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Abstract: Friction stir welding (FSW) has gained increasing prominence in the realm of metal-
plastic hybrid joints, yet its long-term sustainability remains a subject of uncertainty. This research
investigates the sustainability aspect of FSW, positioning it against conventional techniques like
adhesive bonding (AB) and self-piercing riveting (SPR). A comprehensive evaluation framework
encompassing environmental, social, economic, and physical factors was employed, through which
specified criteria were applied to select pertinent sustainability indicators across all dimensions to
ensure a thorough assessment. In this study, two advanced multi-criteria decision-making methods
(MCDM) were deployed for data normalization and aggregation. Sensitivity analysis was conducted
to examine the robustness of the results. The outcomes yielded a sustainability rating system,
facilitating a direct and insightful comparison with traditional methods. Based on the results of this
study, SPR outperforms both FSW and AB in terms of overall sustainability with comparative average
sustainability scores of 75.3%, 54.2%, and 35.3%, respectively. This study not only sheds light on the
current state of FSW sustainability but also provides a valuable benchmark for decision-makers in
selecting environmentally conscious methods for metal-plastic hybrid joints.

Keywords: sustainability; MCDM; metal-to-polymer joining; friction stir welding; self-piercing
riveting; adhesive bonding

1. Introduction

Sustainability has become an integral part of modern industrial practices as it inte-
grates economic, environmental, and social dimensions. Sustainability assessment has
emerged as an effective decision-making methodology in a variety of industries, includ-
ing manufacturing. Despite the increased efforts to implement green manufacturing and
achieve sustainable manufacturing practices, the manufacturing sector lacks comprehensive
sustainability assessment tools [1,2].

A key technology for building lightweight and hybrid structures is dissimilar material
joining. Because of their excellent strength-to-weight ratios, adaptability in design, resis-
tance to corrosion, and ability to insulate both electrically and thermally, metal-plastic hy-
brid structures are becoming increasingly common in various sectors, including aerospace,
automotive, and electrical. It can be difficult to join materials that have radically different
mechanical, thermal, and chemical properties. Conventional techniques, such as mechani-
cal joining and adhesive bonding, exhibit disadvantages like unplanned failure or being
deteriorated by environmental conditions.

Friction stir welding (FSW) has received increased attention in recent years as a po-
tential alternative to traditional joining methods for metal-plastic hybrid structures. In
contrast to traditional methods that require consumables or adhesives, FSW allows for the
direct creation of high-quality bonds without the use of external materials. Furthermore,
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FSW does not emit fumes or require shielding gas, which could result in lower manufac-
turing costs and better sustainability outcomes. FSW melts thermoplastic materials by
creating frictional heat at the tool-workpiece interface using a non-consumable rotating
tool. Dissimilar material structures, such as aluminum alloys and polymers, can result
in more complex, but highly optimized, designs. These material combinations may be
utilized in a broad range of applications, including aviation, aerospace, and automotive
vehicles, consumer or industrial goods, with the aim of achieving lightweight, versatile,
and sustainable constructions [3,4]. Many investigations have examined the application
of FSW in combining different materials. For instance, Dalwadi et al. used FSW to weld
polymethyl methacrylate (PMMA) and AA6061 to achieve a relative joint strength of
20% [5]. Using FSW, Patel et al. [6] successfully joined polycarbonate (PC) and AA6061 [6].
Khodabakhshi et al. achieved FSW joint (AA5059 to HDPE) efficiency of 50% relative
to HDPE [7]. Derazkola [8], Sahu et al. [9], and Zhao et al. [10] investigated the influ-
ences of different FSW parameters on the characteristics of dissimilar joints produced by
friction stir lap welding (FSLW). Although FSW is now being used more often to join
metal-plastic hybrid structures, there is a dearth of information regarding the sustainability
of the process and a comprehensive analysis contrasting FSW with traditional methods for
metal-to-plastic joints.

This work aims to evaluate FSW of metal/polymer hybrid structures based on a
multi-dimensional sustainability assessment model and compare it to traditional methods
like adhesive bonding and self-piercing riveting. In this work, we used a comprehensive
sustainability assessment approach that accounts for the three sustainability pillars (en-
vironmental, social, and economic) in addition to the physical performance of the joint.
The use of advanced multi-criteria decision-making methods (MCDM) for data normal-
ization and aggregation improves the analytical robustness. Furthermore, the inclusion of
sensitivity analysis confirms the accuracy of the results. This study is intended to address
a research gap by providing a thorough investigation of the sustainability performance
of FSW in joining metal-plastic hybrid structures, which will contribute to improving
decision-making processes involving the adoption of sustainable joining techniques in the
manufacturing industry.

2. Sustainability Assessment Framework

The following sections present a detailed description of the developed assessment
framework. The main steps of the framework used in this study are summarized in
Figure 1. The first step implements a systematic indicator selection algorithm to guide the
users in selecting the indicators; the algorithm steps are discussed in Section 2.1. Once an
indicator set is obtained, weights are assigned to each indicator. This is achieved through
either subjective or objective weight assignment methods such as the Entropy method
and Analytical Hierarchy Process (AHP), which are presented in Section 2.2. An objective
indicator presents an unbiased, balanced observation based on verifiable facts while a
subjective indicator displays personal beliefs and perceptions without any verified facts.
Afterward, the weighted indicators are assessed through normalization and aggregation by
different methods such as grey relational analysis (GRA), Technique for Order Preferences
by Similarity to Ideal Solutions (TOPSIS), and other MCDM methods, which are explained
in Section 2.3. Subsequently, sensitivity analysis is performed using Regression Analysis
(LRA) and the sensitivity index methods, as discussed in Section 2.4.
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Figure 1. Sustainability assessment framework.

2.1. Indicator Selection

Indicators are a key tool for tracking progress over time, identifying challenges for
performance improvement, and identifying concerns that may have been omitted in preced-
ing analyses. Nowadays, business performance is assessed by more than just financial or
economic statistics. Sustainability indicators can provide a more comprehensive measure-
ment [11]. Sustainability indicators can help to simplify, measure, analyze, and disseminate
information from the viewpoints of the environment, economy, and society [12]. Indicators
are one form of tool and approach for assessing sustainability [13]. Indicators should
always be presented clearly, and their use should be obvious. To facilitate industries” un-
derstanding and use of indicators, an effort has been made to define them in terms of four
key elements (Figure 2) [14]:

According to a thorough examination of the present frameworks, most publications
do not disclose their indicator selection procedure. In general, the considered indicators
should have the following three qualities [1]:
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Understandable: non-experts should be able to comprehend, use, and adopt.
Applicable: should be applicable to the industry and highlight significant process
problems.

e  Relevant: should be connected directly to the continued development of sustainability.

Quantification
method

Unit of Improvement

measurement goal

Period of
measurement

Figure 2. Elements of an indicator [12].

Using the elements and qualities listed above, a technique is constructed to give
a systematic algorithm for indicator recognition and selection. Figure 1 illustrates this
procedure. Irrelevant indicators are first removed using the three previously mentioned
qualities. Rather than “reinventing the wheel,” the purpose of filtering is to find regularly
used indicators and expand on the work of prior organizations and associations. The
process begins with the selection of indicators, which are then merged and classified into
different dimensions. To ensure proper classification, efforts are made to gather process
inputs, including experimental data and literature reviews. A feedback process is used to
refine the selected indicators into a more suitable collection for industry use. Joung et al.
(2012) identified 11 easily accessible indicator sets designed to assess the sustainability of
industrial operations [15]. From these sets, four indicator models were chosen for further
assessment and analysis, as shown in Table 1.

Table 1. A summary of some of the available indicator models adapted from [1].

Indicator Set Organization Number of Indicators Level Dimensions Covered
International Organization for Economic

150 14031 [16] Standardization (ISO) 155 Global Environmental Social
Sustainable Manufacturing ~ National Institute of Standards 212 Global Economic

Indicator Repository (SMIR) and Technology (NIST) Environmental Social

OECD Sustainable Organization for Economic 18 Product Environmental
Manufacturing Toolkit Cooperation and Development
Environmental Performance Yale University 20 Country Economic

Index (EPI)

Environmental Social
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2.2. Weighting Process

After obtaining the indicator set, each indicator needs to be assigned a weight, either
before or after it is quantified. Weight assignment can be performed using both subjective
and objective approaches. Subjective procedures, like the Analytic Hierarchy Process (AHP),
rely on expert decisions and/or experience. Objective approaches, like the Entropy Weight
method, use quantitative values for the weights. Unlike subjective approaches, objective
methods are not subject to uncertainties [17]. To overcome this issue, a combination of both
weighting approaches are used in the proposed framework. The Entropy method and AHP
are discussed in the following subsections.

2.2.1. Entropy Method

The Entropy method is an effective way to prevent any uncertainties and inconsis-
tencies related to weights of subjective decisions. In this strategy, indicators with vastly
varying performance values have a larger significance as they have a stronger impact on
final ranks of the alternatives. Equation (1) is used to assign the weights.

1-H;

]
wi = (1)
] m .

where: Hj = —kY/L; fii- In(f;;), Hj is the entropy, k = ﬁ, and fj; = %

1%)°

2.2.2. Analytical Hierarchy Process (AHP)

The AHP method is a widely used subjective decision-making technique for evaluating
weights [18]. AHP breaks down the complexity of the original problem into a hierarchi-
cal structure beginning with the primary objective, then through criteria, sub-criteria (if
applicable), and options or alternatives. The AHP typically involves three main steps:
problem decomposition, pairwise comparison, and priority calculation [19]. In the pairwise
comparison step, policymakers and experts assign relative values to each indicator. The
same indicators are assigned a relative importance of 1. Additional indicators are assigned
values between 2 and 9, with reciprocals assigned when the order is reversed, as shown
in Table 2. While renowned for its simplicity, versatility, and ability to address various
problem scales, the AHP has its own limitations. For example, it does not consider the
interdependence between criteria and options at the same level of the hierarchy. It can also
cause some variations between judgment and ranking [20].

Table 2. AHP intensity of importance [18].

Assigned Value Level of Importance

Equal

Moderate

Strong

Very strong

Extreme
,4,6,8 Intermediate values

If activity i is ascribed to one of the above non-zero
Reciprocals numbers when compared to activity j, then j has the
reciprocal value when compared to i.

N O g Ul W -

2.3. Weighted Indicators Assessment

The third step in the framework is assessing the indicators. Weight vectors derived
from methods like AHP or entropy are then applied to MCDM methods such as GRA and
TOPSIS, which are recommended for normalization and aggregation.
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Given that the weighted indicators may have various physical units, it is imperative
to convert them all into dimensionless values for evaluation and comparison purposes.

2.3.1. Grey Relational Analysis (GRA)

The GRA is a quantitative decision-making approach based on evaluating the correla-
tion between two separate sequences. It determines the level of similarity or disparity, with
a stronger grey relational connection indicating greater similarity and vice versa. The GRA
approach comprises four steps, as outlined below:

Step 1: Generating (Normalization).

In this initial step, normalization is performed, whereby various variables or indicators
are scaled into the range of [0-1] using Equations (2)—(4).

yij — Min{y;, i=1,2,...,m}

Xij = Max{yij, i =1,2,...,m} — Min{y;;, i =1,2,...,m} (2)
X = M(lx{]/l]/ i=1,2,...,m}—yij (3)
Y Max{y;, i=1,2,...,m} — Min{y;;, i =1,2,...,m}
Yvij — Y}
v T 4)

1- Max{yij, i= 1,2,...,7’}’[} *y]*,y]* *Mlli’l{yl‘j, 1= 1,2,...,1’}1}

where i and j are the number of alternatives and indicators, respectively. For attributes
where a higher numerical value signifies superior performance, Equation (2) is used.
Conversely, when a smaller numerical value means superior performance, Equation (3)
is employed. Equation (4) is utilized when being closer to the target value (y;) indicates
superior performance.

Step 2: Reference Sequence Definition.

Once all indicator values are normalized, an ideal scenario would have all performance
indicator values equal to or near one. However, this is unlikely to occur. The main goal of
this step is to identify the alternative that has a value closest to unity. A reference sequence,
denoted as X, and defined as (xo1, xq2, - - -, XQj, -+, xon) =(1,1,...,1,...,1),is used.

Step 3: Grey Relational Coefficient Calculation.
The coefficient is calculated based on Equation (5), representing the proximity of x;; to

xo;j- A larger coefficient indicates closer values.

Apax + Z.Amin
X0i, Xij) = ————— 5
’7( 0j 1]) Aij‘|‘CAmax ( )

where 'y(xoj, xl-]-) represents the grey relational coefficient between (xo;, xi]-), and (is the
distinguishing coefficient used to adjust the range of the grey relational coefficient.
Where:
Ay = [xij — xoj
Amin = Min { A,’]’}
Amax = Max {Al]}
Step 4: Grey Relational Grade Calculations.

To rank the considered alternatives, a single score is generated by the GRA approach
using Equation (6).
n
['(Xo, X;) = Z]«Zl wjy (xoj, Xij) (6)
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where I'(Xp, X;) is the degree of how close the comparability sequence to the reference
sequence, and w; is the indicator’s weight based on AHP or the Entropy method.

2.3.2. Technique for Order Preference by Similarity to the Ideal Solution (TOPSIS)

This approach requires an understanding of the level of importance of all indicators,
which can be achieved through methods such AHP and the Entropy method. This technique
is utilized for normalization of the weighted indicators and to aggregate the scores into one
sustainability score, which will then be utilized for ranking the considered processes. The
TOPSIS method consists of four main steps as follows [21]:

Step 1: Normalization of the Score Matrix Using Equation (7).

e
Ry = g )

n

2
1=1%ij

where 7 is the number of alternatives, and Xjj in the score, the matrix represents the value
of the jth indicator in real values for the ith alternative process.
Step 2: Calculate Weighted Normalized Score Matrix.

Multiply the weight assigned to each indicator by the normalized values in order to
get the weighted normalized score matrix (WNDM). This value is then used to determine
the ideal best (Vj+) and ideal worst (Vj_) scores for the indicators.

Step 3: Calculate Euclidean Distance.

Obtain the Euclidean distance, which represents the deviation from the ideal case,
using Equations (8) and (9).

st = \/Z;"l (vi-v)’ ®)

S = J y(vi-v ) ©)

Step 4: Calculate The Performance Score Using Equation (10).

p=_"i 10
oSt (19

The score is used for the ranking of the considered alternatives.

2.4. Sensitivity Analysis

In MCDM approaches, the input data, encompassing indicator weights and values,
are typically presumed to be deterministic, forming the basis for calculating the final scores.
However, due to the nature of industrial processes, fluctuations in input data are inevitable.
Hence, performing sensitivity analysis becomes necessary for resultant score validation.
If minor alterations in an input indicator lead to notable alterations in the resulted scores,
it indicates sensitivity of the process to that specific indicator. This suggests that more
precise calculation of the indicator is needed or that there is a need to adjust the MCDM
method used to ensure the validity of the results [22]. Once satisfaction is achieved based
on sensitivity analysis, decision-makers can proceed to ranking the processes based on
their aggregated scores. Several frequently used sensitivity analysis methodologies can be
employed to analyze the sustainability of industrial processes.

2.4.1. Linear Regression Analysis (LRA)

LRA is widely used due to its simplicity. However, it is not suitable when there are
non-linear or non-monotonic relationships, and or when indicators have a high level of
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interaction and interdependence. The fundamental concept of this method is to linearly
correlate the indicators to the output [23]. The LRA approach has two main steps:

Step 1: Estimating the regression coefficients that offer a measure of the model’s
sensitivity to an indicator by Equation (11).

y=Dbo+Y ;. bix; (11)

where b; represents the regression coefficients for indicator x; (i=1, 2, ..., n).

Step 2: Obtaining the absolute standardized regression coefficient (SRC) by Equa-
tion (12).
S,
b
The SRC; is taken as the sensitivity score, where S; and S are the standard deviations

estimated for ith indicator and the output y, respectively.

SRC; = (12)

2.4.2. Sensitivity Index

The sensitivity index method requires the decision-maker to determine the relative
variation in the output resulting from adjusting the input over its range. It is calculated
using Equation (13).

. Umax — Upin
umzzx

where SI represents the sensitivity index. Uy and Uy, reflect the maximum and mini-
mum output values that result from modifying the input within its whole range of values,
respectively.

SI (13)

3. Case Study

This study utilized the proposed framework to compare three metal-to-plastic joining
processes: adhesive bonding (AB), self-piercing riveting (SPR), and friction stir welding
(FSW). AB is a conventional joining method that employs a polymeric adhesive ingredient
to establish a joint between the joining surfaces, the adhesion of two surfaces caused by
intermolecular forces, whereas cohesion refers to the bonding strength of the adhesive
material itself as shown in Figure 3. SPR is a high-speed mechanical fastening procedure
used to bind sheet material at several points [24], as shown in Figure 4. FSW is a relatively
new promising solid-state welding technique, which is illustrated in Figure 5. The main
objective is to determine the most sustainable process for the application of joining one-
meter-long aluminum 6061 to nylon 6/6 sheets.

- W\

Adhesion

Cohesion

Adhesive (]

Figure 3. Adhesive bonding process [25].
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Figure 4. Self-piercing process [26].
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Figure 5. FSW process [27].

To perform the assessment, the framework shown in Figure 1 is implemented. The

indicator selection technique outlined in Section 2.1 is used to identify twelve sustainability
indicators for manufacturing processes. These indicators were picked from publicly ac-
cessible indicator sets to quantify sustainability in manufacturing processes after multiple
rounds of thorough brainstorming and research [15]. The indicators were then classified
into four groups as shown in Figure 6. Physical performance adds another dimension
to traditional sustainability, which is frequently mentioned in the literature [2,21]. This
dimension is required to highlight the significance of measuring the product quality of
a process in terms of sustainability. The technique for indicator classification is mostly
based on NIST’s indicator categorization framework, with modifications to suit this case
study [28]. The indicators chosen for this case study are as the following.

CO; emission is determined based on the total energy consumed during the process.
A mass of 0.371 kg of CO, is produced per kWh of energy consumed [29].

Energy consumption: for FSW, it is the power consumption data for the CNC milling;
for SPR, it is the energy consumption of each rivet joint (which is 0.003 kWh/joint
based on welding institute data [30]) multiplied by the number of rivets (which is
forty for this study); and for AB, the power consumption was obtained from the
literature [31].

External material usage (g): the materials used to produce the joints in each process.
FSW is a direct joining method and does not require external materials. In the case of
SPR, the rivets are assumed to be external material.

Energy cost ($) is calculated based on the electric power charge rate in UAE [29].
Production speed (min) represents the time needed to join the materials. The average
time for implementing one rivet is estimated to be 1.5 s [32], which results in a total
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time of one minute to implement 40 rivets. For the FSW case, the time is calculated
based on the welding speed used to join the materials at 40 mm/min. For AB, the
processing time is obtained by timer.

The Consumable cost ($) for SPR and AB processes is the cost of the rivets and bonding
adhesive, respectively. For FSW, the welding tool is assumed to be consumable using
Equation (14), and the tool life length used for this study is 2000 m [33].

weld length

tool life length (14)

Toolcost x
Recordable injury: the recordable injuries reported by the US Bureau of Labor Statistics
for the year 2020 are used to symbolize safety in this analysis [34].
Job satisfaction ($/h): in this case study, the average hourly wage for the workers in
each process is taken as the primary indicator of job satisfaction [35-37].
Research community engagement: scientific articles released by R&D personnel serve
as a model for future efforts to the scientific community to improve product reliability
and performance. The number of published articles for each process was obtained
for the time 2013 to present (2023) from a Scopus search for the keywords “Friction
stir welding” for FSW, “Self-piercing riveting” for SPR, and “Adhesive bonding” for
AB [38-40].
Max shear load: the ultimate tensile shear strength is represented by the highest load
in the force-displacement curve. The force—displacement curves shown in Figure 7 for
FSW and AB data were acquired experimentally using the tensile test. The SPR data
were obtained from the literature [41].
Ductility: ductility is another joint characteristic that reflects the joint ability to be
deformed without losing toughness. Ductility is expressed in terms of elongation
percent in Equation (15).

I—1Io

Elongation% = x 100 (15)

lo

where [y and | are the specimen length before and after running the tensile test,
respectively.

Toughness (Nm): a material’s capacity to absorbed energy and deform plastically
without fracturing. The area under the curve is used to obtain this value.

Table 3 shows the quantification method and type of each indicator, and the matrix

used to obtain the assessment results is illustrated in Table 4.

Table 3. Summary of selected indicator types and quantification method.

Dimension Indicator Type Quantification Methods
CO; emission (Kg) Non-beneficial Power consumption x 0.371 [29]
. . - FSW: Power data logger
Environmental Energy consumption (kWh Non-beneficial . 58
Protection 8y P ( ) SPR and AB: Literature [30,31]
. - FSW and AB: Experimental data
External material usage (g) Non-beneficial SPR: Literature [42]
Energy cost Non-beneficial Energy consumption x 0.11 [43]
. . - FSW and AB: Experimental data
Economic Growth Production speed (min) Non-beneficial SPR: Literature [32]
X weld length
Consumable cost Non-beneficial FSW: Tool cost X g5pre length

SPR and AB: Joining material cost
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Table 3. Cont.

Dimension Indicator Type Quantification Methods
Recordable injury Non-beneficial Literature [34]
Social Well-being Job satisfaction Beneficial Literature [35-37]
Research community engagement  Beneficial Literature [38-40]
. - FSW and AB: Experimental data
Physical Performance Max shear load (KN) Beneficial SPR: Literature [41]
qe o - FSW and AB: Experimental data
Ductility (%) Beneficial SPR: Literature [41]
Toughness (N-m) Beneficial FSW and AB: Experimental data

SPR: Literature [41]

#

) Economic Growth

Physical

performance

d

|

Energy Cost

Production Speed

Consumable Cost

Mazx Shear Load
Ductility

Toughness

Figure 6. Sustainability dimensions and selected indicators.
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Figure 7. Force—displacement curves for the joining processes.
Table 4. Case study indicator matrix.
Dimension Indicator FSW Riveting Adhesive Bond
Environmental Protection CO; emission (Kg) 0.265 0.045 0.323
Energy consumption (kWh) 0.714 0.12 0.87
External material usage (g) 0 24 34
Economic Growth Energy cost ($) 0.079 0.013 0.096
Production speed (min) 25 1 35
Consumable cost ($) 0.16 1.6 5.45
Social Well-being Recordable injury 620 1340 430
Job satisfaction ($/h) 19.03 17.2 16.64
Research community engagement 13,119 146,316 155,688
Physical Performance Max shear load (KN) 1.045 1.53 1.125
Elongation (%) 8.2 8.33 6.48
Toughness (N-m) 1.094 8.04 0.974

4. Assessment Model and Results

The main steps of the assessment are illustrated in Figure 8. Initially, each of the
selected indicators was quantified as per Table 3. Objective weight assignment was then
conducted using the entropy method; Figure 9 displays the assigned weights assigned.
Notably, toughness received the highest weighting due to significant differences in indicator
values among FSW, SPR, and AB. Conversely, job satisfaction received the lowest weighting
due to similar indicator values. In next step, the normalization was performed using both
GRA and TOPSIS methods for comparison. Tables 5 and 6 show the normalized decision
matrix based on GRA and TOPSIS methods. Subsequently, the results were aggregated,
and the processes were ranked in descending order of scores; the aggregated scores are
shown in Figure 10. According to the MCDM findings, SPR had the highest aggregated
score, followed by FSW and AB in both methods used in the study.
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Figure 8. Sustainability assessment procedure.

Assigned indictors weights using the Entropy method
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&
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Figure 9. Assigned indicator weights using the Entropy method.

0.12



Sustainability 2024, 16, 3664 14 of 19

Table 5. Normalized matrix using GRA.

Indicator FSW SPR AB
CO; emission (Kg) 0.209 1.000 0.000
Energy consumption (kWh) 0.208 1.000 0.000
External material usage (g) 1.000 0.294 0.000
Energy cost ($) 0.205 1.000 0.000
Production speed (min) 0.294 1.000 0.000
Consumable cost ($) 1.000 0.728 0.000
Recordable injury 0.791 0.000 1.000
Job satisfaction ($/h) 1.000 0.234 0.000
Research community engagement 0.000 0.934 1.000
Shear load (KN) 0.000 1.000 0.165
Ductility (%) 0.930 1.000 0.000
Toughness (N-m) 0.017 1.000 0.000

Table 6. Normalized matrix using TOPSIS.

Indicator FSW SPR AB
CO, emission (Kg) 0.631 0.107 0.769
Energy consumption (kWh) 0.631 0.106 0.769
External material usage (g) 0.000 0.577 0.817
Energy cost ($) 0.632 0.104 0.768
Production speed (min) 0.581 0.023 0.814
Consumable cost ($) 0.028 0.282 0.959
Recordable injury 0.403 0.871 0.280
Job satisfaction ($/h) 0.622 0.563 0.544
Research community engagement 0.061 0.684 0.727
Shear strength (MPa) 0.482 0.706 0.519
Ductility (%) 0.614 0.623 0.485
Toughness (N-m) 0.134 0.984 0.119
FSW
0.591
0.493
—e—GRA
—&—TOPSIS
0.264
0.441 0.695
0.81
AB SPR

Figure 10. Aggregated sustainability scores of friction stir welding (FSW), adhesive bonding (AB),
and self-piercing riveting (SPR) obtained through GRA and TOPSIS methods.
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Finally, sensitivity analysis was conducted using the sensitivity index. Figures 11 and 12
illustrate the changes in sustainability scores due to variations in production speed and
consumable cost indicators, respectively. The changes for both methods were relatively
small and did not affect the ranking of the alternatives. This suggests that the GRA, TOPSIS,
and Entropy methods employed in this study were sufficient for evaluating the processes’
sustainability. Nonetheless, each process performed differently when compared across
different indicators. For instance, FSW is the best process based on the consumable cost
indicator since it has the lowest value. However, it is the worst based on toughness values.
AB is the safest process since it has the least number of injuries reported. However, in terms
of energy usage, it is the worst. Ultimately, the decision between AB, SPR, and FSW will be
based on the demands of the application and the priorities of the stakeholders. A sustain-
ability assessment utilizing MCDM techniques can provide stakeholders with a general
sustainability score that they may employ to base their decisions on their requirements and
objectives.

Sensitivity analysis: Production speed

1.84%

3.97%

1.50%

0.12% 0.14%
1 |

FSW SPR AB

0%

B GRA BTOPSIS

Figure 11. Sensitivity analysis of the effects of production speed on sustainability scores.
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Sensitivity analysis: Consumables cost
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Figure 12. Sensitivity analysis of the effects of consumables cost on sustainability scores.

5. Conclusions

A thorough sustainability examination of friction stir welding (FSW) was conducted
through a comprehensive sustainability assessment model, which involved comparative
analyses with established joining techniques such as adhesive bonding (AB) and self-
piercing riveting (SPR). The evaluation included rigorous methodologies, including indi-
cator quantification, weight determination through the Entropy method, normalization
employing both GRA and TOPSIS methods, as well as result aggregation and sensitivity
analysis. The MCDM results emphasized the higher sustainability performance of the SPR
process scoring an average sustainability score of 75.3%, with FSW and AB closely trailing,
scoring an average sustainability score of 54.2% and 35.3% respectively.

In the context of conventional joining methods such as SPR and AB, and despite
coming second in the sustainability assessment, FSW still emerges as a promising and
sustainable alternative to similar joining methods. Moreover, its confirmed ability to
proficiently unite hybrid structures, spanning diverse material combinations like metals to
polymers, introduces avenues for innovative and sustainable manufacturing practices. This
inherent versatility holds transformative potential for reshaping product designs across a
spectrum of industries.

In conclusion, the presented comprehensive sustainability assessment has provided
valuable insights into the environmental performance of various joining techniques, notably
emphasizing the promising sustainability prospects of friction stir welding (FSW). It is
crucial to outline potential avenues for future research that could contribute to an improved
understanding of sustainable joining processes and their implications.



Sustainability 2024, 16, 3664 17 of 19

e  There exists an opportunity to delve deeper into the optimization of process parameters
within the FSW technique. Future studies could uncover ways to further enhance
the sustainability performance of FSW by systematically exploring the impact of
different process parameters. This optimization attempt aims to improve the process
for increased efficiency and reduced environmental impact.

e Integrating a comprehensive life cycle assessment (LCA) into the evaluation frame-
work represents a promising direction for future research. Such integrated approach
will lead to more informed decision-making for sustainable manufacturing practices.

Incorporating these future research directions will foster the ongoing development of
sustainable manufacturing practices, offering solutions that align with both environmental
and industrial needs.
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