrought aluminium-magnesium silicon family. They are mostly
formed through an extrusion and rolling process. Their development is precisely done
by heat treatment to produce tempers with higher strength [57]. In addition to AHSS
and aluminium, a class of structural-functional materials— “Porous structures” —is also
added to the list for material evaluation. They are an optimal index of mechanical and
physical properties, due to their porous nature. They can be seen in the field of energy
management, heat insulation, fluid filtration, vibration suppression, etc. Highly porous
materials have relatively low mass density, high structural rigidity, large exchange sur-
face (102-104 m?/m?), good resistance to thermal shocks, high pressures, high tempera-
tures and thermal cycling, excellent absorption of mechanical shock and electromagnetic
dumping —hence why these structures themselves suit well to structural bodies [58,59].
They are advanced and supreme, though present certain challenges. They contain a num-
ber of voids or pores which are interconnected to each other through a bone-shaped rod
called a ligament while their skeletal structure is called the matrix. In order to make these
structures, a highly dense matrix is arranged in a schematic of rows and columns. The
characteristic of the porous materials varies depending on its composition, shape, pore ar-
rangement and also on the size of the pores. A porous material must have two essential
properties: first, the material must contain a lot of pores; and secondly, the pores should
be designed specifically in order to achieve the expectancy index of the material’s perfor-
mance. The engineering property of a porous structure in closed cell format is illustrated
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in Table 1, as well as for the other materials observed in our study. Chemical composition
of DP 600, TRIP 700 and TWIP steel are shown in Table 2. The chemical composition of
6005-T6 and 6082-T6 aluminium is presented in Table 3.

Table 1. Engineering material properties for MCDM investigation [60-69].

Density Yield Strength ~ Tensile Strength Y.S/T.S. Rati Youngs Modulus Price Corrosion
(kg/m®) (Y.S.), MPa (T.S.), MPa -/ 15 Ratlo (GPa) US$/kg  Resistance
Dual Phase,
DP 600 8050 410 700 0.58 200 0.55 1
Transformation
Induced Plasticity, 8050 520 800 0.5 200 0.55 1
TRIP 700
Twinning Induced
Plasticity, TWIP 8050 750 1000 0.75 200 1.5 1
Aluminium, Al
6005-T6 2700 240 260 0.9 69 19 3
Aluminium, Al
6082-T6 2700 250 310 0.88 70 19 3
Porous Structure 1000 20 30 0.66 12 46 3

(Al—Closed cell)

Table 2. Chemical composition of DP 600, TRIP 700 and TWIP Steel [60-69].

Mf}‘) ¢ M?OZ)Si M“ﬁf,‘/;) N‘(i/’:') P M(?,Z') S Al Mj{,};)c“ M(?,Z') B Max Ti+Nb(%)  Max. Cr+Mo (%)
DP 600 0.15 08 25 0.05 0.01 0.010 02 0.005 0.15 ;
TRIP 700 024 20 22 0.05 0.01 0.015 02 0.005 02 0.6
TWIP-steel  0.60 0.60 25.0 0.03 0.005 250 020 - 020 250

Table 3. Chemical composition of Al 6005-T6 and Al 6082-T6 [17,22,23].

Component Element Properties 6005-T6 (%) 6082-T6 (%)

Aluminium, Al 97.5-99 95.2-98.3
Chromium, Cr <=0.10 <=0.25
Copper, Cu <=0.10 <=0.10
Iron, Fe <=0.35 <=0.50
Magnesium, Mg 0.40-0.60 0.60-1.2
Manganese, Mn <=0.10 0.40-1.0
Other, each <=0.05 <=0.05
Other, total <=0.15 <=0.15
Silicon, Si 0.60-0.90 0.70-1.3
Titanium, Ti <=0.10 <=0.10
Zing, Zn <=0.10 <=0.20

2.2. Methods
2.2.1. VIKOR Method

The algorithm of the VIKOR method encompasses the following steps:

Step 1: Finding the best f;* and the worst f; values of all norms, i.e., deck condition
rating, superstructure condition rating and other quantitative criteria, i =1,2, ... ,n. If the
ith norms represent a benefit (the larger, the better), then f; = max;f;; and f;~ = min;f;;; if

the ith norms represent a cost (the smaller, the better) then

fi*: mzn]fl] and fi_: maxjfi]' 1)
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Step 2: Determining the value S; and R; by the relations:

Sj= L wilfi = fi)/ (ff = £7) @

Rj= max; [w;(ff = fij) / (f = ;") 3)

where S; and R; represent the utility and regret measure, respectively, and w; is the weight
of the ith criterion. The obtained solution for min;R; is the smallest distinct regret of the
opponent [1].

Step 3: Calculating the VIKOR index Q;:

v (5 =5 (Rj —R7)
- — 4
where §*= min;S;, S~ = max;S;, R* = minjR;, R~ = max;R;, S; and R; are calculated in

step 2 and v is introduced as a weight strategy of the “majority of criteria” (or ‘the maximum
group utility’), here v =0.5.

Step 4: Ranking the order of preference by the value Q.

The smallest value obtained from the VIKOR value is considered to be the best value.
A solution near to the ideal point is proposed, based on the ranking value.

2.2.2. A Technique for Order of Preference by Similarity to Ideal Solution—TOPSIS
Step 1: Building the decision matrix as:

[finp] pscp )

Step 2: Calculating the aggregation values by the average value procedure.
Step 3: Normalizing the decision matrix [ryp] ;. p Obtained using the linear normal-
ization procedure:
__Jmw

L fmp
Step 4: Finding the Positive Ideal Solution (PIS), d,,,* and Negative Ideal Solution
(NIS), dpp

(6)

T'mp

For max : dmp+ = max value and dyp,~ = min value 7)
For min : dmrﬁ = min value and dyp~ = max value 8)

Step 5: Separating the measures, from Positive Ideal Solution (PIS), d;;, * and Nega-
tive Ideal Solution (NIS), d;;, ~:

M
™ =Y Wy [dmp™ = | ©)
1

M
Ay~ = ;wp-mm,; — Tmp| (10)

Step 6: Calculating the performance score.
Step 7: Ranking determined according to the value of the performance score. A high
closeness coefficient represents the ideal experimental run [2,3].

2.2.3. PROMETHEE

The procedural steps of the PROMETHEE II method are listed below [4]:
Step 1: Constructing the decision matrix
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Step 2: Calculating the normalization decision matrix using beneficial and non-
beneficial equations:
[ — min(x;;)]

Rij =

- i=12...,mj=12...,n) (11)
[max (x;;) — min(x;)]
where x;; is the performance measure of the ith alternative with respect to the jth criterion,

and R;; is the normalized value of x;;.
For non-beneficial criteria, the equation can be rewritten as follows:

[max (xij) — x;j]

Rij = [maX(xij) — min(xij)]

(12)

where max(x;;) and min(x;;) are the maximum and minimum values of (x;;), and 7 is the
number of evaluation criteria. The purpose of performing normalization is to convert crite-
ria values into dimensionless values. Using normalization, the criteria value lies between
0 and 1. Sometimes, partial normalization is also carried out and adopted [5].

Step 3: Calculating the evaluative differences of the ith alternative with respect to
other alternatives.

Step 4: Calculating the preference functions P; (a, b) using preference thresholds and
indifferences [6]. However, it is a rather challenging task to find the preference functions
based on each criterion. To solve such a problem, simplified preference functions are ap-
plied here:

P]'(a, b) =0if Rajg Rb] (13)
Pi(a, b) = (Ryj —Ry;) if Ry > Ry; (14)

Step 5: Calculating the aggregated preference function taking into account the criteria
weights. The aggregated preference function, 7 (a, b) is

= [27:1 w]-P]-(a, b)] / 2;1:1 ZU] (15)

Step 6: Determining the leaving and entering outranking flows as follows:
Leaving (positive) flow for ath alternative, ¢* (a)

1
=-——<Ypaum(@b) (a#b) (16)
Leaving (negative) flow for ath alternative, ¢~ (a)
1
=1 Yo m(ba) (a#Db) 17)

Step 7: Calculating the net outranking flow for each alternative:

p@=9¢" @ —9¢ (a (18)

where ¢ (a) is the net outranking flow value for alternative a.
Step 8: Determining the ranking of all the considered alternatives depending on the
values of ¢ (a). Thus, the best alternative is the one with the highest ¢(a) values.

2.2.4. Weighted Aggregated Sum Product Assessment Method (WASPAS)

1.  Constructing the decision matrix.
2. Calculating the normalization decision matrix using beneficial and non-beneficial equations:

[min(xl-j)]

[(xij)]

Non beneficial = (i=12...,mj=12..,n) (19)
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where x;; is the performance measure of the ith alternative with respect to the jth criterion.
For beneficial criteria, the equation can be rewritten as follows:

[(xif)]

Beneficial = —————
f [max (x;;)]

(20)

This normalization procedure is required to make the criteria values dimensionless
and comparable. After normalization, all the criteria values should lie between 0 and 1. In
some cases, partial normalization procedure may also be adopted [61].

3. Determining the performance score according to below-mentioned equations.

A. The weight sum method (WSM) is based on the weight of each criteria and the

performance value as:
WSM n
Ai = E =1 wjxi]- (21)

where w; is the weight of each criteria and x;; is the performance value.
B. The weight product method (WPM) is based on the weight of each criteria and
the performance value as

AMPM=TT (22)

4. Performing addition and multiplication.
5. WASPAS ranking of the material according to: A}/VASPAS =0.5%* AZWSM +0.5% AVPM

2.2.5. Weight Estimates in MCDM Methods

Assigning weights to different criteria while using MCDM tools is crucial. Decision
makers often have difficulty obtaining the weight criteria. Likewise, weights affect the
MCDM results, so assigning the proper weight is crucial for achieving quality results from
MCDM tools. It is important to assign weights to each criterion when determining the
choice between alternatives.

In multi criteria decision-making models, it is important to validate the decision in
a systematic manner, backed by considering the varying importance of many different
criteria. In the case of multi decision-making problems, a weighted decision matrix can
be used for evaluating different alternatives and finding the best solution by assigning
weights according to the relative importance of different characteristics. The parameters
required for using a weighted decision matrix are:

1. A well-defined problem with various alternatives

2. A set of weights signifying the importance of each criterion

3. A well-defined reference against which comparisons will be made and set of alterna-
tives to be ranked.

There are two methods for determining the weights in MCDM.: (a) the objective weight-
ing method and (b) the subjective weighting method.

In the objective weighting method, numerical methods are used to assign weights.
There are various methods used in these calculations, such as the mean weight method,
standard deviation, statistical variance formula, and criteria importance based on inter-
criteria correlation (CRITIC). The disadvantage of the objective weighting method is that it
does not take into account the subjective judgement and experience of the decision maker.
In the case of the subjective weighting method, importance is given to the judgement of the
decision maker, i.e., how much importance the decision maker gives to different alternative
criteria in MCDM. The weights are assigned on the basis of the subjective judgement of the
decision maker.

Therefore, taking into consideration all the important steps, this paper was executed
using subjective judgement for assigning weights to different criteria, i.e., price, density,
yield strength etc. Moreover, an additional 20% weight was given to density, Youngs mod-
ulus and corrosion resistance, and 10% weight each to the yield strength (Y.S.), price, ten-
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sile strength (T.S.) and Y.S./T.S. ratio. In addition, it was kept in mind that the sum of
weights equals to 1.

Density —20%

Yield strength—10%
Tensile strength—5%
Y.S./T.S. Ratio—20%
Youngs modulus—10%
Price—5%

Corrosion resistance —30%

3. Results and Discussions

In this paper, a light wagon railway material selection is solved using PROMETHEE,
TOPSIS, VIKOR, and Weighted aggregated sum product assessment method. They are
simple and easily comprehensible approaches in comparison to other popular MCDM
techniques, such as Fuzzy AHP and ANP with respect to model complexity, model con-
struction time, computational time, transparency, etc. Performance of a material strongly
depends upon on its material properties. Therefore, to enhance the performance of a par-
ticular material, it is highly desirable to select the most sophisticated material with bene-
ficial and non-beneficial values. Properties such as high tensile strength, low cost, good
corrosion resistance, high yield to ultimate strength ratio, etc., are important to consider
from a railway engineering point of view. In order to perform an in-depth analysis of
the relative performance of the considered MCDM methods with respect to various model
characteristics, different subjective judgment scales are proposed, such as for model com-
plexity. Density and price values are considered to be lower, while the yield strength, ten-
sile strength, Y.S./T.S., corrosion resistance, and Youngs modulus considered to be higher.
Some parameters (such as corrosion resistance) were assigned one of three values for crisp
measurement instead of qualitative performance values: 1—lower, 2—average, 3—good.
Corresponding properties of the prospective materials for light wagon railway engineering
are included in Table 4, in which P1-P2-P3-P4-P5-P6-P7 denote the parameters of density,
yield strength, tensile strength, Y.S./T.S. Ratio, Young modulus, price, and corrosion resis-
tance. The available engineering material alternatives compared are Dual Phase, DP 600,
Transformation Induced Plasticity (TRIP 700), Twinning Induced Plasticity (TWIP), Alu-
minium (Al 6005-T6), Aluminium (Al 6082-T6), and Porous Structure (Al—Closed cell),
which are denoted as M1-M2-M3-M4-M5-M6 in Table 5. Most of the values presented in
Table 1 were acquired from a steel supplier. The chemical composition of different AHSSs
and aluminium grades are presented in Tables 2 and 3.

However, selecting the right material with adequate properties remains a challenging
task. Better quality and longer durability are always desired criteria, here provided by
adding alloy to enhance the strength. As strength is one of the key parameters for railway
application, higher-strength automatically offers higher load-bearing ability under differ-
ent working conditions. Tensile strength measures the resistance of the material to break
under tensions. Values of tensile strength should be as high as possible. Yield strength
is the stress point at which plastic deformation is produced. Youngs modulus describes
the ability of a material to withstand changes in length under tension or compressions. It
is often referred to simply as elastic modulus and its value should be as high as possible.
On the other hand, a railway outer body is exposed to the surrounding atmosphere, thus
materials having higher corrosion resistance would be better options for this design aspect.
Corrosion resistance refers to how well a substance can withstand damage caused by ox-
idations or other chemical reactions. Another important criterion which should be taken
into consideration during the material selection process is overall price, therefore the cost
of materials should be as low as possible.
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Table 4. Properties of prospective material for light wagon railway engineering.

Properties of the Prospective Material Symbol
Density, kg/m3 Py
Yield strength (Y.S.), MPa Py
Tensile strength (T.S.), MPa P3
Y.S./T.S. Ratio Py
Youngs modulus (Y.M.), GPa Ps
Price, USD/kg Pg
Corrosion resistance (C.R.) Py

Table 5. Engineering material alternatives.

Engineering Material Alternative Symbol
Dual Phase, DP 600 M;
Transformation Induced Plasticity, TRIP 700 M,
Twinning Induced Plasticity, TWIP M;
Aluminium, Al 6005-T6 My
Aluminium, Al 6082-T6 Mg
Porous Structure (Al—Closed cell) Mg

3.1. VIKOR

VIKOR is known as a compromise ranking solution method. It is based on the agree-
ment established by mutual concession. The first assumptions considered during the
VIKOR algorithmic steps were similar to TOPSIS. They were calculated based on non-
beneficial criteria (a lower value is desired) and beneficial criteria (a higher value is desired).
The further steps consist of finding the best and worst value for each criterion. For bene-
ficial criteria, the maximum value is best and minimum value is worst. For non-beneficial
criteria, the minimum value is best and the maximum value is worst, as shown in Table 6.
They were assigned and calculated based on Equation (1). The obtained decision matrix
is presented in Table 7. Furthermore, S_I, [(R) _I and Q_I represent the utility measure,
the regret measure and VIKOR index, respectively, calculated using Equations (2)—-(4) as
shown in Table 8. VIKOR proposed M4 (Aluminium Al 6005-T6) as the first choice among
all other available materials.

Table 6. Engineering materials with their properties along with best and worst values [60-69].

Density Yield Strength  Tensile Strength Y.S/T.S. Ratio Youngs Price, Corrosion
(kg/ms) (Y.S.), MPa (T.S.), MPa e Modulus, GPa USD/kg Resistance
Dual Phase,
DP 600 8050 410 700 0.58 200 0.55 1
Transformation
Induced Plasticity, 8050 520 800 0.5 200 0.55 1
TRIP 700
Twinning Induced
Plasticity, TWIP 8050 750 1000 0.75 200 1.5 1
Aluminium, Al
6005-T6 2700 240 260 0.9 69 1.9 3
Aluminium, Al
6082-T6 2700 250 310 0.88 70 1.9 3
Porous Structure 1000 20 30 0.66 12 46 3

(Al—Closed cell)
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Table 6. Cont.
Density Yield Strength  Tensile Strength Y.S/T.S. Rati Youngs Price, Corrosion
3 .S./T.S. Ratio .
(kg/m°) (Y.S.), MPa (T.S.), MPa Modulus, GPa USD/kg Resistance
Best (Xit) 1000 750 1000 0.9 200 0.55 3
Worst (Xi—) 8050 20 30 0.5 12 46 1
Table 7. Normalizing the evaluation matrix (decision matrix).
Py Py P3 Py Ps Pg P;
M; 0.200 0.047 0.015 0.160 0.000 0.000 0.3000
M, 0.200 0.032 0.010 0.200 0.000 0.000 0.3000
M3 0.200 0.000 0.000 0.075 0.000 0.001 0.3000
My 0.048 0.070 0.038 0.000 0.070 0.001 0.0000
M5 0.048 0.068 0.036 0.010 0.069 0.001 0.0000
Mg 0.000 0.100 0.050 0.120 0.100 0.050 0.000

Table 8. Calculating S;, R; and Q;—the utility measure, the regret measure and VIKOR index, respectively.

S; R; Q; Ranking
M; 0.7220 0.3000 0.9808 5
M, 0.7418 0.3000 1.0000 6
M; 0.5760 0.3000 0.8389 4
My 0.2274 0.0699 0.0015 1
Ms 0.2329 0.0691 0.0054 2
Mg 0.4200 0.1200 0.2973 3

3.2. TOPSIS

This method is based on the concept that the best alternative should have the shortest
distance (Euclidean distance from ideal solutions). The problem addressed in the paper is
finding the best material for a light wagon railway out of all available alternatives, based
on six different criteria: density, yield strength, tensile strength, yield strength/tensile
strength ratio, Youngs modulus, price, and corrosion resistance. The decision matrix and
normalized decision matrix of response can be found using equations [47,70]. The ob-
tained normalized decision matrix value using a vector normalization procedure is shown
in Table 9. The weighted normalized decision matrix with positive ideal solutions and neg-
ative ideal solutions is shown in Table 10. They were calculated based on non-beneficial
criteria (a lower value is desired) and beneficial criteria (a higher value is desired) as shown
in equations [42,48]. Price and density were considered to be non-beneficial, while yield
strength, tensile strength, yield strength/tensile strength ratio, Youngs modulus, and corro-
sion resistance were employed as beneficial criteria. Furthermore, the Euclidean distance
from Positive Ideal Solution (PIS), dmrﬁ and Negative Ideal Solution (NIS), d,,, ~ were cal-
culated using equations [49,71]. The obtained values from the Euclidean distance calcula-
tion are shown in Table 11. Thereafter, a performance score was evaluated using Euclidean
distance from Negative Solution divided by sum of Positive Ideal Solution (PIS), d,, ™ and
Negative Ideal Solution (NIS), dy;p, . The final performance score with TOPSIS ranking
is presented in Table 11. Higher performance scores are considered to be the best in the
ranking table, whereas the lower scores signify less important materials among all the avail-
able materials. TOPSIS ranking showed that Aluminium, Al 6082-T6 (Ms) is the material
of choice, due to its low weight, affordable price and improved corrosion resistance.
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Table 9. Vector normalization of decision matrix.

P, P, P; P, Ps Pg P;
M, 64,802,500 168,100 490,000 0.34 40,000 0.30 1
M, 64,802,500 270,400 640,000 0.25 40,000 0.30 1
M; 64,802,500 562,500 1,000,000 1 40,000 2 1
My 7,290,000 57,600 67,600 1 4761 4 9
Ms 7,290,000 62,500 96,100 1 4900 4 9
Mg 1,000,000 400 900 0.44 144 2116 9

Table 10. Weighted normalized decision matrix with ideal best and ideal worst value.

Py P; P; Py Ps Pg P;
M; 0.11 0.04 0.02 0.07 0.06 0.00 0.05
M, 0.11 0.05 0.03 0.06 0.06 0.00 0.05
M3 0.11 0.07 0.03 0.08 0.06 0.00 0.05
My 0.04 0.02 0.01 0.10 0.02 0.00 0.16
Ms 0.04 0.02 0.01 0.10 0.02 0.00 0.16
Mg 0.01 0.00 0.00 0.07 0.00 0.05 0.16
V+ 0.0138 0.0708 0.0330 0.1011 0.0555 0.0006 0.1643
V- 0.1111 0.0019 0.0010 0.0562 0.0033 0.0499 0.0548

V+ =Ideal Best, V— =1Ideal Worst Value.

Table 11. Euclidean distance from ideal best (positive Si+) and worst (negative Si—) value and calcu-
lation of performance score (Pi).

Si+ Si— Pi Rank
M; 0.1546 0.0841 0.3525 6
M, 0.1549 0.0896 0.3664 5
M; 0.1475 0.1078 0.4222 4
My 0.0692 0.1500 0.6843 2
Ms 0.0679 0.1496 0.6879 1
Mg 0.1080 0.1476 0.5776 3

3.3. PROMETHEE

PROMETHEE is usually designed for quantitative as well as qualitative criteria [p].
PROMETHEE I facilitates the full ranking of alternative materials in comparison to
PROMETHEE I. The beginning steps consist of normalizing the evaluation matrix as shown
in Table 12 using Equations (11) and (12) according to beneficial (direct) and non-beneficial
(indirect) criteria. Thereafter, differences in the ith alternative with respect to other alterna-
tives are presented in Table 13. The evaluation of preference functions P; (a, b) and aggre-
gated preference functions are calculated as shown in Table 14, using Equations (13)—(15).
The obtained values of aggregated preference are then presented in Table 15. Next, simple
ranking can be generated based on the net outranking flow values that come from leaving
and entering the outranking flows as presented in Table 16 using Equations (16)—(18). The
PROMETHEE method recommended M4 as the superior material from among the other
alternative materials.
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Table 12. Normalizing of the evaluation matrix (decision matrix).

P, P, P; P, Ps P P;
M 1.00 053 0.69 0.20 1.00 1.00 0.00
M, 1.00 0.68 0.79 0.00 1.00 1.00 0.00
M; 1.00 1.00 1.00 0.63 1.00 0.98 0.00
My 0.24 0.30 0.24 1.00 0.30 0.97 1.00
Ms 0.24 0.32 0.29 0.95 0.31 0.97 1.00
Mg 0.00 —0.14 0.00 0.40 0.00 0.00 1.00

Table 13. Calculation of evaluative differences of ith alternative with respect to other alternatives.

Py P, P; P, Ps Pe P,
D mi1m2 0.00 ~0.15 ~0.10 0.20 0.00 0.00 0.00
D mi-M3 0.00 —0.47 —0.31 —043 0.00 0.02 0.00
D n1-ms 0.76 0.23 0.45 —0.80 0.70 0.03 ~1.00
D wmiMs 0.76 0.22 0.40 —0.75 0.69 0.03 ~1.00
D mi-M6 1.00 0.67 0.69 ~0.20 1.00 1.00 ~1.00
D vo-mi 0.00 0.15 0.10 —0.20 0.00 0.00 0.00
D o3 0.00 —0.32 —-021 —0.63 0.00 0.02 0.00
D o4 0.76 0.38 0.56 ~1.00 0.70 0.03 ~1.00
D M5 0.76 0.37 0.51 —0.95 0.69 0.03 ~1.00
D n2-Ms 1.00 0.82 0.79 —0.40 1.00 1.00 ~1.00
D vi-mi 0.00 0.47 0.31 0.43 0.00 ~0.02 0.00
D vz 0.00 0.32 0.21 0.63 0.00 —0.02 0.00
D wis3m4 0.76 0.70 0.76 ~0.38 0.70 0.01 ~1.00
D Ma-Ms 0.76 0.68 0.71 ~0.33 0.69 0.01 ~1.00
D va-M6 1.00 1.14 1.00 0.23 1.00 0.98 ~1.00
D mani ~0.76 —023 —045 0.80 ~0.70 —0.03 1.00
D MMz —0.76 ~0.38 ~0.56 1.00 ~0.70 —0.03 1.00
D vavs —0.76 —0.70 —0.76 0.38 —0.70 —0.01 1.00
D MaMs 0.00 —0.01 ~0.05 0.05 ~0.01 0.00 0.00
D Ma-M6 0.24 0.44 0.24 0.60 0.30 0.97 0.00
D vs-m1 —0.76 022 —0.40 0.75 —0.69 —0.03 1.00
D Ms-M2 —0.76 —0.37 —0.51 0.95 —0.69 —0.03 1.00
D Ms-M3 ~0.76 —0.68 —0.71 0.33 —0.69 —0.01 1.00
D Ms-Ma 0.00 0.01 0.05 —0.05 0.01 0.00 0.00
D Ms-M6 0.24 0.45 0.29 0.55 0.31 0.97 0.00
D me-M1 ~1.00 —0.67 —0.69 0.20 ~1.00 ~1.00 1.00
D Mo ~1.00 —0.82 —-0.79 0.40 ~1.00 ~1.00 1.00
D pe-M3 ~1.00 ~1.14 ~1.00 —-023 ~1.00 —0.98 1.00
D Me-Ma —0.24 —0.44 —0.24 —0.60 —0.30 ~0.97 0.00
D Me-M5 —0.24 —0.45 —0.29 —0.55 —031 —0.97 0.00
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Table 14. Calculation of preference functions P; (a, b).

Py P, P3 Py Ps Pg Py
D Mmi1-m2 0.00 0.00 0.00 0.04 0.00 0.00 0.00
D mi1-M3 0.00 0.00 0.00 0.00 0.00 0.00 0.00
D m1-M4 0.15 0.02 0.02 0.00 0.07 0.00 0.00
D Mmi-M5 0.15 0.02 0.02 0.00 0.07 0.00 0.00
D Mmi-Ms 0.20 0.07 0.03 0.00 0.10 0.05 0.00
D yvoovi 0.00 0.02 0.01 0.00 0.00 0.00 0.00
D Mo2-M3 0.00 0.00 0.00 0.00 0.00 0.00 0.00
D Mo-M4 0.15 0.04 0.03 0.00 0.07 0.00 0.00
D wvo-Ms 0.15 0.04 0.03 0.00 0.07 0.00 0.00
D M2-Ms 0.20 0.08 0.04 0.00 0.10 0.05 0.00
D m3-v1 0.00 0.05 0.02 0.09 0.00 0.00 0.00
D M3 0.00 0.03 0.01 0.13 0.00 0.00 0.00
D M3-M4 0.15 0.07 0.04 0.00 0.07 0.00 0.00
D Mm3-M5 0.15 0.07 0.04 0.00 0.07 0.00 0.00
D Mm3-M6 0.20 0.11 0.05 0.05 0.10 0.05 0.00
D man 0.00 0.00 0.00 0.16 0.00 0.00 0.30
D M2 0.00 0.00 0.00 0.20 0.00 0.00 0.30
D mam3 0.00 0.00 0.00 0.08 0.00 0.00 0.30
D Ma-M5 0.00 0.00 0.00 0.01 0.00 0.00 0.00
D Mma-Ms 0.05 0.04 0.01 0.12 0.03 0.05 0.00
D ms.v1 0.00 0.00 0.00 0.15 0.00 0.00 0.30
D Ms-M2 0.00 0.00 0.00 0.19 0.00 0.00 0.30
D m5.M3 0.00 0.00 0.00 0.07 0.00 0.00 0.30
D Mm5.M4 0.00 0.00 0.00 0.00 0.00 0.00 0.00
D Mm5-M6 0.05 0.05 0.01 0.11 0.03 0.05 0.00
D Mme-M1 0.00 0.00 0.00 0.04 0.00 0.00 0.30
D ve-m2 0.00 0.00 0.00 0.08 0.00 0.00 0.30
D Me-M3 0.00 0.00 0.00 0.00 0.00 0.00 0.30
D Me-M4 0.00 0.00 0.00 0.00 0.00 0.00 0.00
D Mme-Ms5 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Table 15. Aggregated preference for different materials for the calculation of the leaving flow.
Aggregated Dual Phase Transformation- Twinning- Aluminium,  Aluminium Porous Structure A ted Leavi
Preference ’ Induced Plasticity, Induced ! ’ (Al—Closed ggregate eaving
Functions DP 600 TRIP700 ~  Plasticity, Twip  Al6005-T6  Al6082-Te Cell) Value Flow+
Dual Phase,
DP 600 0.000 0.040 0.001 0.269 0.264 0.452 1.0262 0.2052
Transformation-
Induced Plasticity, 0.020 0 0.001 0.289 0.285 0472 1.0671 0.2134
TRIP 700
Twinning-Induced
Plastici?y, TWIP 0.147 0.167 0 0.330 0.325 0.558 1.5270 0.3054
Aluminium, Al
6005-T6 0.460 0.500 0.375 0 0.010 0.303 1.6480 0.3296
Aluminium, Al 0.450 0.490 0.365 0.004 0 0.297 1.6069 0.3214

6082-T6
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Table 15. Cont.
?:ig;:rg;t:j Dual Phase, I:;ilézfiolr:ﬂl Z:llgﬂ; legg.\;lhg' Aluminium, Aluminium, PO:X;‘i ztll;)uscet:re Aggregated Leaving
Functions DP 600 TRIP 700 Plasticity, Twip  A16005-T6  A16082-T6 Cell) Value Flow+
Porous Structure
(Al—Closed cell) 0.340 0.380 0.300 0.000 0.000 0 1.0200 0.2040
Aggregated value 1.4173 1.5768 1.0421 0.8924 0.8845 2.0822
Entering Flow— 0.2835 0.3154 0.2084 0.1785 0.1769 0.4164
Table 16. Ranking of material according to leaving, entering and outranking flow.
Leaving Flow+ Entering Flow— Net Flow Rank
Dual Phase, DP 600 0.2052 1.4173 —1.2120 4
Transformation-Induced Plasticity,
TRIP 700 0.2134 1.5768 —1.3634 5
Twinning-Induced Plasticity, TWIP 0.3054 1.0421 —0.7367 3
Aluminium, Al 6005-T6 0.3296 0.8924 —0.5628 1
Aluminium, Al 6082-T6 0.3214 0.8845 —0.5631 2
Porous Structure (Al—Closed cell) 0.2040 2.0822 —1.8782 6

3.4. Weighted Aggregated Sum Product Assessment Method (WASPAS)

The decision matrix was normalized and evaluated using Equations (19) and (20)
based on beneficial and non-beneficial criteria as previously discussed. Obtained values
are shown in Table 17 as standard quantitative normalized values. Equations (21) and (22)
were applied for the calculation of weights in the normalized decision matrix. The weighted
normalized decision matrix for the weight sum method (WSM) and weight product method
(WPM) are presented in Tables 18 and 19, respectively. Further evaluation was done by
summation (in case of WSM) and multiplication (in case of WPM) individually in each
row for the calculation of the performance score. Individual performance scores with
rankings are shown in Table 20. The WASPAS analysis showed that M4 and M5 are the

best candidates.

Table 17. Normalized decision matrix values.

P1 P2 P3 P4 P5 Pé6 pP7
M1 0.124224 0.547 0.7 0.644 1 1 0.333
M2 0.124224 0.693 0.8 0.56 1 1 0.333
M3 0.124224 1 1 0.83 1 0.37 0.333
M4 0.370224 0.32 0.26 1 0.34 0.289 1
M5 0.37037 0.33 0.31 0.977 0.35 0.289 1
M6 1 0.027 0.03 0.733 0.06 0.011 1

Table 18. Values obtained by weighted normalized decision matrix using the sum method.

P1 P2 P3 P4 P5 Pé6 P7
M1 0.024845 0.0547 0.035 0.01289 0.1 0.05 0.1
M2 0.024845 0.0693 0.04 0.0111 0.1 0.05 0.1
M3 0.024845 0.1 0.05 0.1667 0.1 0.01833 0.1
M4 0.074074 0.032 0.013 0.2 0.0345 0.01447 0.3
M5 0.074074 0.0333 0.0155 0.1956 0.035 0.01447 0.3
Mé 0.2 0.0027 0.0015 0.1467 0.006 0.00059 0.3
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Table 19. Values obtained by weighted normalized decision matrix using the product method.

P1 P2 P3 P4 P5 P6 P7
M1 0.6589 0.94139 0.98232 0.91588 1 1 0.71922
M2 0.6589 0.96404 0.98890 0.88909 1 1 0.71922
M3 0.6589 1 1 0.96419 1 0.95107 0.71922
M4 0.8198 0.89231 0.93486 1 0.89905 0.93989 1
M5 0.8198 0.89595 0.94312 0.99552 0.90034 0.93989 1
M6 1 0.69598 0.83918 0.93985 0.75477 0.80146 1

Table 20. Performance score obtained by weighted normalized decision matrix using the sum method
and product method.

Performance Score Using  Performance Score Using

Product Method Sum Method WASPAS Performance Score WASPAS Ranking
M1 0.40139 0.493400 0.447396 6
M2 0.40169 0.495289 0.448493 5
M3 0.43459 0.559844 0.497218 3
M4 0.57790 0.668047 0.622974 2
M5 0.58360 0.667936 0.625770 1
M6 0.33205 0.657431 0.494743 4

Our research study showed that the normalized decision matrix could be used to solve
material selection problems for selecting the best materials for light wagon railway vehi-
cles. Multiple MCDM techniques such as PROMETHEE, TOPSIS, VIKOR, and Weighted
aggregated sum product assessment method were applied to find the best option. How-
ever, the main challenge of light wagon railway vehicles is to find the optimal blend of
both primary properties (such as density, Youngs modulus and strength), and secondary
properties (such as price and corrosion resistance). These properties were therefore opti-
mized via MCDM tools. The qualitative and quantitative material selection criteria and
their weight criteria were employed to find the best alternative in terms of ranking. The
obtained results of PROMETHEE, TOPSIS, and Weighted aggregated sum product assess-
ment method show that Aluminium could be a better option than steel. Aluminium served
as the best materials for lighter wagons due to their corrosion resistance property, high
strength, and Youngs modulus. It was found that better weight saving was obtained us-
ing aluminium alloys compared to steel [37]. Overall comparison between all methods
is shown in Table 21. The research investigation also showed that the MCDM technique
has the capacity to solve a complex problem, and to help researchers in taking effective
choices according to the situation. These methods can be incorporated in a wide variety of
engineering applications to help the decision-maker identify the preferred choice.

Table 21. Ranking of material using MCDM methods.

TOPSIS WASPAS VIKOR PROMETHEE
Score Rank Score Rank Score Rank Score Rank

M1 0.3525 6 0.447396 6 0.9808 5 —1.2120 4
M2 0.3664 5 0.448493 5 1.0000 6 —1.3634 5
M3 0.4222 4 0.497218 3 0.8389 4 —0.7367 3
M4 0.6843 2 0.622974 2 0.0015 1 —0.5628 1
M5 0.6879 1 0.625770 1 0.0054 2 —0.5631 2
Mé 0.5776 3 0.494743 4 0.2973 3 —1.8782 6
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Material ranking in Table 21 clearly shows rather large differences in observed mate-
rial candidates. If we compare resulting score values only for the group of steels, it can
be seen that scores are comparable, with slightly better values for M3 (Twinning-Induced
Plasticity, TWIP steel). TWIP steel is developed aiming at better plasticity of the material,
in order to provide high energy absorption in automotive applications [72-74]. Strain-
hardening twins are generated through atomic displacements when TWIP steel is under
deformation [72,73]. Twin boundaries serve as grain boundaries, thus resulting in higher
strength and ductility. Yield and tensile strength of the TWIP steel are both significantly
higher than all other material candidates in this study (Table 2). However, the ratio of yield
to tensile strength (Y.S./T.S. ratio) also has a higher value (0.75), meaning that this type of
steel is not suitable for functions that involve strain hardening. Different microalloying
additions have been studied to further improve the microstructure of TWIP Steels [74].

If we compare resulting score values only for Al-based materials, porous Al has signif-
icantly different scores depending on the MCDM method, while two other observed alloys
(M4 — Al 6005 and M5— Al 6082) have almost the same final scores. Porous Al was ranked
in third or fourth positions by the majority of the methods, except for PROMETHEE where
it had the lowest (sixth) rank. The PROMETHEE Il method considers the complete ranking
by identifying the best criteria, followed by calculation of the preference indices in relation
to the best criteria. It was expected that porous Al would get the lowest rank here, since its
mechanical properties (yield and tensile strength) are far beyond steel and bulk aluminium
(Table 2).

The weights for criteria comparison by using five different MCDM methods are set up
to favour density (to provide light-weight components), ratio of yield to tensile strength
(Y.S./T.S. ratio) and corrosion resistance (C.R.). It is obvious that changes of these weights
would result in significantly different material rankings. The ratio of yield to tensile strength
represents a significant material property that indicates a good safety margin against fail-
ure from deformation collapse. The Y.S./T.S. ratio is a measure of the ability for strain hard-
ening and ductility, and higher values (over 0.5) indicate lower ability for strain hardening
and lower material ductility [75]. Higher values of strength and the Y.S./T.S. ratio in ad-
vanced steels (M1, M2, M3 in Table 2) has been allowed in our study, aiming for materials
that can withstand catastrophic events such as natural disasters (earthquakes, snowstorm
or tornados) or functional catastrophic events (uch as collisions). The structural design
of materials considers their functional component behaviour, so that for structures that
will operate only in an elastic region (and can behave as fully elastic even at extreme load
conditions, such as plain supported beams), the Y.S./T.S. ratio becomes an irrelevant prop-
erty. In the case of structural components such as connections, link beams, or flanges, the
Y.S./T.S. ratio is very relevant, because such components are expected to withstand stresses
and strains in the strain-hardening range, and even more so in the necking range of loads.

Advanced steels and aluminium alloys have also been developed to provide better
weldability and improved corrosion resistance (including weathering) [10,62,72,73,76,77].
Component weight was not a focus in the early days of steel improvements, until the use
of aluminium introduced lightweighting in car body structures. However, even with low
weight of Al-based structures, railway vehicles are still very heavy, thus fuel consumption
is very high and development of porous Al-based materials has become a focus of research
in recent years [4,25,26,78-81].

If we compare values of the Y.S./T.S. ratio for porous Al (Table 2), it can be noticed that
it is comparable to these values for steel and slightly lower than for the other two Al alloys,
meaning that is a good candidate for construction of beams and beam boxes in vehicles [82].
Sandwich panels have emerged as a material of choice for different applications, whereas
higher values of the Y.S./T.S. ratio for porous Al than for uniform Al is experimentally
validated [83]. It can be seen from our analysis that yield strength and tensile strength of
porous Al are significantly lower that other material candidates, placing it in lower ranks
than others, thus limiting its application as a structural material on its own. Moreover, its
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price is still very high, which is one of the significant barriers for its wider applications
as well.

Sandwich panels made of Al sheets with porous Al as the core material are good
composite material for lightweight structural boxes in vehicles that can serve as shock and
crash absorbers (Figure 2). They are also an excellent insulation material to provide fire
protection, thermoregulation and sound proofing properties [84,85]. Energy absorption
capabilities are excellent as well [86]. These types of composite structures can overcome
the drawback of pure porous Al associated with low yield strength and tensile strength.
Unlike porous Al structures, lightweight sandwich panels offer good mechanical strength
and well balanced load-bearing structural properties, even though these are not primary
properties demanded from sandwich panels. Al-based sandwich panels with a porous Al
core have been studied as a lightweight material for electric vehicles also [82]. Beside its
light weight, the capacity of the material to absorb energy is in high demand in vehicle
design, since such material property significantly contributes to the prevention of crash
at collisions [84]. High kinetic energy of the impact is transformed into strain energy via
deformation mechanisms of the sandwich structure, thus allowing extensive amounts of
high kinetic energy to be absorbed [86].

Aluminium alioy )

Figure 2. Porous aluminium (a) and its application in crash absorber boxes and sandwich panels (b)
that has been used in railway vehicles (c).

Figure 2 shows real elements of a railway wagon where aluminium foam has been
used —train body panels, extendable door steps in the train, and crash absorber boxes.
All of these elements provide several functions and with further research, these types of
composite materials will become increasingly extensively used for other vehicle elements.
Based on our analysis, it is clear that wider applications of porous Al would demand fur-
ther improvements in its mechanical properties (both tensile and yield strength), as well
as a decrease in its production cost. Material analysis based on MCDM methods clearly
indicated areas of future improvements for each of these materials, but that depends also
on their final application in specific components of the railway vehicles. In the case of
metal foam for the core of sandwich panels, porous Al is an excellent candidate, which is
in accordance with results from other material selection methods that can be found in the
literature [87]. Further improvements of this type of material structure have been studied
from different angles, focusing on specific issues such as interfacial debonding (along the
contact between the porous core and uniform sheet) [88], wear resistance [89], and cost-
efficiency and suitable production technology [80].
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Our results showed that comparison of material ranking in different MCDM meth-
ods provide a better overview and starting point for suitable material selection, and such
an approach also better addresses possible questions that can occur when using only one
material selection method. Subjective assignment of weights in multi-criteria decision-
making techniques also need further research and improvements towards objective and
integrated weighting methods, [90], that will provide more reliable material selection rec-
ommendations [91-93]. On the other hand, a more complex approach would require more
resources and skills from the decision-maker, even though it offers less bias potential [94].
Advancements in software development that will implement some new approach to au-
tomation [95,96] will bring about better MCDM methods, but the drawback is usually the
high software costs. Hence, further research on material selection methods should consider
different opposing requests, from rapid comparison, degree of expert opinion involvement
and autonomous recommendations with less bias potential.

4. Conclusions

Multi-criteria Decision Making Methods (MCDM) were used for the selection of
lightweight materials for railway vehicles. VIKOR, TOPSIS, PROMETTHEE and the Weighted
aggregated sum product assessment method were applied on six different materials: ad-
vanced steel, aluminium alloys and porous aluminium structure. Dual-Phase 600 steel,
Transformation-Induced Plasticity (TRIP) 700 steel, Twinning-Induced Plasticity (TWIP)
steel, Aluminum, Al 6005-T6, Aluminum, Al 6082-T6, and porous Al structure with closed
cells were analysed by considering their key properties: density, yield strength (Y.S.), ten-
sile strength (T.S.), the Y.S./T.S. ratio, Youngs modulus (Y.M.), cost and corrosion resis-
tance (C.R.).

Based on preferences toward corrosion resistance, modulus of elasticity and strength,
aluminium alloys were the highest ranked materials. Lightweight aluminium alloys have
proven their usefulness in railway vehicles, but advanced steels that we observed were
also closely ranked, thus showing that they are also good candidates. However, porous
aluminium was not ranked high in some MCDM methods, mainly due to its significantly
lower strength, thus indicating that such material can be used in elements of railway vehi-
cles that do not require load bearing.

Author Contributions: Conceptualization, V.S. (Varun Sharma), D.A., N.G., V.S. (Vukasin Slavkovic)
and F.Z.; methodology, D.A., N.G. and F.Z; software, V.S. (Varun Sharma), P.L., N.K,, V.S. (Vukasin
Slavkovic) and F.Z.; validation, P.L. and N.K,; formal analysis, V.S. (Varun Sharma), V.S. (Vukasin
Slavkovic), P.L. and N.K,; investigation, V.S. (Varun Sharma), P.L. and N.K.; resources, P.L. and N.K,;
writing —original draft preparation, V.S. (Varun Sharma), P.L., N.K., V.S. (Vukasin Slavkovic) and
F.Z.; writing—review and editing, D.A., N.G,, P.L., N.K,, V.5. (Vukasin Slavkovic) and F.Z.; super-
vision, F.Z. and N.G.; funding acquisition, F.Z. All authors have read and agreed to the published
version of the manuscript.

Funding: This paper was funded through the EIT's HEI Initiative SMART-2M project, supported by
EIT RawMaterials, funded by the European Union.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

1. Chen, X,; Mertsell, E.A.; Sunde, J.K;; O, M.; Marioara, C.D.; Holmestad, R.; Kobayashi, E. Enhanced Mechanical Properties in
6082 Aluminum Alloy Processed by Cyclic Deformation. Metals 2021, 11, 1735. [CrossRef]

2. Kim, KJ.; Kim, T.-K. Big Data Accumulation of L-Shape Extruded Alloys for Interior Parts for High-Speed Trains. Int. ]. Recent
Technol. Eng. 2019, 8, 143-148.

3. Wan, T, Liu, Y.; Zhou, C.; Chen, X; Li, Y. Fabrication, properties, and applications of open-cell aluminum foams: A review.
J. Mater. Sci. Technol. 2021, 62, 11-24. [CrossRef]

4. Parveez, B.; Jamal, N.A.; Maleque, A.; Yusof, F.; Jamadon, N.H.; Adzila, S. Review on advances in porous Al composites and the
possible way forward. J. Mater. Res. Technol. 2021, 14, 2017-2038. [CrossRef]


http://doi.org/10.3390/met11111735
http://doi.org/10.1016/j.jmst.2020.05.039
http://doi.org/10.1016/j.jmrt.2021.07.055

Materials 2023, 16, 368 20 of 23

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Lesch, C.; Kwiaton, N.; Klose, F.B. Advanced High Strength Steels (AHSS) for Automotive Applications—Tailored Properties by
Smart Microstructural Adjustments. Steel Res. Int. 2017, 88, 1700210. [CrossRef]

Kvackaj, T.; Bidulsks, J.; Bidulsky, R. Overview of HSS Steel Grades Development and Study of Reheating Condition Effects on
Austenite Grain Size Changes. Materials 2021, 14, 1988. [CrossRef]

Kuziak, R.; Kawalla, R.; Waengler, S. Advanced high strength steels for automotive industry. Arch. Civ. Mech. Eng. 2008, 8,
103-117. [CrossRef]

Nanda, T.; Singh, V.; Singh, G.; Singh, M.; Kumar, B.R. Processing routes, resulting microstructures, and strain rate dependent de-
formation behaviour of advanced high strength steels for automotive applications. Arch. Civ. Mech. Eng. 2021, 21, 7. [CrossRef]
Bouaziz, O.; Zurob, H.; Huang, M. Driving Force and Logic of Development of Advanced High Strength Steels for Automotive
Applications. Steel Res. Int. 2013, 84, 937-947. [CrossRef]

Soleimani, M.; Kalhor, A.; Mirzadeh, H. Transformation-induced plasticity (TRIP) in advanced steels: A review. Mater. Sci. Eng.
A 2020, 795, 140023. [CrossRef]

Bastidas, D.; Ress, J.; Bosch, J.; Martin, U. Corrosion Mechanisms of High-Mn Twinning-Induced Plasticity (TWIP) Steels: A
Critical Review. Metals 2021, 11, 287. [CrossRef]

Sun, B.; Wang, D.; Lu, X.; Wan, D.; Ponge, D.; Zhang, X. Current Challenges and Opportunities Toward Understanding Hydrogen
Embrittlement Mechanisms in Advanced High-Strength Steels: A Review. Acta Met. Sin. 2021, 34, 741-754. [CrossRef]
Venezuela, J.; Liu, Q.; Zhang, M.-X,; Zhou, Q.; Atrens, A. A review of hydrogen embrittlement of martensitic advanced high-
strength steels. Corros. Rev. 2016, 34, 153-186. [CrossRef]

Rudomilova, D.; Prosek, T.; Luckeneder, G. Techniques for investigation of hydrogen embrittlement of advanced high strength
steels. Corros. Rev. 2018, 36, 413-434. [CrossRef]

Soomro, I.A.; Pedapati, S.R.; Awang, M. A review of advances in resistance spot welding of automotive sheet steels: Emerging
methods to improve joint mechanical performance. Int. J. Adv. Manuf. Technol. 2021, 118, 1335-1366. [CrossRef]

Santos, J.I.; Martin, O.; Ahedo, V.; de Tiedra, P.; Galan, J.M. Glass-box modeling for quality assessment of resistance spot welding
joints in industrial applications. Int. J. Adv. Manuf. Technol. 2022, 123, 4077-4092. [CrossRef]

Mréwka-Nowotnik, G.; Sieniawski, J. Influence of heat treatment on the microstructure and mechanical properties of 6005 and
6082 aluminium alloys. J. Mater. Process. Technol. 2005, 162163, 367-372. [CrossRef]

Lee, W.B.; Yeon, Y.M.; Jung, S.B. Evaluation of the microstructure and mechanical properties of friction stir welded 6005 alu-
minum alloy. Mater. Sci. Technol. 2003, 19, 1513-1518. [CrossRef]

Tunc, O.; Kacar, I.; Ozturk, F. Investigation of forging performance for AA6082. Int. |. Adv. Manuf. Technol. 2021, 117, 1645-1661.
[CrossRef]

Pu, J.; Zhang, Y.; Zhang, X.; Yuan, X,; Ren, P,; Jin, Z. Mapping the fretting corrosion behaviors of 6082 aluminum alloy in
3.5% NaCl solution. Wear 2021, 482—483, 203975. [CrossRef]

Stojanovic, B.; Epler, I. Application of Aluminum and Aluminum Alloys in Engineering. Appl. Eng. Lett. ]. Eng. Appl. Sci. 2018,
3, 52-62. [CrossRef]

Bayat, N.; Carlberg, T.; Cieslar, M. In-situ study of phase transformations during homogenization of 6005 and 6082 Al alloys.
J. Alloy. Compd. 2017, 725, 504-509. [CrossRef]

Abdulhasan, A.A.; Challoob, S.H.; Abdulrehman, M.A. Studying the mechanical and Numerical properties of Friction stir weld-
ing (FSW) for 6005 aluminum alloys. IOP Conf. Ser. Mater. Sci. Eng. 2020, 870, 012141. [CrossRef]

Repplinger, C.; Sellen, S.; Kedziora, S.; Ziirbes, A.; Maas, S. Analysis of residual stress relaxation of aluminum alloys EN AW
6061/-82 T6 under cyclic loading. Fatigue Fract. Eng. Mater. Struct. 2021, 44, 3023-3041. [CrossRef]

Sharma, V.; Zivic, F.; Grujovic, N.; Babcsan, N.; Babcsan, J. Numerical Modeling and Experimental Behavior of Closed-Cell
Alu-minum Foam Fabricated by the Gas Blowing Method under Compressive Loading. Materials 2019, 12, 1582. [CrossRef]
Sharma, V.; Grujovic, N.; Zivic, F.; Slavkovic, V. Influence of Porosity on the Mechanical Behavior during Uniaxial Compressive
Testing on Voronoi-Based Open-Cell Aluminium Foam. Materials 2019, 12, 1041. [CrossRef]

Lovinger, Z.; Czarnota, C.; Ravindran, S.; Molinari, A.; Ravichandran, G. The role of micro-inertia on the shock structure in
porous metals. |. Mech. Phys. Solids 2021, 154, 104508. [CrossRef]

Orbulov, LN; Szlancsik, A. On the Mechanical Properties of Aluminum Matrix Syntactic Foams. Adv. Eng. Mater. 2018, 20, 1900507.
[CrossRef]

Bogusz, P.; Stankiewicz, M.; Stawinski, G. Energy Absorption Study of Aluminium Profiles with Variety of Filling Configurations.
Eng. Trans. 2017, 65, 543-562.

Nisa, S.U.; Pandey, S.; Pandey, P. Significance of AlO3 addition in the aluminum 6063 metal foam formation through friction
stir processing route— A comprehensive study. Proc. Inst. Mech. Eng. Part L J. Mater. Des. Appl. 2021, 235, 2737-2745. [CrossRef]
Banhart, J.; Seeliger, H.-W. Aluminium Foam Sandwich Panels: Manufacture, Metallurgy and Applications. Adv. Eng. Mater.
2008, 10, 793-802. [CrossRef]

Hangai, Y.; Kishimoto, R.; Ando, M.; Mitsugi, H.; Goto, Y.; Kamakoshi, Y.; Suzuki, R.; Matsubara, M.; Aoki, Y.; Fujii, H. Friction
welding of porous aluminum and polycar-bonate plate. Mater. Lett. 2021, 304, 130610. [CrossRef]

Kumar, D.; Marchi, M.; Alam, S.B.; Kavka, C.; Koutsawa, Y.; Rauchs, G.; Belouettar, S. Multi-criteria decision making under
uncertainties in composite materials selection and design. Compos. Struct. 2021, 279, 114680. [CrossRef]


http://doi.org/10.1002/srin.201700210
http://doi.org/10.3390/ma14081988
http://doi.org/10.1016/S1644-9665(12)60197-6
http://doi.org/10.1007/s43452-020-00149-4
http://doi.org/10.1002/srin.201200288
http://doi.org/10.1016/j.msea.2020.140023
http://doi.org/10.3390/met11020287
http://doi.org/10.1007/s40195-021-01233-1
http://doi.org/10.1515/corrrev-2016-0006
http://doi.org/10.1515/corrrev-2017-0106
http://doi.org/10.1007/s00170-021-08002-5
http://doi.org/10.1007/s00170-022-10444-4
http://doi.org/10.1016/j.jmatprotec.2005.02.115
http://doi.org/10.1179/026708303225008068
http://doi.org/10.1007/s00170-021-07726-8
http://doi.org/10.1016/j.wear.2021.203975
http://doi.org/10.18485/aeletters.2018.3.2.2
http://doi.org/10.1016/j.jallcom.2017.07.149
http://doi.org/10.1088/1757-899X/870/1/012141
http://doi.org/10.1111/ffe.13542
http://doi.org/10.3390/ma12101582
http://doi.org/10.3390/ma12071041
http://doi.org/10.1016/j.jmps.2021.104508
http://doi.org/10.1002/adem.201700980
http://doi.org/10.1177/14644207211034531
http://doi.org/10.1002/adem.200800091
http://doi.org/10.1016/j.matlet.2021.130610
http://doi.org/10.1016/j.compstruct.2021.114680

Materials 2023, 16, 368 21 of 23

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

Reddy, P.V.; Reddy, R.M.; Rao, P.S.; Krishnudu, D.M.; Kumar, A.E. Parameters Selection for Enhanced Mechanical and Wear
Properties of Natural Fiber Reinforced Hybrid Composites Using PSI Technique. . Nat. Fibers 2021, 19, 10111-10125. [CrossRef]
Rahim, A.A; Musa, S.N.; Ramesh, S.; Lim, M.K. A systematic review on material selection methods. Proc. Inst. Mech. Eng. Part
L J. Mater. Des. Appl. 2020, 234, 1032-1059. [CrossRef]

Kappenthuler, S.; Seeger, S. From resources to research— A framework for identification and prioritization of materials research
for sustainable construction. Mater. Today Sustain. 2020, 7—8, 100009. [CrossRef]

Findik, F.; Turan, K. Materials selection for lighter wagon design with a weighted property index method. Mater. Des. 2012, 37,
470-477. [CrossRef]

Chatterjee, P.; Chakraborty, S. Material selection using preferential ranking methods. Mater. Des. 2012, 35, 384-393. [CrossRef]
Zhang, H.; Peng, Y.; Tian, G.; Wang, D.; Xie, P. Green material selection for sustainability: A hybrid MCDM approach. PLoS
ONE 2017, 12, €0177578. [CrossRef]

Ghaleb, A.M.; Kaid, H.; Alsamhan, A.; Mian, S.H.; Hidri, L. Assessment and Comparison of Various MCDM Approaches in the
Selection of Manufacturing Process. Adv. Mater. Sci. Eng. 2020, 2020, 1-16. [CrossRef]

Opricovic, S.; Tzeng, G.-H. Compromise solution by MCDM methods: A comparative analysis of VIKOR and TOPSIS. Eur.
J. Oper. Res. 2004, 156, 445-455. [CrossRef]

Zindani, D.; Kumar, K. Material Selection for Turbine Seal Strips using PROMETHEE-GAIA Method. Mater. Today Proc. 2018,
5,17533-17539. [CrossRef]

Gao, Z.; Liang, R.Y.; Xuan, T. VIKOR method for ranking concrete bridge repair projects with target-based criteria. Results Eng.
2019, 3, 100018. [CrossRef]

Kim, ].H.; Ahn, B.S. Extended VIKOR method using incomplete criteria weights. Expert Syst. Appl. 2019, 126, 124-132. [CrossRef]
Mardani, A.; Jusoh, A.; Nor, KM.; Khalifah, Z.; Zakwan, N.; Valipour, A. Multiple criteria decision-making techniques and their
applications— A review of the literature from 2000 to Economic Research. Ekon. IstraZivanja 2015, 28, 516-571. [CrossRef]
Narayanamoorthy, S.; Geetha, S.; Rakkiyappan, R.; Joo, Y.H. Interval-valued intuitionistic hesitant fuzzy entropy based VIKOR
method for industrial robots selection. Expert Syst. Appl. 2019, 121, 28-37. [CrossRef]

Kiani, B.; Liang, R.Y.; Gross, ]. Material selection for repair of structural concrete using VIKOR method. Case Stud. Constr. Mater.
2018, 8, 489-497. [CrossRef]

Rai, D.; Jha, G.K.; Chatterjee, P.; Chakraborty, S. Material Selection in Manufacturing Environment Using Compromise Rank-
ing and Regret Theory-based Compromise Ranking Methods: A Comparative Study. Univers. |. Mater. Sci. 2013, 1, 69-77.
[CrossRef]

Gul, M,; Celik, E.; Gumus, A.T.; Guneri, A.F. A fuzzy logic based PROMETHEE method for material selection problems. Beni-
Suef. Univ. ]. Basic Appl. Sci. 2018, 7, 68-79. [CrossRef]

Chakraborti, P.; Mitra, M. Microstructure and tensile properties of high strength duplex ferrite—-martensite (DFM) steels. Mater.
Sci. Eng. A 2007, 466, 123-133. [CrossRef]

DeGarmo, E.P. (Ed.) Materials and Processes in Manufacturing, 9th ed.; Update Edition; Wiley: Hoboken, NJ, USA, 2003.
Ramazani, A.; Bruehl, S.; Abbasi, M.; Bleck, W.; Prahl, U. The Effect of Bake-Hardening Parameters on the Mechanical Properties
of Dual-Phase Steels. Steel Res. Int. 2016, 87, 1559-1565. [CrossRef]

Advanced High-Strength Steel (AHSS) Definitions. WorldAutoSteel n.d. Available online: https://www.worldautosteel.org/
steel-basics/automotive-advanced-high-strength-steel-ahss-definitions/ (accessed on 15 November 2021).

Stavehaug, F. Transformation Toughening of [gamma][prime]-Strengthened Metastable Austenitic Steels. Ph.D. Thesis, Mas-
sachusetts Institute of Technology, Cambridge, MA, USA, 1990.

Bhadeshia, H.K.D.H.; Honeycombe, R W.K. Steels: Microstructure and Properties, 3rd ed.; Elsevier, Butterworth-Heinemann: Am-
sterdam, The Netherlands; Boston, MA, USA, 2006.

Frommeyer, G.; Briix, U.; Neumann, P. Supra-Ductile and High-Strength Manganese-TRIP/TWIP Steels for High Energy Ab-
sorption Purposes. ISI] Int. 2003, 43, 438—446. [CrossRef]

Avallone, E.A. (Ed.) Marks’ Standard Handbook for Mechanical Engineers, 10th ed.; McGraw Hill: New York, NY, USA, 1996.
Gibson, L.J.; Ashby, M.F. Cellular Solids Structure and Properties; Cambridge University Press: Cambridge, UK, 1999.

Banhart, J.; Baumeister, J.; Weber, M. Metal foams near commercialization. Met. Powder Rep. 1997, 52, 38—41.

Doege, E.; Kulp, S.; Sunderkétter, C. Properties and application of TRIP-steel in sheet metal forming. Steel Res. 2002, 73, 303-308.
[CrossRef]

Billur, E.; Cetin, B.; Uguz, R; Davut, K.; Arslan, E. Advanced Material Characterization of TWIP Steels. Proc. New Dev. Sheet
Met. Form. 2016, 303, 318.

Horvath, C.D. Advanced steels for lightweight automotive structures. In Materials, Design and Manufacturing for Lightweight Vehicles;
Woodhead Publishing: Sawston, UK, 2010.

Ashby, M.E. Metal Foams: A Design Guide; Butterworth-Heinemann: Boston, MA, USA, 2000.

Park, I.-].; Kim, S.-T.; Lee, L.-S.; Park, Y.-S.; Moon, M.B. A Study on Corrosion Behavior of DP-Type and TRIP-Type Cold Rolled
Steel Sheet. Mater. Trans. 2009, 50, 1440-1447. [CrossRef]

Kannan, M.B.; Raman, R K.S.; Khoddam, S.; Liyanaarachchi, S. Corrosion behavior of twinning-induced plasticity (TWIP) steel:
TWIP steel corrosion. Mater. Corros. 2013, 64, 231-235. [CrossRef]


http://doi.org/10.1080/15440478.2021.1993484
http://doi.org/10.1177/1464420720916765
http://doi.org/10.1016/j.mtsust.2019.100009
http://doi.org/10.1016/j.matdes.2012.01.016
http://doi.org/10.1016/j.matdes.2011.09.027
http://doi.org/10.1371/journal.pone.0177578
http://doi.org/10.1155/2020/4039253
http://doi.org/10.1016/S0377-2217(03)00020-1
http://doi.org/10.1016/j.matpr.2018.06.069
http://doi.org/10.1016/j.rineng.2019.100018
http://doi.org/10.1016/j.eswa.2019.02.019
http://doi.org/10.1080/1331677X.2015.1075139
http://doi.org/10.1016/j.eswa.2018.12.015
http://doi.org/10.1016/j.cscm.2018.03.008
http://doi.org/10.13189/ujms.2013.010210
http://doi.org/10.1016/j.bjbas.2017.07.002
http://doi.org/10.1016/j.msea.2007.02.042
http://doi.org/10.1002/srin.201600060
https://www.worldautosteel.org/steel-basics/automotive-advanced-high-strength-steel-ahss-definitions/
https://www.worldautosteel.org/steel-basics/automotive-advanced-high-strength-steel-ahss-definitions/
http://doi.org/10.2355/isijinternational.43.438
http://doi.org/10.1002/srin.200200213
http://doi.org/10.2320/matertrans.MRA2008252
http://doi.org/10.1002/maco.201106356

Materials 2023, 16, 368 22 of 23

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.
87.

88.

89.

90.

91.

92.

93.

94.

Meya, R.; Kusche, C.F.; Lobbe, C.; Al-Samman, T.; Korte-Kerzel, S.; Tekkaya, A.E. Global and High-Resolution Damage Quan-
tification in Dual-Phase Steel Bending Samples with Varying Stress States. Metals 2019, 9, 319. [CrossRef]

Li, N.; Sheikh-Ahmad, J.Y.; El-Sinawi, A.; Krishnaraj, V. Multi-objective optimization of the trimming operation of CFRPs using
sensor-fused neural networks and TOPSIS. Measurement 2019, 132, 252-262. [CrossRef]

Suneesh, E. Multi-response optimisation of micro-milling parameters through GRA, TOPSIS and Taguchi techniques to increase
production rate while reducing energy consumption. Measurement 2019, S0263224119304294. [CrossRef]

Maity, S.R.; Chakraborty, S. Tool steel material selection using PROMETHEE II method. Int. J. Adv. Manuf. Technol. 2015, 78,
1537-1547. [CrossRef]

Do, J.-Y.,; Kim, D.-K. AHP-Based Evaluation Model for Optimal Selection Process of Patching Materials for Concrete Repair:
Focused on Quantitative Requirements. Int. |. Concr. Struct. Mater. 2012, 6, 87-100. [CrossRef]

Brifcani, N.; Day, R.O.; Walker, D.D.; Hughes, S.F.; Ball, K.; Price, D. A review of cutting-edge techniques for material selec-
tion. In Proceedings of the 2nd International Conference on Advanced Composite Materials and Technologies for Aerospace
Applications, Wrexham, UK, 11-13 July 2012.

Alza, V.A. TWIP Steels: Mechanical and Metallurgical Properties-A Review. J. Multidiscip. Eng. Sci. Technol. 2021, 8, 1-17.
Mintz, B.; Qaban, A. The Influence of Precipitation, High Levels of Al, Si, P and a Small B Addition on the Hot Ductility of TWIP
and TRIP Assisted Steels: A Critical Review. Metals 2022, 12, 502. [CrossRef]

Mijangos, D.; Mejia, I.; Cabrera, ].M. Influence of Microalloying Additions (Nb, Ti, Ti/B, V and Mo) on the Microstructure of
TWIP Steels. Met. Microstruct. Anal. 2022, 11, 524-536. [CrossRef]

Wong, W.].; Walters, C.L. Failure modes and rules related to the yield-to-tensile strength ratio in steel structures. In Proceedings
of the International Conference on Offshore Mechanics and Arctic Engineering, Virtual, Online, 21-30 June 2021.

Alza, V.A ; Chavez, V.P. TRIP Steels: Factors influencing their formation, Mechanical Properties and Microstructure — A Review.
J. Mech. Civ. Eng. 2022, 19, 37-60.

Gullino, A.; Matteis, P.; D’Aiuto, F. Review of Aluminum-To-Steel Welding Technologies for Car-Body Applications. Metals
2019, 9, 315. [CrossRef]

Siddique, S.H.; Hazell, P.J.; Wang, H.; Escobedo, J.P.; Ameri, A.A.H. Lessons from nature: 3D printed bio-inspired porous
structures for impact energy absorption— A review. Addit. Manuf. 2022, 548, 103051. [CrossRef]

Sreenivasa, C.G.; Shivakumar, K.M. A Review on Prodution of Aluminium Metal Foams. IOP Conf. Ser. Mater. Sci. Eng. 2018,
376,012081.

Kulshreshtha, A.; Dhakad, S.K. Preparation of metal foam by different methods: A review. Mater. Today Proc. 2020, 26, 1784-1790.
[CrossRef]

Celik, S.; Bekoz Ullen, N.; Akyuz, S.; Karabulut, G.; Ozel, A.E. Characterization and spectroscopic applications of metal foams
from new lightweight materials. In Handbook of Research on Advancements in the Processing, Characterization, and Application of
Lightweight Materials; IGI Global: Hershey, PA, USA, 2022.

Banhart, J.; Garcia-Moreno, F.; Heim, K.; Seeliger, H.-W. Light-weighting in transportation and defence using aluminium foam
sandwich structures. In Light Weighting for Defense, Aerospace, and Transportation; Springer: Berlin/Heidelberg, Germany, 2019.
Vijaya Ramnath, B.; Alagarraja, K.; Elanchezhian, C. Review on Sandwich Composite and their Applications. Mater. Today Proc.
2019, 16, 859-864. [CrossRef]

Sunder Sharma, S.; Yadav, S.; Joshi, A.; Goyal, A.; Khatri, R. Application of metallic foam in vehicle structure: A review. Mater.
Today Proc. 2022, 63, 347-353. [CrossRef]

Ma, Q.; Rejab, M.R.M,; Siregar, ].P.; Guan, Z. A review of the recent trends on core structures and impact response of sandwich
panels. J. Compos. Mater. 2021, 55, 2513-2555. [CrossRef]

Tarlochan, F. Sandwich Structures for Energy Absorption Applications: A Review. Materials 2021, 14, 4731. [CrossRef] [PubMed]
Hommel, P.; Roth, D.; Binz, H.; Kreimeyer, M. Toward a Method for Evaluating the Applicability of Aluminum Foam Sandwich.
Proc. Des. Soc. 2022, 2, 933-942. [CrossRef]

Subramaniam, S.; Chaurasia, V.; Verma, A.; Jebadurai, D.S. Enhancement of mechanical properties of sandwich composites.
Mater. Today Proc. 2022, 68, 2284-2291. [CrossRef]

Alagarraja, K.; Ramnath, B.V.; Prasad, A.R.; Naveen, E.; Ramanan, N. Wear behaviour of foam and fiber based sandwich
composite— A review. Mater. Today Proc. 2021, 46, 3919-3923. [CrossRef]

Odu, G.O. Weighting methods for multi-criteria decision making technique. J. Appl. Sci. Environ. Manag. 2019, 23, 1449. [CrossRef]
Mat Kasim, M. On the practical consideration of evaluators’ credibility in evaluating relative importance of criteria for some real-
life multicriteria problems: An overview. In Multicriteria Optimization — Pareto-Optimality and Threshold-Optimality; IntechOpen:
London, UK, 2020.

Liu, H.-C.; Chen, X.-Q.; Duan, C.-Y.; Wang, Y.-M. Failure mode and effect analysis using multi-criteria decision making methods:
A systematic literature review. Comput. Ind. Eng. 2019, 135, 881-897. [CrossRef]

Dhurkari, R K. MCDM methods: Practical difficulties and future directions for improvement. RAIRO Oper. Res. 2022, 56, 2221-2233.
[CrossRef]

Németh, B.; Molnér, A.; Bozdki, S.; Wijaya, K.; Inotai, A.; Campbell, ].D.; Kalé, Z. Comparison of weighting methods used in
multicriteria decision analysis frameworks in healthcare with focus on low- and middle-income countries. J. Comp. Eff. Res.
2019, 8, 195-204. [CrossRef] [PubMed]


http://doi.org/10.3390/met9030319
http://doi.org/10.1016/j.measurement.2018.09.057
http://doi.org/10.1016/j.measurement.2019.04.090
http://doi.org/10.1007/s00170-014-6760-0
http://doi.org/10.1007/s40069-012-0009-9
http://doi.org/10.3390/met12030502
http://doi.org/10.1007/s13632-022-00871-w
http://doi.org/10.3390/met9030315
http://doi.org/10.1016/j.addma.2022.103051
http://doi.org/10.1016/j.matpr.2020.02.375
http://doi.org/10.1016/j.matpr.2019.05.169
http://doi.org/10.1016/j.matpr.2022.03.201
http://doi.org/10.1177/0021998321990734
http://doi.org/10.3390/ma14164731
http://www.ncbi.nlm.nih.gov/pubmed/34443255
http://doi.org/10.1017/pds.2022.47
http://doi.org/10.1016/j.matpr.2022.08.495
http://doi.org/10.1016/j.matpr.2021.02.398
http://doi.org/10.4314/jasem.v23i8.7
http://doi.org/10.1016/j.cie.2019.06.055
http://doi.org/10.1051/ro/2022060
http://doi.org/10.2217/cer-2018-0102
http://www.ncbi.nlm.nih.gov/pubmed/30767661

Materials 2023, 16, 368 23 of 23

95. Tan, T,; Mills, G.; Papadonikolaki, E.; Liu, Z. Combining multi-criteria decision making (MCDM) methods with building in-
formation modelling (BIM): A review. Autom. Constr. 2021, 121, 103451. [CrossRef]

96. Alsalem, M.A.; Alamoodi, A.H.; Albahri, O.S.; Dawood, K.A.; Mohammed, R.T.; Alnoor, A.; Zaidan, A.A.; Albahri, A.S,;
Zaidan, B.B.; Jumaah, F.M.; et al. Multi-criteria decision-making for coronavirus disease 2019 applications: A theoretical analysis
review. Artif. Intell. Rev. 2022, 55, 4979-5062. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.autcon.2020.103451
http://doi.org/10.1007/s10462-021-10124-x
http://www.ncbi.nlm.nih.gov/pubmed/35103030

	Introduction 
	Materials and Methods 
	Material 
	Methods 
	VIKOR Method 
	A Technique for Order of Preference by Similarity to Ideal Solution—TOPSIS 
	PROMETHEE 
	Weighted Aggregated Sum Product Assessment Method (WASPAS) 
	Weight Estimates in MCDM Methods 


	Results and Discussions 
	VIKOR 
	TOPSIS 
	PROMETHEE 
	Weighted Aggregated Sum Product Assessment Method (WASPAS) 

	Conclusions 
	References

