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Abstract

The manufacturing sector has a major impact on the three sustainability dimensions
represented by social, economic, and environmental aspects. Most of the work on
sustainability assessment in the field of manufacturing is conducted at the product level
or for specific processes; mainly machining with a limited number of indicators that do
not capture all three dimensions of sustainability. The aim of this work is to develop a
new systematic and comprehensive framework for the sustainability assessment of
manufacturing processes that covers the three sustainability dimensions. Guidelines to
select and quantify the relevant indicators, convert the quantified weighted indicators
into dimensionless quantities, and rank the alternatives based on the aggregated scores
are presented. The proposed framework combines objective and subjective weighting
methods to reduce the uncertainty associated with subjective weighting. It also captures
the interaction among different indicators by utilizing multi-criteria decision making
methods instead of the traditional statistical methods. Sensitivity analysis is proposed
to ensure the reliability and robustness of the aggregated results (final scores). A case
study is carried out by applying the proposed framework to evaluate the sustainability
level of four welding processes, which are Friction Stir Welding (FSW), Gas Metal Arc
Welding (GMAW), Gas Tungsten Arc Welding (GTAW) and Shielded Metal Arc
Welding (SMAW). The four processes are used to weld aluminum 5083 plates with a
thickness of 5 mm. Physical performance of the welded plates is considered as a fourth
sustainability dimension to assess the quality of the welded parts. The assessment is
carried out using three multi-criteria decision making methods, which are the TOPSIS,
GRA and COPRAS. The results obtained from the assessment reflect that the FSW
welding is the most sustainable welding process for this case with an overall
sustainability score of 0.611 based on TOPSIS method, 0.753 based on GRA, and 0.317
based on the COPRAS method.

Keywords: Sustainability Assessment; Indicators; Multi-Criteria Decision Making
methods; Sensitivity Analysis; Manufacturing processes; Welding Processes
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Chapter 1. Introduction

1.1.  Overview

Over the past few decades, there has been growing interest in sustainability
assessment as an essential tool towards sustainable development. The standard
definition of sustainable development provided by the Brundtland report (1987) is
“development that meets the needs of the present generation without compromising the
ability of future generations to meet their own needs” [1]. According to the U.S.
National Academy of Sciences [2], there are three important components of sustainable
development; the first component is what to be sustained, the second is what to be
developed, and the third is the relation between the first and second components. These
components identify three areas to be sustained which are nature, life-support systems
and community. In the year 2002, the World Summit on Sustainable Development
marked the introduction of the three dimensions or pillars of sustainable development
which are economic development, social development and environmental protection

[3], as shown in Figure 1.

Environmental

Sustainability
Pillars
Social Economic

—

Figure 1: Sustainability dimensions

An essential part of sustainable development is the concept of ‘sustainability
assessment’. In general, sustainability assessment is defined as a methodology “that can
help decision-makers and policy-makers decide what actions they should take and
should not take in an attempt to make society more sustainable” [4]. Since the 1990s,
many substantial and promising sustainability assessment efforts were made in different
engineering applications such as energy systems, urban planning, building and
construction sector, water treatment and mining and mineral industry [1, 5-20]. Ness et
al. [1] have introduced a framework to categorize the sustainability assessment tools
based on three main categories: indicators/indices, product-related assessment, and
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integrated assessment tools. Singh et al. [6] have provided an overview of various
sustainability assessment indices. They have compiled the information related to the
strategies of formulating sustainability indices or scores which mainly consist of three
central steps: normalization (scaling), weighting and aggregation. Xing et al. [16] have
reported on the development of an Urban Development Sustainability Assessment
Model (UD-SAM) that helps policymakers and decision makers to identify
sustainability indicators from the three sustainability dimensions (environmental,
economic and social), and could lead to more comprehensive evaluation of the

sustainability impact on elements of the urban environment.

1.2. Motivation

The manufacturing sector is a major contributor to economic expansions and
improvement of standard of living globally. However, manufacturing processes have
negative impacts on the environment and society as they consume excessive scarce
resources and produce hazardous wastes and emissions. According to the National
Association of Manufacturers, the industrial sector accounts for 31% of all the energy
consumed in the United States, from which manufacturing industry alone accounts for
around 65% of the industrial sector’s energy consumption [21]. The manufacturing
industries also produce significant amounts of greenhouse gases (GHGs) such as CO2.
Figure 2 shows the Greenhouse gas emissions by economic activity in the European
Union countries (EU-28) in 2013 [22].

B Manufacturing

mElectricity, gas, steam and air
conditioning supply

® Mining and quarrying
Agriculture forestry and fishing

mHouseholds

® Transport and storage

B Other services, water supply
and construction

Figure 2: Greenhouse gas emissions by economic activity, EU-28, 2013 [22]
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The manufacturing sector is responsible for 19% of the total GHG emissions
produced by various economic activities in the EU countries. Therefore, the amount of
effort and research on developing sustainability assessment tools for the manufacturing

processes is rapidly increasing [5].

Several studies have been conducted in the field of sustainability assessment in
the manufacturing sector [11, 13, 23-39]. A significant amount of this work focused on
evaluating the sustainability performance of the manufactured product [37, 40-42].
Hapumatte et al. [37] presented a total life sustainability assessment of additively
manufactured products through a Product Sustainability Index (ProdSl) framework
which was recently established. The authors validated the ProdSI matrices by
conducting a case study with two iterations of additively manufactured products.
Similarly, Zhang et al. [43] presented a new methodology for generating the five-level
Product Sustainability Index (ProdSl) based on a set of product sustainability metrics,
which included methods of data normalization, weighting and aggregation. The ProdSI
framework focuses mainly on evaluating the sustainability performance of the
manufactured product without considering the manufacturing processes used to

produce it.

In contrast, the efforts done to assess the sustainability at the process level are
relatively limited, and most of them concentrated mainly on specific machining
processes such as turning, milling or grinding [23, 25, 29, 31, 44-46]. Bhanot N. et al.
[23] introduced a framework for sustainability assessment of turning processes in an
automobile firm. Furthermore, Lu et al. [29] proposed a metrics-based sustainability
assessment method to address the impact of a drilling process from the economic,
environmental and societal points of view. Moreover, Lu T. and Jawahir 1. [31]
evaluated the performance of Cryogenic Machining experimentally using a metrics-
based Process Sustainability Index evaluation. The aforementioned studies evaluated
the sustainability performance of different machining processes. However, they did not
follow a unified assessment approach. In addition, sensitivity analysis of the final scores

was considered.

Limited work has been done on the evaluation of other processes such as
casting, joining, shaping and forming [24, 47-50], although they could have negative

environmental, economic and social impacts. For instance, casting and some joining
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processes like welding can have serious environmental and social impact, as they
consume significant amount of energy and cause safety risks due to the exposure of
workers to high temperatures and toxic gases. Sproesser et al. [49] applied a weight
space partitioning sustainability assessment tool to evaluate the sustainability
performance of two welding processes with respect to three indicators that reflect their
environmental and economic performance. Chang et al. [48] used Life Cycle
Assessment (LCA) and Social Life Cycle Assessment (SLCA) tools to evaluate the
possible social and environmental impact of candidate welding technologies. Ingarao
et al. [24] have compared the efficient use of energy and material between two sheet
metal forming processes; a single point incremental sheet forming operation and a
classical stamping one, by conducting a sensitivity analysis which is based on
experimental and numerical data. Singh et al. [47] have proposed a new computer-aided
system named Sustainability Analyzer for Die Casting Process where they used the
proposed system to analyze three sustainability indicators, which are energy use, solid
waste and carbon emissions. In the aforementioned studies [24, 47-49], a limited
number of indicators that do not cover the three dimensions of sustainability were

considered in the assessment tools.

1.3.  Thesis Objectives

As seen earlier, most of the available manufacturing sustainability assessment
tools presented in literature focus on the assessment at the product level, while others
focus on specific processes such as machining processes for a limited number of
indictors that do not capture the three dimensions of sustainability. Therefore, the
objective of this thesis is to develop a general comprehensive framework for
sustainability assessment of different manufacturing processes. Unlike most of the
assessment tools used in the manufacturing sector, the proposed framework is
comprehensive in the way that it takes into account all sustainability dimensions in the
analysis. Guidelines to choose and quantify relevant indicators are presented. A
combination of subjective and objective weighting methods is proposed. Multi-criteria
decision making methods (MCDM) are considered for normalizing and aggregating the
indicators’ to address any possible interaction among different sustainability indicators.
Sensitivity analysis of the obtained results is discussed and integrated into the proposed

framework to ensure the reliability and robustness of the final scores.
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Chapter 2. Framework Development

This section discusses the structure of a general framework that policymakers
or decision-makers can follow to evaluate the sustainability performance of various
manufacturing processes. Figure 3 shows a flow chart of the proposed framework.

The first step in the proposed framework is to define the goal of the analysis,
which is selecting the most sustainable manufacturing process for producing a certain
product for a specific application. Once the objective is well defined, all dimensions of
sustainability need to be considered to have a comprehensive evaluation. The key
sustainability indicators, including qualitative and quantitative ones, have to be
carefully selected to capture all sustainability dimensions. Weights for dimensions and
selected key indicator should be assigned to indicate the relative importance. Different
weighting (subjective and/or objective) methods can be used. The weighted indicators
should then be quantified by the means of different measurement tools and
quantification techniques depending on the type of indicators (qualitative or
quantitative). The indicators should then be normalized into dimensionless quantities.
Methods such as Multi-Criteria Decision Making (MCDM) methods, Min-Max, Z-
score and others may be used for normalization. After that, the normalized quantities
are to be aggregated into a single score (index) using the MCDM methods. It is of high
importance to conduct sensitivity analysis on the aggregated scores of the considered
alternatives. If the results are found to be non-sensitive to changes in the indicators’
values or the assigned values of weights, then the decision-maker can use the obtained
scores to rank the different alternative processes and choose the best one. Otherwise,
modifications such as changing the methods used for weighting, normalizing and

aggregating are required.

Detailed explanation of each block of the framework is presented in the

upcoming subsections.
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Figure 3: Proposed framework for sustainability assessment of manufacturing process

16



2.1.  Goal Definition

Sustainability assessment of any manufacturing process should begin with a
statement of sustainability problem that needs to be addressed, e.g., global climate
change and toxicity release[51]. In this step, a decision-maker needs to clearly define
the aim of the assessment. For the proposed framework, the goal of the analysis will be
selecting the most sustainable manufacturing process among several alternatives for a

certain application.

2.2.  Sustainability Dimensions

After defining the objective of the assessment, the decision maker should
consider the three dimensions of sustainability, which are the environmental, social and
economic aspects. Each dimension can be assigned a weight by the policymaker to
determine its relative importance. The weight can be assigned to the dimensions by
means of subjective methods, i.e. ones that depend mainly on the decision-maker’s
preference and judgment [52]. They are usually carried out based on experience, survey,
MCDM methods such as the Analytical Hierarch Process (AHP) method, or by other
methods.

2.3.  Selection of Key Indicators

Sustainability indicators (SI) are used to determine the sustainability
performance in a quantifiable form. Joung et al. [51] defined an indicator as a “measure
or an aggregation of measures from which conclusions on the phenomenon of interest
can be inferred”. Usually, sustainability indicators are quantifiable criteria that can
detect all the states and dimensions of sustainability and can be utilized in the
assessment of the performance of the different manufacturing processes [6].

Sustainability indicators can be classified as follows:

e Quantitative indicators, which can be measured and calculated by regular
measurement techniques formulas, such as the energy consumption and COz2
emissions.

e Qualitative indicators, which needs to be quantified by the means of surveys
or based on decision makers’ experience and so on, such as the product

satisfaction and health risk.

Indicators must possess mainly the following criteria [53],[35]:

17



o Relevant: Indicators must directly deliver a meaningful aspect of
sustainability for the manufacturing process under consideration.

o Understandable: Indicators should be easy to understand even by people who
are not experts.

e Measurable: Indicator must be easily measured by the means of quantitative
and qualitative measurement techniques.

o Reliable/Usable: Indicator should provide information that are credible and
accurate.

o Data accessible; the information is readily available or can be gathered and
accessed within the process system.

e Long Term-oriented: Indicators must ensure future development and use

« Timely manner: Collecting and evaluating the data and information for an
indicator should be carried out in a timely manner for informative decision-

making.

An indicator set is a group of indicators combined from the common
environmental, economic, and social sustainability dimensions [51]. There are many
sustainability indicator sets that are publically used such as the Global Report
Initiative (GRI) [54], the 2005 Environmental Sustainability Indicators (ESI) [55], the
United Nations-Indicators of Sustainable Development (UN-CSD) [56], Ford Product
sustainability Index (Ford PSI) [57] and others. They include indicators that can be
effectively used to evaluate the sustainability of manufacturing processes.

A challenge that decision makers in manufacturing enterprises face is to
determine which indicators to select and how to interpret these indicators to assess the
sustainability on the process level. Joung et al. [51] from the National Institute of
Standards and Technology (NIST) reviewed 11 indicator sets; listed in Table 1, that are
commonly used. They developed an integrated sustainability indicator repository that
classifies a large number of sustainability indicators into suitable categories and
subcategories as shown in Figure 4. This comprehensive indicator repository is believed

to be extremely helpful in the indicators selection process.
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Table 1: Common indicator sets reviewed by Joung et al. [51]

Indicator Set Number of Dimensions Covered
Indicators
Global Report Initiative (GRI) 70 economy, environment, and society
12 mainly the economic dimension, but
Dow Jones Sustainability Indexes (DJSI) also includes some aspects of the
environmental and social dimensions
2005 Environmental Sustainability 68 environmental stewardship
Indicators (ESI)
Environment Performance Index (EPfl) 19 environmental
United Nations-Indicators of Sustainable 96 economic, social, and environmental
Development (UN-CSD)
Organisation for Economic Cooperation 46 environmental, social, and
and Development (OECD) Core economic
Environmental Indicators (CEI)
Ford Product Sustainability Index (Ford 8 environmental,
PSI) economic and societal
International Organization for 155 environmental
Standardization (ISO) Environment
Performance Evaluation (EPE) standard
(1SO 14031)
Environmental Pressure Indicators for 60 environmental
European Union (EPrl)
Japan National Institute of Science and 150 technological advancement
Technology Policy (NISTEP)
European Environmental Agency Core Set 37 environmental
of Indicators (EEA-CSI)
Sustainability
I
| I | 1 1
Environmental Economic Social Well- Technological Performance
Stewardship Growth being Advancement Management
— Emission — Cost — Employee %Zsf;;cglm:lﬂ — Conformance
— Pollution — Profit — Customer — Tﬂ;zg&h Pm]%gaﬂ)gyand
C R({sourc; —  Invesment — Community
onsumption
| | Natural Habitat
Conservation

Figure 4: NIST indicator categorization structure developed by the NIST [5]
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2.4.  Weighting of Indicators
After choosing the relevant performance indicators, the policymaker needs to

assign a weight to each indicator either before or after quantifying it in order to
determine the relative importance of each indicator. Unlike the dimensions, assigning
weights to indicators can be done by means of both subjective methods and/or objective
methods. As mentioned earlier, the subjective methods are the ones that are based on
the decisions-maker’s experience. However, the objective methods, such as the Entropy
Weight method, assign weights to indicators based on their quantified value (real
value). Contrary to the subjective methods, uncertainties are not associated with
objective methods [58]. In this framework, the use of a combination of subjective and
objective weighting methods is suggested to reduce the errors and uncertainties

associated with pure subjective weighting.

2.5.  Quantification of KPIs

As stated earlier, the quantification methods are the tools and formulas used to
measure and calculate the value of a Key Performance Indicator (KPI), either using the
total amount (absolute) or relative amount (per unit of product) or both [35]. The
quantification procedure requires mainly figuring out the suitable measurement
technique and collecting the measurement data. For quantitative indicator such as the
energy consumption and CO2 emissions, the measurement is more straightforward and
simple as the decision maker can depend on existing models and simulations that
provide an understanding of the system and indicators [51]. In addition, some
quantitative indicators can be measured using devices that provide both the value of the
indicator as well as the unit. For instance, power consumption of a machine used to
perform a certain process can be measured using power meter which will provide the
amount of electricity consumed by the machine during the time interval of operation.
Generally, the results of the measurements should include both the measured value as
well as the associated measurement uncertainty. On the other hand, quantification of
qualitative indicators such as product satisfaction and health risk is not as straight
forward as quantification of quantitative indicators as it requires historical data, surveys
or subjective judgments which are usually based on experience. Thus, higher

uncertainties are associated with the qualitative indicators.

20



2.6.  Normalization and Aggregation

Different performance indicators have different physical dimensions (units).
Therefore, the values of these indicators need to be scaled into dimensionless values
such that they can be analyzed and compared. This process is called normalization. In
general, there are different statistical methods that can be used for normalization such
as the Z-score method and the Min-Max method. However, sustainability assessment
is considered a complex Multi-Criteria Decision-Making (MCDM) process that
involves both quantitative and qualitative factors. Therefore, MCDM methods, such as
the Analytical Hierarchy Process(AHP)/Analytical Network Process (ANP), Grey
Relation Analysis (GRA), Technique for Order Preferences by Similarity to Ideal
Solutions (TOPSIS) and others, are the preferred methods for normalization, weight
assignment, as well as aggregation especially in engineering applications such as
material selection [59-64], assessment of building-integrated green technologies [65],
assessment of sustainable housing [66], analysis of counter flow wet cooling tower [67]
and sustainability assessment of manufacturing industries [23, 68, 69]. In the current
proposed framework, the values of performance indicators can be normalized and
aggregated into a single score or index using MCDM methods to account for the
interactions among the different indicators. A brief overview for some of these methods

is presented below.

2.6.1. Analytical Hierarchy Process (AHP). The AHP method was
developed by Saaty, in 1980 [70]. It is a subjective decision making tool that is widely
used for weighting determination [52]. The weights or relative importance of the
attributes depends on the decision maker’s preferences, which is usually based on
experience. AHP decomposes the complexity of the problem in the form of a simple
hierarchy, descending from overall goal to criteria, sub-criteria (if exist) and choices or
alternatives as shown in Figure 5. The relative weights of criteria and sub-criteria are

allocated to compare the alternative processes [71].
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Sustainability Assessment of
Manufacturing Processes

Figure 5: The AHP hierarchy structure

The AHP method is easy to use, scalable, easily adjustable to fit many sized
problem and it is not data intensive. However, it has some limitations as it does not take
into consideration the interdependence among criteria and alternatives in the same
hierarchy level. Also, it can lead to inconsistencies between the judgment and the
ranking criteria as well as rank reversal [72]. The AHP can also be used for obtaining a
sustainability index or score (aggregation) by calculating the composite weight of the
indicators. To make a decision in an organized way using the AHP method, Saaty [70]
points out that a decision maker needs to generate priorities by decomposing the

decision into the following steps:

e Defining the problem and determining the type of knowledge sought.

e Structuring the decision hierarchy from the top with the goal of the evaluation,
then the dimensions of the sustainability from a broad perspective, through the
intermediate levels (indicators) to the lowest level. This is mainly the set of the
alternative process considered in the assessment (see Figure 5).

e Constructing a set of pairwise comparison matrices where each element in an
upper level is used to compare the elements in the level just below with respect
to it. In order to make these comparisons, decision makers need a scale of
numbers that can be used to indicate how many times one element is more
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dominant or important over another element with respect to the attribute or
indicator with respect to which they are compared. Table 2 shows the pairwise
comparison scale of the indicators.

Using the priorities obtained from step 3 to weigh the priorities in the level
immediately below. After doing this for every element, the decision maker
should add the weighted values of each element in the level below and obtain
its overall or global priority.

Continuing this process of weighing and adding until the final priorities of the
alternatives, which are known as the composite weights, in the bottom most

level are obtained.

Table 2: The fundamental scale of absolute numbers [70]

Intensity of Importance

Definition

Explanation

1 Equal Importance Two activities contribute equally
to the objective
Weak or slight Experience and judgment slightly
2 favor one activity over another
Moderate importance Experience and judgment strongly
3 favor one activity over another
4 Moderate plus
Strong importance Experience and judgment strongly
5 favor one activity over another
6 Strong plus
Very strong or demonstrated An activity is favored very
7 importance strongly over another; its
dominance demonstrated in
practice
8 Very, very strong
Extreme importance The evidence favoring one activity
9 over another is of the highest

possible order of affirmation

Reciprocals of above

If activity i has one of the above
non-zero numbers assigned to it
when compared with activity j,
then j has the reciprocal value
when compared with i

A reasonable assumption

1.1-19

If the activities are very close

May be difficult to assign the best
value but when compared with
other contrasting activities the size
of the small numbers would not be
too noticeable, yet they can still
indicate the relative importance of
the activities.
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2.6.2. Analytical Network Process (ANP). As stated earlier, one of the major
limitations for AHP method is that it normally assumes no interdependence between
the indicators or alternatives at a given level of the hierarchy. However, many decision-
making problems are not structured in a hierarchical manner and they involve inner and
outer dependences (also referred to as feedbacks and interactions between indicators
and/or alternatives). Therefore, the ANP method was proposed by Saaty as an

extension to the AHP in order to tackle this issue [73].

In the ANP method, there is an outer dependence that refers to the situation
when an alternative in a cluster could depend on some indicators that are situated at
another cluster. Also, there could be an inner dependence which refers to the case when
elements of a cluster can affect each other (i.e., interconnected). Figure 6 shows a
typical decision making case where there is a goal, a set of performance indicators and
a set of alternatives. ANP is considered a lengthy and time consuming procedure which

makes it inconvenient to apply; especially for engineering applications [73].

Cluster 1: C1
Cluster 2: C
: 2 > Inner Dependence

A feedback: Quter
Dependence

Level 1:

Level 2:

Cluster 3: (3

Alternatives

(Al: AZ.“ )

Level 3: Alternatives
(Al.' AZ.‘ - )

(®)

()
Figure 6: Example of the structural difference between a hierarchy and a network: (a)

a three-level hierarchy and (b) a three-cluster network

2.6.3. Grey Relation Analysis (GRA). The grey relation method (GRA) has
been developed as a quantitative approach that can assist decision-making by testing
the degree of similarity or the degree of difference between two sequences based on the
grade of relation[52]. The more the similarity between the two sequences, the larger the

grey relational correlation is, and vice versa.
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To use the GRA method, it is important to normalize the collected data related
to the sequence of selected indicator to a common scale for comparison. GRA method

consists of the steps shown in Figure 7, and summarized as follows [74]:

Grey Relation Generating

=S

Reference Sequence Definition

e

Grey Relation Coefficient Calculation

R —

Grey Relation Grade Calculation

SN ., . EEN—
Figure 7: GRA method steps

1. Grey relational generating (Normalization)

This process is analogous to normalization where the different attributes or

indicators are all scaled into [0, 1] using equations 1,2 and 3:

yij—Min(yij,i=1,2,...,m)

.X'ij = Max(Yijri=1'2""’m)_Min(yij’i=1’2'---:m) fori = 1,2,...m ] = 1,2, ..,n (1)
Max(y;i,i=1,2,.m)=y;i . .
Xji = , vy : ) Vi) fori=1,2,...m j=1,2,..,n (2)
J Max(yij,lz1,2,...,m)—Mm(yij,l=1,2,...,m)
lvij — ¥jl
Xij = 1 lj ]

Max{Max(yij,i =1,2, ...,m)} — yl?‘j,ylf"j — Min{(yij,i =12,..,m)
fori=1,2,..m j=1,2,..,n 3

Equation 1 is used for beneficial indicators, i.e. those are the larger-the-better
attributes such as the material recyclability and reusability. Equation 2 is used for non-
beneficial attributes, i.e. those are the-smaller-the-better attributes such as the energy
consumption and €O, emissions, and equation 3 is used for the-closer-to-the-desired-

value-y;-the-better. This step will transform all the performance values for each
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candidate process from a performance sequence Y; = (y;1, Yizs - Yij» - Yin) fOr every

alternative process into a comparability X; = (x;1, Xz, .., Xij, -ons Xin)-
2. Reference sequence definition

After normalizing all the indicators values into [0, 1], if the value x;; for an
indicator j of process i, is equal to 1, or closer to 1 than the value of the same indicators
for any other process, then the process i is the best one for the indicator j. Thus, a
process will be the best choice if all of its performance indicators values are equal to 1
or closest to 1. Unfortunately, such a process does not usually exist and therefore, a
reference sequence X, is defined as (xo1, X2, v Xojs - Xon) = (1,1, .., 1,..,1).
Accordingly, the goal will then become finding the alternative process that has a

comparability sequence that is the nearest to the reference sequence.
3. Grey relational coefficient calculation

At this step, the relative closeness of x;; to x,; is determined by the means of
grey relation coefficient where the greater the grey relational coefficient, the closer x;;

to x,; is. This coefficient can be obtained using equation 4.

Amint{Amax
Aij"'(Amax

¥ (X)) Xij) = fori=12,...m j=12,..,n (4)

In equation 4, y(x,;, x;;) is the grey relation coefficient between x,;and x;;,
and Aij= xij — x4l
Apin= Min(D;, i =1,2,...,m; j =1,2,..,n)

Apax= Max(A;;,i =1,2,....m; j=1,2,...,n)

j»
¢ is called the distinguishing coefficient and it is only used to enlarge or
compress the range of the grey relational coefficient.

4. Grey relational grade calculation (Aggregation)

The last step of the GRA method is to calculate the Grey relational grade in a
processes analogous to aggregation to obtain a single index that can be used later to

rank the candidate processes. This can be accomplished using equation 5.

F(XO,Xi) = ;-l=1 w; )/(xoj,xij) fori = 1,2,...m (5)
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In equation 5, T'(X,, X;) shows the level of similarity between the comparability
sequence and the reference sequence, and w; is the weight of indicator j which usually
depends on the judgment of the decision makers or can be calculated using suitable

objective weighting methods.

2.6.4. The TOPSIS method. The Technique for Order Preferences by
Similarity to Ideal Solutions (TOPSIS) approach was developed by Hwang and Yoon
[75] and is used to obtain a solution that is closest to a positive ideal solution and
furthest from a negative ideal solution [63]. This method needs information on relative
importance of indicators which can be obtained using subjective weighting methods
like the AHP or objective weighting methods such as the Entropy weight method or a
combination of both. The TOPSIS approach is used not only to normalize the weighted
indicators, but also to obtain a sustainability score (Aggregation) that is used later to
rank the candidate processes. It is a simple process that can be used and programed
easily. Also, the number of steps remains the same regardless of the number of
indicators considered. However, it uses the Euclidean Distance which does not take into
consideration the correlation of indicators. Also, it is somewhat difficult to assign
weights for indicators and keep consistency of judgment using this method [72]. The
TOPSIS methods consists of the following steps [71]:

1. Constructing an evaluation matric

This step is based on all the data and information available for the indicators.
The matrix consists of m alternatives and n attributes or indicators. Each row of this
matrix represents one alternative and each column represents one attribute. So, an

element x;; in the decision matrix represents the value of the jt" indicator in original

real values for the i" alternative process.

2. Obtaining the normalized decision matrix (Normalization) using equation 6.

0.5
R;; = xij/[27=1 xi;?] (6)
3. Obtaining the weighted normalized matrix V;; by the multiplying each element of the

matrix R;; with its associated weight vector w;.

4. Finding the positive ideal (best) and negative ideal (worst) solutions. This can be

done using equations 7 and 8.
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V+ = ((Vi;nax/j)' (Virjnin/j,) / [ = 1' 2' ...,TL), = (V1+' V2+' V3+r R Vn-{-) (7)

Vo= ((Vi;nax/j)' (Virjnin/j,) / [ = 1' 2' ...,TL), = (Vl_' VZ_' V3_r e Vn?) (8)

Where,
J] = ({ = 1,2,..,m)/j is associated with beneficial indicators and
J' = (G = 1,2,..,m)/j is associated with non-beneficial indicators.

5. Determining the separation of each candidate process from the ideal one by

Euclidean distance which can be calculated by equations 9 and 10.
St = vy = 17) )05, i= 12,0, (©)

ST = @ (Vi; - V) )0S5, i= 1,2, n (10)

6. Finding the relative closeness of every alternative process to the ideal solution, P;,
using equation 11, and then ranking the alternatives in the descending order based on

the values of P;.
Py =S7 /(S +S7) (11)

2.6.5. Entropy method. The Entropy method is used to assign weights to
indicators based on their quantified value (real value) [76]. It is a good approach to
avoid any uncertainties and inconsistencies associated with the weights assigned by
subjective judgments. In this method, the indicator with performance values that are
widely different from each other have higher importance for the problem due to more
influence on ranking outcomes. In other words, an indicator will have less importance
if all alternatives have similar performance values for that indicator [58]. Hong et al.
[76] have used the entropy weight method to determine the weights of indicators in
fuzzy synthetic evaluation for water quality assessment. The evaluation result obtained
by the authors showed that the entropy method for weight determination is a very
effective approach for evaluating indicators. The method determines the weights of the
indicators through equation 12 as following:

1—H]-
n ]
n—Z]-:l Hj

Where H; is called the entropy, and can be calculated using equation 13 as

following:
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H; = kXL, fi; - In(fi)) (13)

Where k = —— all

o fu = T and assuming that f;; = 0 when In(f;;) = 0

2.6.6. ELECTRE method. The ELECTRE is an outranking method that was
developed by Roy [77]. It stands for ‘ELimination Et Choix Traduisant la REalité °
which means Elimination and Choice Expressing the Reality [71]. This method is one
of the widely used MCDM method in many different applications of science and
technology such as material selection [78, 79], choosing the best facility location [80]
and Company Acquisition selection [81]. However, only a few applications were

found in the field of manufacturing, such as manufacturing system selection [82].

The ELECTRE method is a highly efficient MCDM method because it
considers the uncertainty and vagueness in the analysis which are usually inherent in
data produced by estimations and predictions [71]. Another advantage of the ELECTRE
method is that it can successfully deal with quantitative and qualitative indicators [71].
However, the ELECTRE has some drawbacks as it is relatively time consuming and
not easy to understand because of the principles used in determining the concordance
and discordance matrices. Also, it lacks in systematic way of assigning weights for the
indicators. Furthermore, the thresholds calculated using these metrics are usually
established according to the decision maker opinion which translates into subjectivity
[83]. The procedure for decision making using the ELECTRE method is described as
follows [71]:

1. Construction of the Decision Table

A decision table needs to be formed using the data and information available
regarding the candidate processes and indicators. This step is similar to the third step in
the AHP method discussed in the sec. 2.6.1

2. Assigning Weights for the indicators

A weight should be assigned for each indicator using subjective weighting
methods like the AHP method or objective weighting method such as the entry method

or using a combination of the two types.

3. Calculations for the Final Ranking

29



At this step, all the indicators are assumed to be beneficial (i.e. higher values

are desired). If fj(al) is defined as the score of process ““al’’ on indicator, and w;

represents the weight of indicator j, then the concordance index C(al,a2) is defined

as follows:
C(al,a2) = %Z?’Ll wicj(al,a2), where W = Z?’Ll w; (14)
Where,
(1L if fila)+gq;= fi(a2))
0, if fi(al)+p; < fij(a2)
¢j(al,a2) = L@, 71582 perwise. (15)
| pj—qj
L =12 ..M

The preference threshold (p) is defined as a difference of objective values of an
indicator above which the decision maker strongly prefers a process over another for
the given indicator. While the indifference threshold (q) is defined as a difference of
indicator values below which the decision maker is indifferent between two alternative
processes for the given indicator. The concordance index C(al, a2) shows the relative
dominance of process ‘‘al’’ over process ‘‘a2’’, based on the assigned weights to the
relevant indicators. If there exit any non-beneficial indicators, then negative of the
objective values could be considered. In order to calculate the discordance index
d;j(al,a2) for each indicator, a threshold, called the veto threshold, is defined. This
threshold permits for the possibility of process ‘“‘al’’ outranking process ‘‘a2’’ to be
totally rejected if, fj(al) = fj(al) + v; for any indicatorj. The discordance index
shows the degree at which process ‘‘al’’ is worse than process ‘“‘a2’’. The discordance

index is calculated as follows:

(0, if fila)+p;= fj(a2)
0, if fila)+v < fi(a2)
dj(al,a2) = fi(a2)=p;~f;(@1) otherwise. (16)
| vj=pj
\ j=12..,M)

The next step is combining the concordance and the discordance indices

produce a measurement for the degree of outranking, which is a credibility index that
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evaluates the strength of the assertion that process al is at least as good as process a2’’.
The credibility index for each pair of processes (al,a2) € A is defined as:
( C(al,a2), if dj(al,a2) < C(al,a2), v, 1

where,j € J(al,a2) is the set of indicators
S(al,a2) = { such that d;(al,a2) > C(al,a2) } (17)
I

1-dj(a1,a2)
1-C(al,a2)

|
| C(al,a2),ITjesataz) otherwise |

The next step is to generate the hierarchy of the alternative processes from the
elements of the credibility matrix. This is accomplished by calculating the superiority
ratio for each alternative process. This ratio is calculated from the credibility matrix and
is defined as the fraction of the elements’ sum of every process’ respective column. The
numerator for each alternative is also known as concordance credibility is calculated as

follows:

¢*(al) = Yazea S(al,a2) (18)

The denominator for each process i.e. discordance credibility is calculated as

follows:

¢~ (al) = Yazes S(a2,al) (19)

Finally, the superiority ratio is obtained as:

R(aD) =224 (20)

The processes are then arranged in ascending order of their superiority ratio.

The processes with higher values of superiority ratio are preferred over the others.

2.6.7. COPRAS method. The COmplex PRoportional ASsessment Method
(COPRAS) is widely used MCDM method in many science and technology fields. Few
engineering applications of the COPRAS method were found in the literature such as
sustainability assessment [84], road design [85] and construction [79, 81]. The main
advantage of this method is its simplicity and flexibility of use. However, it has its

limitations when dealing with qualitative indicators and attributes.

The steps of the COPRAS method for decision making in the manufacturing

industries are:
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1. Construction of the Decision Table

Similar to the TOPSIS and ELECTREE methods, a decision table needs to be
formed using the data and information available regarding the candidate processes and
indicators. This step is similar to the third step in the AHP method discussed in the

section 2.6.1
2. Calculating the Weights of the Attributes

A weight should be assigned for each indicator using subjective weighting
methods like the AHP method or objective weighting method such as the entry method

or using a combination of the two types.
3. COPRAS Calculations for Final Ranking

o Preparing a decision matrix X:

mll m12 e mlM
le m22 en sz

x=|2 " : (21)
le mN2 e mNM

where, N is the number of manufacturing processes and M is the number of

indicators.

o Normalizing the decision matrix elements using equation 22 and producing the

normalized matrix X.

Xij = SV omy ;i=12,..,Nandj=12,..,.M (22)
Xn1 XNz - XNM

where, j refers to the indicator and i to the process.

o Calculating the weighted normalized value using equation 24 and producing the

weighted normalized matrix X .

fij = XU X Wj} i = 1,2, ,N andj = 1,2,...,M (24)
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le xNZ e xNM

(25)

e Calculating sums Pi of indicators’ values for beneficial indicators, for all the

processes using equation 26:

_vk o
Py = Xi=1 Xij

(26)

Where, kis number of indicators that should be maximized i.e. beneficial

indicators.

e Calculating sums Ri of indicators’ values for non-beneficial indicators, for all

the processes using equation 27:
Ri = Y i1 Xy

e Finding the minimum value of R; using equation 28:
Rpin = minR;; i =1,2,...,N

o Calculating the relative weight of each process Q; using equation 29:

Qi = Py + [ Runin 24 R/ (R 2 (Rminf )]

o Determining the optimality criterion K using equation 30:

K=maxQ; ;i=12,..,N

o Calculating the utility degree of each process using equation 31:

Ni:(QvaM)X]OO%

e Rank the processes in descending order based on their utility degrees.

Table 3 summarizes the MCDM methods discussed above.
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Table 3: Summary of the MCDM methods

MCDM Weighting Normalization Aggregation/Score Advantages Disadvantages
method S— —
Subjective  Obijective
AHP v v Easy to use, Does not take
scalable, into accounts
easily interdependence
adjustable to among criteria
fit many sized  and alternatives,
problem and can lead to
it is not data inconsistencies
intensive
ANP v v Takes into Lengthy and
account inner  time consuming
and out
dependencies
GRA v Easy to use, Different
useful for distinguish
dealing with  coefficients may
poor, lead to different
incomplete, solution results
and uncertain
information
v Simple and Use of
TOPSIS easy to be Euclidean
used and distance does
programed, not consider the
takes input as correlation of
any number attributes, does
of criteria and not consider
attributes uncertainty in
weightings, can
give unreliable
results
v Easy to use,
Entropy help avoiding  Not suitable for
uncertainties qualitative
associated attributes
with
subjective
judgments
v Takes Time consuming
ELECTRE uncertainty and not easy to
and understand
vagueness
into account
v Simple and
easy to use, Cannot deal
COPRAS takes into very well with
account the qualitative
performance criteria
of the
alternatives
with respect
to different
criteria and
the
corresponding
criteria
weights
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2.7.  Sensitivity Analysis

A common definition of sensitivity analysis (SA) is: “The study of how
uncertainty in the output of a model (numerical or otherwise) can be apportioned to
different sources of uncertainty in the model input” [86]. In MCDM methods, it is
assumed that the input data, which are the weights and values of indicators, are
deterministic, and the final scores are obtained based on this assumption. However,
variation in input data is inevitable due to the nature of manufacturing processes. As a
results, sensitivity analysis has to be performed to ensure the reliability of the results
(final scores). If small changes of an input indicator result in significant changes in the
final scores, then it is stated that the latter are sensitive to this indicator. This implicitly
means that either the indicator should be determined more accurately [86], or the
MCDM method used is too sensitive to a specific indicator and has to be changed to
obtain a reliable score. If the results obtained from the sensitivity analysis are
acceptable, then the decision maker can proceed to the final step which is ranking the

candidate processes according to the aggregated scores obtained earlier.

2.7.1. Steps for sensitivity analysis. As stated earlier, the decision maker
should analyze the sensitivity of the model that is used in the evaluation of
sustainability. Figure 8 summarizes the systematic procedure to be followed for

performing sensitivity analysis.

Goal and output function definition

Selection of input parameters

Distribution function selection

Selection of sensitivity analysis method

l

Input sample generation

Model evaluation

Analysis of model output

Figure 8: Steps for sensitivity analysis
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The sensitivity analysis steps are as follows [87]:

Define the goal of the analysis and the form of the output function. In this
framework, the desired goal is the sustainability assessment of manufacturing
processes. The output function is a single sustainability score or index.

Decide which indicators to be included in the analysis.

Select suitable distribution function for each of the considered indicators. This
can be taken from the literature, derived from data by fitting an empirical
distribution function, based on expert’s opinions, or through the definition of a
correlation structure between the indicators, if possible.

Choose a suitable sensitivity analysis method based on the questions a decision
maker is trying to address and the number of model evaluations that a decision
maker can afford based on the execution time. For example, to properly analyze
the sustainability assessment score obtained from a MCDM method, a
policymaker might need a quantitative method in order to be able to answer
his/her final question. In addition, if the number of included sustainability
indicators is high and the evaluation process is time-consuming, the decision
maker is forced to use a simple method that needs a low number of model
evaluations.

Generate an input sample that consists of input indicators values on which the
decision-maker evaluates the model. The sample is generated according to the
method chosen for the sensitivity analysis.

Evaluate the model on the generated input sample and produce the output.
Analyze the model output and draw conclusions, or if needed, start a new

iteration of the analysis.

2.7.2. Sensitivity analysis methods. In order to use the same terminology to

present each sensitivity technique, a generalized model is defined as:

Y =fX)

Where X the vector of input indicators is included in the analysis, and Y is the

corresponding model output that could be an objective function or a time series. The
following are suggested sensitivity analysis methods that are widely used, and can
possibly be applied for the sustainably assessment of manufacturing processes.
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2.7.2.1. One-at-a-time sensitivity measures. Conceptually, this is the simplest
method in which sensitivity measurement is usually calculated by changing the value
of one indicator and fixing the values of all other indicators [88]. It is also known as
‘local’ sensitivity analysis. A sensitivity ranking or score can be obtained by varying
the value of each indicator by a certain percentage while leaving all others constant,
and quantifying the change in the sustainability score. The model result, with all
parameters or indicators remaining constants, is defined as the 'base case'. This
approach is designed on the behavior of the model given a specific set of indicator
values. For instance, assuming the base-case scenario is with all indicator values set to
their mean [89]. This method can be easily applied and interpreted. It usually requires
low simulation runs in comparison to other methods. However, it does not take into
account the interactions and interdependencies between the indicators. Also, it only

investigates a reduced space of the input parameter or indicator around a base case.

2.7.2.2. Linear regression analysis. This method is based on establishing a
linear relationship between the indicators and the model output [90]. It can provide a

measure of how sensitive the model output y is to an indicator x;:
y = by + i1 bix; (32)

Once the regression coefficients b; (i =1,...,n) are estimated (e.g., via least
squares method), the absolute standardized regression coefficient, SRC, can be taken

as the sensitivity score or measure using the following relation:
Si
SRC; = |b; | (33)

Where S;and S are the estimated standard deviations for i** indicator and the
output y, respectively. This method is simple and straightforward. However, it is not
applicable for non-linear or non-monotonic relationships between the indicators and the
sustainability score. Additionally, it cannot be applied when there exists a high level of

interactions and interdependencies among the indicators.

2.7.2.3. Differential sensitivity analysis. Differential analysis, also referred to
as the direct method, is based on partial differentiation of the model in aggregated form
[88]. It can be thought of as the propagation of uncertainties. A first-order Taylor series

approximation is applied to the dependent variable, y, as a function of the independent
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variables X = (Xi ..... Xn). The variance of Y, V (Y), is calculated using the general error

propagation formula:
n aY 2 .
V(Y) = T, GV (X) (34)

The variance in Y is used to measure the uncertainty in model predictions while
the variance in Xi, weighted by the first-order partial of Y with respect to Xi, is used to
measure the sensitivity of the model to Xi. This method is a linearized theory and is
valid only for small parameter uncertainties. Sensitivity analyses using partial
differentiation approaches are computationally efficient. However, solving these
equations can require quite intensive effort. Derivatives of simple functions may be
obtained by less analytical or differencing schemes. However more complex models
usually require complicated numerical procedures. The sensitivity analysis is easy to
perform when an explicit algebraic equation describes the relationship between the
independent variables and the dependent variable. In this case, the sensitivity
coefficient, ¢i, for a particular independent variable can be calculated from the partial

derivative of the dependent variable with respect to the independent variable, i.e.

ay Xi

i =) (35)

Where the quotient, Xi/Y, is introduced to normalize the coefficient by
removing the effects of units. Inherent to this calculation are the assumptions that the
higher ordered partials are negligible and there is no correlation between input
parameters. For large sets of equations, the partial derivative can be approximated as a
finite difference and output values calculated for small changes in the input parameter.
Thus, if nonlinearities are neglected, the partial derivative can be approximated as,

%AY

L= axi (36)

The partial derivative approach to sensitivity analysis may become so
complicated that its implementation becomes impractical. Also, since this approach is
only valid for small changes in indicator values, when parameter variability is allowed
to take on 'realistic' values, the direct approach is seriously violated. The differential
analysis is typically much more demanding to implement than other sensitivity methods

and yet provides only comparable results.
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2.7.2.4. The sensitivity index. This is another simple method for sensitivity
analysis where a decision maker needs to calculate the output percentage difference
when varying one input parameter from its minimum value to its maximum value [88].

The 'sensitivity index' (SI) is calculated using equation 37:

Dmax-b,,;
SI — min

Dmax

(37)

where Dmin and Dmax respectively represent the minimum and maximum
values of the output, which results from changing the input over its whole range of

values.

Table 4 below summarizes the previously discussed sensitivity analysis

methods.

Table 4: Summary of the suggested sensitivity analysis methods

Method Applicability Amount of Reliability
computation
One-at-a time sensitivity Model-independent Low Low
measure
Linear regression analysis Linear Models Low Depend on R?
Linear and non-linear Demanding in general, but Only valid for

Differential sensitivity models

analysis

small changes in
indicator values

low for simple functions

The sensitivity index Model-independent

provides a good
Low indication of
parameter and

model variability

39



Chapter 3. Case Study

The aim of this section is the application of the proposed framework on different
welding processes, including Friction Stir Welding (FSW), Gas Metal Arc Welding
(GMAW), Gas Tungsten Arc Welding (GTAW) and Shielded Metal Arc Welding
(SMAW) to weld thick aluminum 5083 alloy plates. The results are used to compare
the corresponding sustainability level of each process. The results can have industrial
implications in terms of identify the crucial issues associated with each process, and
then defining the consequent improvements of the processes and equipment towards

more sustainable alternatives.

3.1.  Introduction

Welding is universally perceived as the most important joining technology. It
plays a substantial role in modern manufacturing as it is widely involved in several
applications such as the automotive industry, construction, shipbuilding industry,
turbine production and many other industrial segments. However, the welding
processes have negative environmental impacts as they consume significant quantities
of energy and resources. Also, the amounts of greenhouse gases emitted and fumes
discharged by welding processes are large and can cause grievous health issue to

welders exposed to them.

Limited research work have been done to evaluate the sustainability
performance of welding processes [48-50, 91-94]. Sproesser et al. [91] applied a Life
Cycle Assessment (LCA) tool to investigate the environmental impacts of Manual
Metal Arc Welding (MMAW), Automatic Laser-Arc Hybrid Welding (LAHW), and
Gas Metal Arc Welding (GMAW) with a conventional spray arc and a modified spray
arc on four selected impact categories; eutrophication potential, acidification potential,
global warming potential and photochemical ozone creation potential. Chang et al. [48]
carried out a study that incorporated LCA and Social Life Cycle Assessment (SLCA)
to evaluate the environmental and social impacts of different welding technologies. The
authors found the manual welding process to be more risky to welders’ health over the
automatic processes. Vimal et al. [92] presented a study on sustainable Shielded Metal
Arc Welding (SMAW) process. They addressed five important sustainable

manufacturing strategies (green strategies), which are energy modeling and
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optimization studies, waste minimization and disposal studies, process parametric
optimization, process emission studies, and employee skill training and involvement
program, to study their effect on SMAW using LCA tool. Sproesser et al. [49]
conducted a research to select a sustainable welding process on the basis of weight
space partitions approach. The considered welding processes were manual and
automatic Gas Metal Arc Welding (GMAW). The evaluation of sustainability was

based on environmental and economic criteria.

Most of the frameworks and models used in evaluating the sustainability of
welding process were not comprehensive as they considered a limited number of
indictors that do not capture all dimensions of sustainability. To address this challenge,
the proposed framework will be used to comprehensively evaluate the sustainability of
several welding processes. The welding processes considered in this study are Friction
Stir Welding (FSW), Gas Tungsten Arc Welding (GTAW), Gas Metal Arc Welding
(GMAW) and Shielded Metal arc Welding (SMAW). An experiment was conducted to
weld thick aluminum plates using these processes. The framework considers enough
sustainability indicators from each dimension. A physical performance dimension is
added to evaluate the quality of the welded parts produced by each process. After
welding, several tests were carried out on the welded parts to quantify the physical
performance indicators. The relative importance of each indicator was determined using
the objective (based on indicators’ values) Entropy Weight method in order to avoid
any uncertainties associated with subjective (based on decision makers’ experience or
opinion) weighting methods. The results are used to compare the corresponding
sustainability level of each process. Different Multi Criteria Decision Making (MCDM)
methods are used for normalization and aggregation in order to address any possible
interactions among different sustainability indicators. Sensitivity analysis of the
obtained results is conducted in this study to ensure the reliability and robustness of the
final scores.

The next sections discusses the experiments conducted to weld thick metallic
plates using the aforementioned processes. It also presents the tests carried out on the
welded parts to quantify the indicators for the physical performance dimension. After
that, a detailed discussion on the sustainability model used in this study is presented

including the key performance indicators for each dimension, the weighting method
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used and the MCDM methods considered for normalization and aggregation and the

results of the sustainability assessment and sensitivity analysis.

3.2.  Welding Technologies

3.2.1. Friction Stir Welding (FSW). Friction stir welding (FSW), illustrated
in Figure 9 [95], is a solid state welding process in which a cylindrical rotating tool,
consisting of a cylindrical shoulder and a pin projecting beneath it, is traversed along
the joint line between two work pieces. This process generates heat due to friction and

mechanical stirring of the metal by the pin to form the weld seam [96].

Shouldered
nonconsumable
tool

Probe

Weld
Figure 9: The principle of friction stir welding process

The heat produced by the friction and mixing does not melt the metal but
softens it to a temperature under the melting point of the base material in order to avoid
any operational issues related to the melting and solidification of the material [97]. FSW
process does not require any filler material. FSW process is used in various industries
such as automotive, aerospace, railway, and shipbuilding industries. Typical
applications include butt joints on large aluminum parts. Also, it can be used to join
other metals such as steel, copper, and titanium. Polymers and composites have also
been joined using FSW. The advantages of FSW over other welding processes include;
good mechanical properties of the weld joint, good weld shape, little shrinkage or
distortion and avoidance of any problems associated with arc welding such as toxic
fumes, warping and shielding issues. However, FSW also has several noteworthy
drawbacks. For instance, when the tool is removed from the work piece, an exit hole is

produced. Additionally, heavy-duty clamping of the parts is typically required [96].
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3.2.2. Gas Metal Arc Welding (GMAW). Gas Metal Arc Welding (GMAW),
also known as Metal Inert Gas (MIG), is an arc welding process in which a consumable
electrode (bare metal wire) is used along with a shielding gas. The electrode is
continually and automatically fed from a spool through the welding gun, as shown in
Figure 10 [96].

Feed from spool

x r Shielding gas

Electrode wire ——— Direction of travel
-

Nozzle ———

Shielding gas

Solidified weld metal

i

Base metal Molten weld metal

Figure 10: The principle of gas metal arc welding process

Typical shielding gases used in GMAW include inert gases such as argon and
helium, and active gases such as carbon dioxide. Inert gases are used mainly for welding
aluminum alloys and stainless steels, while carbon dioxide is commonly used for
welding low and medium carbon steels [96]. In this process, the need for cleaning and
manual grinding of the slag is eliminated as the use of bare electrode wire combined
with shielding gases eliminates the slag covering on the weld bead .GMAW is widely
used in factories for welding a variety of ferrous and nonferrous metals. The advantages
of GMAW include shorter welding time compared to other arc welding process such as
Shielded Metal Arc Welding (SMAW), because GMAW uses continuous weld wire
rather than welding sticks. Also, the utilization of electrode material is higher in
GMAW compared to the other processes that use stick welding. This is because in stick
welding, filler material is wasted because of the remaining electrode stump.
Furthermore, since no flux is used, the need for slag removal in GMAW is eliminated
[96].

3.2.3. Gas Tungsten Arc Welding (GTAW). Gas tungsten arc welding

(GTAW), also known as Tungsten Inert Gas (TIG), is an arc welding process in which

43



a non-consumable tungsten electrode is used along with an inert gas for arc shielding,

as shown in Figure 11 [96]. GTAW can be applied with or without a filler metal.

Tungsten electrode Shielding gas
(nonconsumable)

Gas nozzle

Electrode tip
2
N Solidified weld metal

Base metal Molten weld metal

Direction of travel
-

Shielding gas

A

Figure 11: The principle of gas tungsten arc welding process

When a filler material is used in the process, it is supplied to the weld spool
from a separate rod. The filler material is melted by the heat of the arc instead of being
transferred across the arc as the case in the consumable electrode arc welding processes.
Tungsten is considered an adequate electrode material since it has a high melting
temperature. Usually, argon, helium or a combination of both is used as a shielding gas.
A wide range of stock thicknesses of almost all metal can be joint using GTAW. Also,
several combinations of dissimilar metal can be joined using GTMA. Typical manual
and automatic application of GTAW include aluminum and stainless steel for almost
all types of joints. Cast irons, wrought irons, and of course tungsten are difficult to weld
by GTAW. Advantages of GTAW include producing welds with high quality, almost
no cleaning is needed after weld since no flux is used. Also, since no filler is transferring
across the arc, no weld spatter is generated.

3.2.4. Shielded Metal Arc Welding (SMAW). Shielded metal arc welding
(SMAW), also known as stick welding, is an arc welding process that uses a
consumable electrode. Unlike the GMAW and GTAW, this process does not use a gases
for shielding. Instead, it uses an electrode that consists of a filler metal rod coated with
chemicals to provide flux and shielding, as shown in Figure 12 [96]. The composition

of the filler metal must be very close to that of the metal to be welded.
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Figure 12: The principle of shielded metal arc welding process

Typically, the coating is composed of powdered cellulose, which are mainly
cotton and wood powders, mixed with carbonate, oxides and other ingredients, held
together by a silicate binder. Metal powders are also sometimes incorporated in the
coating to increase the amount of filler material and to add alloying components. The
coating is melted by the heat of the welding process which results in generating a
protective slag and atmosphere for the welding operation. This also helps in stabilizing
the arc and regulating rate of melting of the electrode [96]. Typical applications of
SMAW include pipeline, machinery, construction, shipbuilding, job shop fabrication,
and repair work. SMAW is commonly used to weld steels, stainless steels, cast irons,
and some nonferrous alloys. It is not used or rarely used to weld aluminum and its
alloys, titanium and copper alloys. The advantages of SMAW include low cost and easy
portability of the equipment, which make this process highly versatile. However, the
arc time is reduced in SMAW as the sticks should be changed periodically. Also, the
coating could overheat and melt prematurely if no current level is maintained at a safe
range. That is due to the variation of the length during the operation which affects the

resistance heating of the electrode.

3.3.  Experimental Work

3.3.1. Setup. The goal of the experiment was to weld two similar thick metallic
plates using FSW, GMAW, GTAW and SMAW processes. The material used in this
study was aluminum alloy 5083 in form of 5-mm-thick sheets, as shown in figure 13.
For each process, three samples (pairs of plates) were prepared to ensure repeatability
and accuracy of the results. The type of the welding joint was the butt joint. For

GMAW, GTAW and SMAW, the samples were prepared with a single V-groove along
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the weld seam to facilitate filler metal penetration. However, the samples for FSW were

prepared without any grooves since no filler material is used in this process.

Figure 13: Metallic plates to be welded

Before welding, each sample was named based on the corresponding welding
process and the corresponding trial number. For instance, the first trial for fiction stir

welding was named “FSW-17, the second trial was named “FSW-2" and so on.

The FSW process was conducted using a vertical computer numerical control
(CNC) machine. The main process parameters were the feed rate and the rotational
speed of the spindle. The feed rate was set to 70 mm/min, while the rotational speed
was set to 1100 rpm clockwise, as per the literature [98]. For the other processes, the
main parameters were the current, the voltage, the type of electrode and the type of the
shielding gas. The values considered for these parameters are within the ranges used in
the literature [99]. Table 5 shows the process parameters for GMAW, GTAW and
SMAW. Figure 14 presents welded samples for each process.

Table 5: Processes' parameters

Process GMAW (MIG) GTAW (TIG) SMAW
Current (A) 152 210 133
Voltage (V) 20 18.5 71.7

Electrode type ALSI5 R 5356 E AL43
Shielding Gas 100% Argon 100% Argon None
(13.5 L/min) (15.1 L/min)
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Figure 14: Welds using A) FSW, B) TIG, C) MIG and D) SMAW

3.3.2. Testing and experimental results. After welding the samples, tensile
specimens were obtained transverse to the weld direction, in addition to smaller samples
for microstructural investigations as well as samples for the impact toughness test, as

shown in Figure 15.

3.3.2.1. Tensile test. Tensile tests were conducted at room temperature to study
the stress-strain relationship for the welded parts. The tests were conducted using an

Instron universal tensile testing machine that has a force capacity of 100 kN. To ensure

Figure 15: Tensile, microstructural and impact toughness test specimens
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the accuracy and reliability of the experimental results, all tests were conducted under

the same conditions. For each process, three test specimens were prepared, so a total of

15 specimens were prepared including three specimens for the base material (without

weld). The specifications of the test samples where determined according to the
American Society for Testing and Materials-E8 (ASTM-ES8) [100]. Figure 16 shows a
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Figure 16: Standard tensile test specimen

standard plate-type test specimen used for testing metallic materials in plate form, with

a nominal thickness of 5 mm (0.188 in.) or over.

Table 6 shows the dimensions of the test specimens used in this study. Figure

17 and Figurel8 show a test specimen before conducting the test and after the test,

respectively.

Table 6: Dimensions of the tensile test specimens

L-Overall W-Width T- A-Length R-Fillet B-Length C-Width
length (mm) Thickness | of reduced radius of grip of grip
(mm) (mm) section (mm) section section

(mm) (mm) (mm)
73.91 10 5 27.91 6 17 15

Figure 17: Specimens for tensile test
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Figure 18: Tensile test specimens after fracture

The tensile stress-stain curves for samples produced by each welding process

were obtained experimentally by the tensile test. Figures 19 shows the stress-strain
curves for the base metal, and samples produced by FSW, TIG, MIG and SMAW,
respectively. From Figure 4, data of yield strength, tensile strength and ductility of the

welded parts were obtained and recorded in Table 7.
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Figure 19: Stress-Strain curves for welded base and welded samples
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Table 7: Mechanical properties obtained from the stress-strain curves

Indicator Yield Stress Ultimate Tensile Stress Ductility (%0)
(MPa) (MPa)

Base Metal 141.96 296.73 34.9
FSW 113.6 222.7 15.1
TIG 78.2 1135 4.50
MIG 36.1 36.1 0.41

SMAW 66.1 66.1 1.31

The stress-strain curves for the base metal and welded joints are in agreement
with the curves found in literature [98, 101-106]. The deviation in the yield stress,
tensile stress and ductility between the FSW joints and the base metal is lower than the
deviation between the other processes and the base metal. The FSW joints have larger
tensile strength and ductility compared to the TIG, MIG and SMAW joints that exhibits
more brittle behavior. This is due to the fine recrystallized grains formed in the FSW
joints and smaller range for dissolution and coarsening of precipitates. Unlikely, cast
dendritic and coarser grain structure and liquation are formed in the TIG, MIG and
SMAW joints, which provides smaller tensile strength and poor ductility [103].

3.3.2.2. Micro hardness test. The hardness of a material is defined as the
resistance of the material to permanent indentation [96]. Generally, a material with
good hardness means that it is resistant to wear and scratching. Wear and scratches are
very important features for many applications in engineering such as most of the tooling
used in manufacturing. Material properties are widely assessed using hardness test as
they are convenient and quick. In this study, a micro hardness Vickers test was
conducted. This test uses a pyramid shaped indenter made of diamond. The concept of
this test is based on the fact that impressions made by this indenter are similar in terms
of geometry regardless of the applied load [96]. Accordingly, loads of various size are
applied, depending on the hardness of the material to be measured. The Vickers

Hardness (HV) is then determined from equation (38):
HV = 1854.4 F /d? (38)
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Where F is the applied test force in gf, and d is the diagonal length of the
indentation in um. The micro hardness test was performed at room temperature using

the QV-1000DM digital micro hardness testing machine, shown in Figure 20.

Figure 20: Micro-hardness test machine

This tester consists mainly of a worktable and lifting system, turret, measuring
microscope, auto-loading mechanism, and control and display system. On the turret, an
indenter and two objectives, 40x and 10x, are mounted. The 40x objective is used for
both observation and measurement, while the 10x is used only for observation. The
hardness is determined be penetrating the diamond pyramid indent by a known load
into the surface of a test specimen, and then measuring the diagonal of the indentation
that is left on the surface of the specimen after removing the test force.

Before conducting the test, the machine was verified by making a series of
impression on a standardized micro Vickers hardness block. The block had a hardness
number of 460 HV. According to the ASTM-E92 [107], the normal loading time (dwell
time) is from 10 to 15 s unless otherwise is specified. The test parameters were as
follows:

e Applied load: 200 gf (1.961 N).

e Dwell time: 10 s.
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e Magnification: 40x
From each welded plate, three small samples were cut from the weld seam. So
a total of 15 samples were prepared including the three samples from the base material.

Each specimen was place in a rubber mold as shown in Figure 21.

Figure 21: Micro-hardness samples placed in mounting cups

To prepare the samples for the test, ClaroCit powder and ClaroCit liquid where
mixed in a mixing cup with a ratio of 20:12 by weight. The powder was poured into the
liquid while stirring thoroughly for a period of half a minute without introducing any
air bubbles into the mixture. Immediately after the components were mixed, the
polymerization of the resin started and the viscosity increased. The necessary amount
of resin was carefully poured over the specimens placed in the rubber mounting cups
(molds). This was done as soon as possible before complete solidification of the mixture
and to get the best filling. After that, the poured mixed was left for 20 minutes at room
temperature for curing. Finally, the mounts where removed from the mounting cups, as
shown in Figure 22. The surface of each specimen was machined using the milling
machine to remove any excess material and to flatten the surface. All the samples were
then polished to remove any scratches from the samples’ surfaces and to ensure the
specimens are highly plane and reflective and no foreign material is introduced. The
micro hardness readings were taken in the middle of the weld zone and 2 mm from the
top surface for all samples. The micro hardness was measured along the transverse
surface of the weld. The average of 15 readings was considered for each process and
the results are presented in Figure 23, where the error bars in each column show the

maximum and minimum micro hardness value for each weld.
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Figure 22: Micro-hardness sample ready for test

As shown in Figure 23, the friction stir welding produced samples with average
micro hardness value very close to the base material. Both the TIG and MIG processes
produces samples with hardness values larger than the base material. However, the
samples produces by the SAMW had hardness values lower than the base material. The
hardness of a material is related to the size of the grains [98, 108-110]. According to
the Hall-Pitch relation [111] , more grain growth and results in lower micro hardness.
However, refining the grain size beyond 20 nm might not produce higher strength, and
might even result in an "inverse Hall-Petch" behavior where the hardness of the material

decreases with finer grain size [111].
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Figure 23: Micro hardness of welded joints

53



3.3.2.3. Impact toughness test. The impact toughness, also known as the
fracture toughness, is a measurement for the amount of energy absorbed by a notched
specimen when fractured due to an impact load. The impact test performed in this study
was the Charpy Impact test that is applied on a V-notched simple-beam specimen, such
as the one shown in Figure 24. The test was conducted at room temperature. The Charpy
test machine shown in Figure 25 consists mainly of a pendulum connected with a

hummer of a known weight, a pointer, a scale an anvils were the specimen are placed.

Figure 24: Impact test sample

Figure 25: Charpy impact test machine
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The test specimens were taken from the base material (without welding) and
from the welded samples. A total of 15 test specimens were prepared (three for the base
material and three for each welding process). The dimensions of the test specimen were
determined according to the American Society for Testing and Materials-E23 (ASTM-
E23) [112]. Each test specimen had a length of 55 mm and a width of 10 mm. However,
the thickness of the specimen was restricted to 5 mm as this is the thickness of the plate

used in the experiment. Figure 26 shows the standard dimensions of the test specimen.
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Figure 26: Standard impact test specimen's dimensions

Before conducting the test, the friction within the machine was inspected. This
was done by raising the pendulum to the latched position (starting position), moving
the pointer to the maximum energy capacity of the range being used, and releasing the
pendulum without any specimen placed on the anvils. In case of friction absence, the
indicator should read zero on the scale. However, the indicator showed a value of 1.8
N.m. which corresponds to the energy losses due to friction. After testing for friction,
the machine was prepared by lifting the pendulum to the latched position. At this
position, the energy pointer was set at the maximum scale reading. Then, the test
specimen was positioned on the anvils as shown in Figure 27, and the pendulum was

released.

Figure 27: Test specimen placed on the anvils
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The difference between the energy in the striking hummer at the moment of
impact with the specimen and the energy the remains after the fracture of the specimen
is the absorbed energy. This value is indicated by the scale on the machine after is has
been corrected for energy losses due to windage and friction. Figure 28 shows the
results of the impact test, where the error bars in each column show the maximum and
minimum impact toughness for each process. An average of impact toughness of three

samples for each process as well as the base metal was considered.
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Figure 28: Impact toughness of welded joints

As shown in Figure 28, the impact toughness of the FSW joints is higher than
the toughness of the joins produced by TIG, MIG and SMAW processes. From the
stress-strain curve shown in figure 19, the ductility, which is in a direct relationship
with the toughness, of the FSW welds is higher than the ductility of the TIG, MIG and
SMAW welds. As a result, the FSW welds have higher capability of absorbing impact
energy before fracture. The ductility of the TIG weld is higher than the MIG and
SMAW, and hence, it has higher energy absorption capability. The MIG weld has the
lowest ductility, and therefore it exhibits brittle behavior and poor energy absorption

capability during impact test.
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3.4.  Sustainability Assessment

3.4.1. Sustainability model. This section discusses the structure of the
algorithm followed in this to evaluate the sustainability performance of welding
processes. Figure 29 shows a flow chart for the applied framework. The first step in
this algorithm is to define the goal of the analysis, which is selecting the most
sustainable welding process for the case under consideration. Once the objective is well
defined, all dimensions of sustainability need to be considered to have a comprehensive
evaluation. A dimension of physical performance is added as a fourth dimension to
investigate the quality of the welded part produced by each welding process. Then, the
key sustainability indicators, including qualitative and quantitative ones, have to be
carefully selected to capture all sustainability dimensions. Weights are assigned to each
indicator using the objective (based on indicators’ value) entropy method to avoid any
uncertainties associated with subjective weighting methods (based on decision-maker’s
experience) [76]. The indicators are then normalized into dimensionless quantities and
aggregated into single scores using MCDM methods. Three MCDM methods were
examined separately in this study which are the Grey Relation Analysis (GRA),
Technique for Order Preferences by Similarity to Ideal Solutions (TOPSIS) and the
COmplex PRoportional ASsessment Method (COPRAS). Sensitivity analysis is then
conducted on the aggregated scores obtained by each MCDM method. If the results are
found to be not very sensitive to small changes in the indicators’ values or the assigned
weights, then the decision-maker can use the obtained scores to rank the different
alternative processes and choose the best one. Otherwise, modifications such as
changing the methods used for weighting, normalization and aggregation are required.
In this study, sensitivity analysis is conducted using the method of One-at-a-time

sensitivity measures.
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3.4.2. Indicators for sustainability assessment. This section presents the
selected key indicators for sustainability assessment and the methods used to quantify
each indicator. All sustainability dimensions were covered by considering enough key
performance indicators from each dimension, as shown in Figure 30. As mentioned
earlier, a dimension for physical performance is added to the analysis to investigate the

quality and performance of the welded joints.

Environmental
Protection

: SUSTAINABILITY
Social
Development DIMENSIONS

Physical
Performance

Figure 30: Sustainability Dimensions

The sustainability indicators were chosen based on the following characteristics
[35, 53]:

» Relevant and deliver meaningful aspect of sustainability for the welding
processes.

» Easy to understand even by non-expert people.

» Cover all sustainability dimensions.

» Measurable with the available tools and data accessible.

Based on these features, the key performance indicators considered in this study are:

e Energy Consumption (EC) (kwh): Energy consumption (EC) is a non-
beneficial environmental indicator that represents the amount of electricity

consumed by each process. Higher level of energy consumption is not desired
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as it negatively affects the environment by increasing the amount of CO2
emissions, and increasing the overall cost of the process. For TIG, MIG and
SMAW, the power consumption was calculated simply using equation (39) as
following:

DC voltage (V) x Current (A)
1000

Power consumption (kW) = (39)

For FSW, the data for the power consumption at each second within the
operation time interval of the CNC milling machine were directly obtained from
the machine using a power data logger. Table 8 summarizes the data for power

consumption of the four processes.

Table 8: Power consumption for each process

Process Power consumption (kW)
FSW 2.1
TIG 3.89
MIG 3.04

SMAW 9.54

CO2 emissions: CO2 emission is a non-beneficial environmental indicator. It
is a very important indicator that should be considered when evaluating the
sustainability of any manufacturing process. COz2 is a primary greenhouse gas
that has detrimental impact on the environment as it causes air pollution and
global warming which is responsible for the increase in the earth temperature.
CO2 can also be toxic and causes health issues to human beings. The amount of
CO2 emission is directly related to the amount of electricity consumed during
each welding process. In this study, CO2 emission is calculated by multiplying
the energy consumption (in kWh) by the amount of CO2 (in kg) produced per
each kwh. According to the Carbon Neutral Charitable Fund [113], one kWh
of electricity, will generate around 0.92 kg of CO2 emissions to the atmosphere.

The average of CO2 emissions of three samples was taken for each process.
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Table 9 summarizes the amount of CO2 emissions produces by each welding

process.

Table 9: CO2 emissions produced by each process

Process Energy Consumption (kWh) CO2 emissions (kg)

FSW 0.094 0.0883
TIG 0.090 0.0847
MIG 0.047 0.0443
SMAW 0.018 0.0168

e Filler material consumption: The filler material consumption (FM) is a non-
beneficial environmental indicator that represents the amount of filler needed
by each welding process to join the two plates. To measure the amount of filler
material consumed by each process, the mass of each sample was measured
using a balance before and after welding. The difference between the mass of
the plates after welding and before welding is the mass of the filler material.
The average of filler material consumption of three samples was taken for each
process. Table 10 shows the amount of filler material consumed by each
process. Since the FSW does not require any filler material, then the mass of the
plates before and after the welding should remain the same. However, the mass
of the plates was reduced after performing the welding, and that is due to

removing the metal chips generated from the weld seam.

Table 10: Filler material consumption

Process Filler material consumption (Ib)
FSW 0.0000
TIG 0.0149
MIG 0.0135

SMAW 0.0044

e Fluid consumption: Fluid consumption (FC) is the amount of fluid used by
each process including cleaners, lubricants, oils, shielding gases, coolants, etc.

It is considered as a non-beneficial environmental indicator. The lower the
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amount of fluid consumed, the better the process. In this study, the only fluid
consumed is the gas used for shielding. Unlike the TIG and MIG, the FSW and
the SMAW do not require any shielding gases and thus they do not consume
any amount of fluid. The amount of shielding gas consumed by the TIG and
MIG processes was calculated simply by multiplying the gas flow rate by the
average welding time of each process. Table 11 summarizes the data for the

amount of shielding gas consumed by each process.

Table 11: Shielding gas consumption

Process  Shielding gas flow rate Average Shielding gas
(L/min) welding time (s) consumption (L)
FSW None 154 None
TIG 15.1 83.7 21.06
MIG 135 58 13.05
SMAW None 6.3 None

Energy cost: The energy cost (ECo) is an economic indicator that is directly
related to the amount of electrical energy consumed during a process. Similar
to the power consumption, the energy cost is considered a non-beneficial
indicator. In this study, the energy cost was calculated by multiplying the energy
consumption values (in kWh) by the electricity tariff (charge rate) in the United
Arab Emirates as specified by Dubai Electricity and Water Authority (DEWA)

[114]. Table 12 shows the cost of energy for each welding process.

Table 12: Energy cost of each process

Process Energy Consumption (kWh) Energy Cost (Fills)
FSW 0.094 2.16
TIG 0.090 2.07
MIG 0.047 1.08
SMAW 0.018 0.41
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The TIG and FSW welding have larger energy cost compared to the MIG and

SMAW, and that is because the welding time for the FSW is very large which means it

consumes a significant amount of energy during operation. TIG welding on the other

hand,

uses very high voltage values to operate which significantly contributes to the

amount of electricity consumed and hence the energy cost. Although SMAW welding

has the highest energy consumption per second of time, but it is the least costly one in

terms of energy cost and that is because the SMWA is a very fast process. That is, it

has a small welding time that makes it consumes the least amount of energy within its

time interval of operation compared to the other processes.

Filler cost (FC): The cost of the filler material is an economic indicator that is
directly related to the filler material consumption. Similar the filler
consumption, the cost of the filler material is considered as a non-beneficial
indicator. The data for the filler material cost were obtained from the literature
[115, 116], and are presented in Table 13.

Table 13: Filler cost of each process

Process Filler material Cost of the filler material ($/1b.)
FSW None None
TIG R 5356 9.12
MIG ALSI5 9.12

SMAW E AL43 15.84

Labor cost and Job satisfaction: Labor cost (LC) is an economic indicator
that represents the amount of money that should be paid to welders to perform
certain welding Operation. Job satisfaction (JS) is a social indicator that
represents the level of satisfaction of welders with their monetary compensation.
In this study, job satisfaction and labor cost are the same in terms of numerical
values. However, they are interpreted differently. Job satisfaction, as stated
earlier, is a social beneficial indicator in which higher values are desired, while
labor cost is a non-beneficial economic indicator in which lower values are
desired. The data for labor cost and job satisfaction were obtained from

literature [117-120] and they are represented in Table 14.
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Table 14: Labor cost/ Job satisfaction of each process

Process Labor cost/ Job satisfaction ($/hr.)
FSW 18.21
TIG 18.12
MIG 15.18

SMAW 18.35

Welding time (WT): The time needed to perform the welding is a non-
beneficial economic indicator. The lower the welding time, the better the
process. The time was measured for each sample using a timer. Table 15

represents the average welding time for each process.

Table 15: Average welding time of each process

Process Average welding time (s)
FSW 154
TIG 83.7
MIG 58

SMAW 6.33

Recordable injury rate (RIR): Safety is a very important factor that should be
considered when assessing any manufacturing process, especially in welding as
it involves the exposure of welders to high temperatures and toxic gases. Safety
is a social beneficial indicator in which higher level of it is desired. In this study,
safety is represented by the recordable injury rate. That is, the number of injuries

and illnesses per 10,000 full-time workers [121], as represented in Table 16.

Table 16: recordable injury rate of each process

Process RIR
FSwW 38.5
TIG 182.6
MIG 182.6

SMAW 182.6
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e Ultimate tensile strength and yield strength: Yield and Ultimate strength are
beneficial indicators that belong to the dimension of physical performance. The
yield point, also known as the elastic limit, is a strength characteristic of the
material. Typically, the yield stress is identified in the stress-strain curve by
drawing a strain line parallel to the linear portion of the curve by with strain
offset of 0.2%. The stress value at the intersection of this line with the curve is
the yield strength of the material [96]. The Ultimate tensile strength, or simply
the tensile strength, is also a strength characteristic of the material. It is the
engineering stress at which the applied load reaches a maximum value. In other
words, it is the stress at the highest point on the engineering stress-strain curve.
The tensile stress-stain curves for samples produced by each welding process
were obtained experimentally by the tensile test discussed in section 3.3.2.1,
and the results of the yield strength the tensile strength for each process are
recorded in Table 7.

e Micro-hardness (MH): The micro-hardness is a beneficial indicator that
belongs to the dimension of the physical performance. The micro-hardness
values of samples produced by each welding process as well as the base metal
were determined experimentally by the micro-hardness test discussed in section
3.3.2.2, and the results are shown in Figure 23.

e Impact toughness (IT): The impact toughness is a beneficial indicator that
belongs to the dimension of physical performance. The impact toughness values
of specimens produced by the welding process as well as the base metal were
measured experimentally by the impact test discussed in section 3.3.2.3, and the

results are shown in Figure 28.

Table 17 summarizes the key indicators considered in this study, their

corresponding dimensions, types and quantification methods.
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Table 17:

Selected key indicators

Indicator Dimension Type Quantification method
Energy Environmental Non- For TIG, MIG and SMAW: EC = 2¢voltage (V) X current (4)
consumption beneficial 1000
(EC) (kwh) For FSW: power data logger
CO2 emissions | Environmental Non- C02 emmissions = Power Consumption X 0.92 [113]
(kg) beneficial
Filler Material Environmental Non- Mass of plates after welding - mass of plates before welding
Consumption beneficial
(FM) (Ib)
Shielding Gas Environmental Non- For TIG and MIG: Gas flow rate X the average welding time
Consumption beneficial | For FSW and SMAW: Does not require shielding gas
(SGO) (L)
Energy Cost Economic Non- EC X Electricity tarif f (charge rate)
(ECo) (fils) beneficial
Filler Material Economic Non- From literature
Cost (FMCo) beneficial
®)
Labor Cost Economic Non- From Literature
(LC) beneficial
Welding Time Economic Non- Timer
(WT) (s) beneficial
Job Social Beneficial From Literature
Satisfaction
(9)
Recordable Social Non- From Literature
Injury Rate beneficial
(RIR)
Ultimate Physical Beneficial Experimentally
Tensile Performance
Strength
(UTS) (MPa)
Ultimate Yield Physical Beneficial Experimentally
Strength Performance
(UTS) (MPa)
Impact Physical Beneficial Experimentally
toughness (IT) Performance
(N.m.):
Micro Physical Beneficial Experimentally
hardness (MH) Performance
(HV)
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3.4.3. Weighting of indicators. After choosing the relevant performance
indicators, fixed weights were assigned to each indicator in order to determine the
relative importance of each indicator. In this study, weights were assigned to the
indicators using the entropy weight method, which is an objective weighting method,
to avoid any uncertainties associated by subjective methods. In this method, the
indicator with performance values that are widely different from each other have higher
importance for the problem due to more influence on ranking outcomes. In other words,
an indicator will have less importance if all alternatives have similar performance

values for that indicator. The procedure of this method were discussed in section 2.6.5.

3.4.4. Normalization and aggregation. After assigning weights to the
indicators, they were normalized into dimensionless quantities for comparison, and then
were aggregated into single scores for ranking. Three MCDM methods were
implemented independently for normalization and aggregation scores in order to
account for interactions among indicators. The MCDM considered in this study the
TOPSIS method, GRA method and the COPRAS method.

Before normalization, all the data and information available for the indicators
were recorded in a decision matrix. The matrix consists of m alternative and n
indicators. Each row of this matrix represents one alternative and each column
represents one indicator. So, an element x;; in the decision matrix represents the value
of the j* indicator in original real values for the i*" alternative process. The procedure

for each method were discussed in section 2.6.

3.5.  Sustainability Assessment Results and Discussion. Each indicator was
quantified experimentally or based on the available date in literature as discussed
earlier. Table 18 shows the quantified indicators. In decision making processes, this

table is known as the evaluation table (matrix) or the performance table.

Table 18: The evaluation matrix (table)

Process |EC (kWh)| cO2 (kg)|FM (1b)| FC (L) | EC (fils) | FC 9) | LC 8) [Time ()] RIR |3s $)|UTS (Mpa)| YS (Mpa) | IT (N.m) [MH (HV)
0004 | 0088 |0000| 0 216 | 000 | 0.78 | 1540 | 385 | 078 | 2227 1136 138 84.2
0.090 0.085 0.015 | 21.01 2.07 0.14 0.42 83.7 182.6 | 0.42 1135 78.2 8.9 88.6
0.047 0.044 0.014 | 1254 1.08 0.12 0.24 58.0 182.6 | 0.24 36.1 36.1 0.8 100.2
0018 | 0017 | 0004| 0 041 | 007 | 003 | 63 [1826] 003 | 695 66.1 15 76.7
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Table 19 shows the weight assigned to each indicator by the entropy weight

method. As shown in Table 19, the recordable injury rate has the largest weight since

there is a wide difference in the value of this indicator between the FSW and the other

processes. However, the fluid consumption has the lowest weight as the values for the

four processes are not far away from each other. Tables 20-22 represents the normalized
decision matrix based on GRA, TOPSIS and COPRAS method, respectively.

Table 19: Indicators' weights assigned using the entropy method

Indicator | EC (kWh) | CO2 (kg) | FM (Ib) | FC (L) | EC (fils)| FC ($) | LC ($) | Time (s) | RIR | JS ($) |UTS (Mpa) | YS (Mpa) [ IT (N.m) | MH (HV)

0.07 0.07 0.06 0.04 0.07 0.11 0.08 0.04 0.16 0.08 0.06 0.04 0.07 0.05
Table 20: Normalized matrix using GRA

Process [EC (kWh)| CO2 (kg) | FM (Ib) | FC (L) |EC (fils)| FC ($) | LC ($) |Time (s)] RIR | JS ($) |UTS (MPa)| YS (MPa) [ IT (N.m) | MH (HV)
0.00 0.00 1.00 1.00 0.00 1.00 0.00 0.00 1.00 1.00 1.00 1.00 1.00 0.32
0.05 0.05 0.00 0.00 0.05 0.00 0.48 0.48 0.00 0.52 0.41 0.54 0.63 0.51
0.62 0.62 0.09 0.40 0.62 0.09 0.72 0.65 0.00 0.28 0.00 0.00 0.00 1.00
1.00 1.00 0.70 1.00 1.00 0.49 1.00 1.00 0.00 0.00 0.18 0.39 0.06 0.00

Table 21: Normalized matrix using TOPSIS

Process [EC (kwWh)| CO2 (kg) |FM (Ib)| FC (L) | EC (fils) [ FC ($)| LC ($) [Time (s)] RIR [ JS ($) |UTS (Mpa)| YS (Mpa) | IT (N.m) |MH (HV)
0.673 0.673 0.000 | 0.000 0.673 0.000 | 0.847 0.834 0.121 0.847 0.850 0.723 0.835 0.479
0.646 0.646 0.723 | 0.859 0.646 0.692 | 0.458 0.453 0.573 0.458 0.433 0.498 0.541 0.504
0.337 0.337 0.656 | 0.513 0.337 0.628 | 0.266 0.314 0.573 0.266 0.138 0.230 0.046 0.570
0.128 0.128 0.214 | 0.000 0.128 0.356 | 0.035 0.034 0.573 0.035 0.265 0.420 0.091 0.437

Table 22: Normalized matrix using COPRAS

Process | EC (kWh) | CO2 (kg) [FM (Ib) [ FC (L) | EC (fils)| FC ($) | LC ($) [ Time (s) | RIR | JS ($) |UTS (MPa)|YS (MPa) | IT (N.m) | MH (HV)
0.377 0.377 0.000 | 0.000 | 0.377 0.000 | 0.527 0.510 | 0.066 | 0.527 0.504 0.387 0.552 0.241
0.362 0.362 0.454 | 0.626 | 0.362 0.413 | 0.285 0.277 0.311 | 0.285 0.257 0.266 0.357 0.253
0.189 0.189 0.412 | 0.374 | 0.189 0.375 | 0.166 0.192 | 0.311 | 0.166 0.082 0.123 0.031 0.287
0.072 0.072 0.134 | 0.000 | 0.072 0.212 | 0.022 0.021 0.311 | 0.022 0.157 0.225 0.060 0.219

Tables 23-25 represents the aggregated scores of each welding processes based
on TOPSIS, GRA and COPRAS method, respectively.

Table 23: Aggregated scores based on TOPSIS

Process Si+ Si- Pi Ranking
FSW 0.09805 0.153916 0.610861 1
TIG 0.14733 0.063083  0.2998 4
MIG 0.14318 0.070033  0.328459 3

SMAW  0.12376  0.115454  0.482646 2
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Table 24: Aggregated scores based on GRA

Process I'(Xo0,Xi) Ranking
FSW 0.75347 1
TIG 0.40847 4
MIG 0.46243 3

SMAW 0.62513 2

Table 25: Aggregated scores based on COPRAS

Process Pi Ri Qi Ranking
FSW  0.137700016 0.15220913 0.317486 1
TIG 0.08572067 0.25918171 0.191303 3
MIG  0.038708684 0.19256423 0.180817 4

SMAW 0.034668031 0.09924753 0.310393 2

Based on the results obtained from the three MCDM methods, it can be
observed that the aggregated score for the FSW is the highest in all the MCDM used in
the analysis. Similarly, the SMAW process has the second highest scores in all the
MCDM methods. However, the MIG process has the lowest score based on the
COPRAS method, while the TIG has the lowest score based on the TOPSIS and GRA.
Table 26 and Figure 31 summarize the sustainability ranking and scores for the welding

processes.

Table 26: Ranking of alternatives
Process TOPSIS GRA COPRAS

FSW 1 1 1
TIG 4 4 3
MIG 3 3 4
SMAW 2 2 2
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Figure 31: Sustainability assessment results

The difference in the ranking of the TIG and MIG processes could possibly be
due to the different normalization and aggregation methods used by the various MCDM
methods. Since the TIG and MIG indicators have values relatively close to each other,
then any change in the normalization and aggregation technique will probably affect
the final score and hence will affect the rank of the process. For instance, the TIG
process is more sustainable than the MIG when using the TOPSIS and GRA methods
for evaluation. However, when the COPRAS method is used, then the MIG is more
sustainable than the TIG. This change in the ranking could generate confusion for the
decision makers when they aim to choose the suitable MCDM method for evaluation.
Therefore, sensitivity analysis should be conducted for the suggested MCDM method
to select the least sensitive one. Unlike the TIG and MIG, the rank of the FSW and the
SMAW was the same regardless of the MCDM method used. That is because the
corresponding indicators of the FSW and the SMAW have values that are widely
different and also relatively far away from the TIG and MIG indicators’ values.
Therefore, any change in the normalization and aggregation methods used will less
likely cause a change in the rank of the FSW and the SMAW. It can be noticed that the
FSW process has the highest sustainability scores, but that does not necessarily
indicates that it has the best performance for all the sustainability indicators. For

instance, the MIG process has the largest micro-hardness values, which makes it the
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best process with regards to this indicator. However, it is the worst candidate in terms
of the impact toughness indicator. Similarly, all the other processes have the best
performance with respect to some indicators, and the worst performance with respect
to others. Therefore, the use of MCDM methods will take into account these
interactions among the indicators and processes, and will provide an overall

sustainability performance score.
3.6 Sensitivity Analysis.

As stated earlier, the input data in MCDM methods are usually assumed to be
deterministic and the final results obtained from these methods are based on this
assumption. However, in reality, the variation in input data cannot be avoided due to
the nature of manufacturing processes. Therefore, sensitivity analysis should be carried
to ensure the reliability of the results (final scores). If any small change in the value of
an input indicator resulted in a significant changes in the final results, then it is stated

that the latter are sensitive to this indicator.

In this study, sensitivity analysis is conducted by using the one-at-a-time
sensitivity analysis method discussed in section 2.7.2.1. The performance value of one
indicator of a certain process will be varied, and the variation of the final sustainability
scores of each MCDM method will be observed. The variables that will be varied are
the energy consumption and the welding time, because any change in the values of these
indicators will directly affect and change the values of other indicators such as the
energy cost, CO2 emissions and Labor cost. The values of the energy consumption was
changed by 5% and 10% for each welding process individually. Then, the absolute
values of the percent change of the final sustainability scores were investigated for the
three MCDM methods. The same procedure was carried out for the welding time. Table
27 and Table 28 show the result of sensitivity analysis with respect to the energy

consumption and welding time, respectively.
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Table 27: Sensitivity analysis with respect to energy consumption

Changing energy Absolute percent change (%) in the final scores by each MCDM
consumption for Process method due to a change in a single input by 5% and 10%
one processata
ime TOPSIS GRA COPRAS
5% 10% 5% 10% 5% 10%
FSW 1.65 263 1.53 2.57 1.59 2.57
FSW TIG 2.05 346 1.06 1.86 1.03 177
MIG 1.08 1.60 0.01 0.05 0.70 1.14
SMAW 1.57 249 1.65 2.76 1.85 3.05
FSW 2.90 206 204 1.39 275 201
TIG TIG 326 357 1.27 1.19 1.74 231
MIG 3.85 546 0.96 1.57 1.51 1.43
SMAW 3.01 337 2.26 2.00 3.00 2.65
FSW 0.03 0.07 0.09 0.19 0.12 0.21
MIG TIG 0.02 0.05 0.02 0.05 0.08 0.16
MIG 1.29 255 0.85 1.64 0.64 1.26
SMAW 0.02 0.07 0.09 0.20 0.20 042
FSW 028 0.56 0.04 0.07 0.27 0.54
SMAW TIG 021 041 0.02 0.04 0.18 0.36
MIG 0.02 0.04 0.20 0.41 0.19 0.37
SMAW 027 0.53 0.04 0.08 0.50 0.99
Table 28: Sensitivity analysis with respect to welding time
Absolute percent change (%0) in the final scores by each MCDM
Changing method due to a change in a single input by 5% and 10%
welding time for Process TOPSIS GRA COPRAS
one process ata 5% 10% 5% 10% 5% 10%
time
FSW 0.03 0.06 0.00 0.17 0.06 012
FSW TIG 073 19 0.10 021 0.02 0.05
MIG 0.61 1.17 0.17 0.33 0.05 0.10
SMAW 0.24 0.46 0.11 0.21 0.08 0.15
FSW 0.11 0.23 0.10 0.20 0.16 033
TIG TIG 0.30 0.96 0.08 0.13 0.06 0.10
MIG 0.00 0.02 0.05 0.10 0.02 0.03
SMAW 023 0.51 0.11 0.23 0.14 0.30
FSW 0.03 0.06 0.01 0.03 0.05 0.09
MIG TIG 0.13 0.30 0.00 0.00 0.06 012
MIG 0.38 1.14 023 0.45 0.05 0.10
SMAW 0.01 0.03 0.02 0.03 0.02 0.05
FSW 0.04 0.08 0.00 0.01 0.04 0.08
SMAW TIG 0.07 0.13 0.00 0.01 0.02 0.03
MIG 0.04 0.08 0.02 0.04 0.03 0.05
SMAW 0.03 0.05 0.01 0.01 0.06 0.13
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It can be observed from the sensitivity analysis results that the changes in the
output values with respect to changes in some input values are insignificant and
acceptable for the three MCDM methods. This implies that three methods are
sufficiently adequate to be used for sustainability assessment of welding processes for
this study. Relatively, the GRA has the lowest percent change of the final scores’ values
for almost all the scenarios as shown in Table 27 and Table 28. Also, the GRA method
has the least amount of computations compared to the TOPSIS method and the
COPRAS method. As a result, it can be concluded that the GRA method is the best
MCDM method for this case study. It is important to note that for a different case study
with different processes, indicators and conditions, another MCDM method could be
relatively superior. The results of sensitivity analysis will always be different, and will
lead to different conclusions depending on the case study under consideration.
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Chapter 4. Conclusion and Future Outlook

Sustainability assessment is an effective tool for decision and policy making
processes in the industry, especially in the manufacturing sector. Most of the
sustainability assessment work done in the field of manufacturing focused on the
product level rather than the process level, although the manufacturing processes
contribute significantly to the consumption of the energy resources as well as to the
amounts of hazardouz emissions. Furthermore, most of these practices focused on
evaluting the environmental impact, some focused on the economic or social impacts,
while very limited tried to integrate the three sustainability aspects in the evaluation.
In this work, a general framewrok for sustainability assesssment of manufacturing
processes is proposed. The main features of this framwork are:

e It covers the three dimensions of sustainability which are economic
development, social development, and environmental protection.

e |t reduces the uncertainities associated with subjective weighting methods by
using a combination of subjective and objective weighting techniques. The
successful implementation of the proposed framework requires the participation
of diverse stakeholders in the phase of assigning weights to the dimennsions and
indicators.

e Itaccounts for the interaction among different indicators by using Multi-Criteria
Decision Making methods for normalization and aggregation.

e Sensitivity analysis is integrtaed into the proposed framework to ensure the
reliabilty of the obtained results. If the scores of the used MCDM method are
very sensitive to slight changes in indicators values or weights, a different
MCDM method should be used.

A case study was conducted that applied the proposed framework to evaluate the
sustainability performance of four welding processes; Friction Stir Welding (FSW),
Gas Metal Arc Welding (GMAW), Gas Tungsten Arc Welding (GTAW) and Shielded
Metal Arc Welding (SMAW). The indicators considered in the study covered the main
dimensions of sustainability, which are the environmental, economic and social aspects.

The physical performance dimension was added in the assessment as well to investigate

74



the quality of the welded plates. The main highlights of the case study have been
presented as follows:

e The FSW process has been found to be the most sustainable welding process
for this case study based on the TOPSIS, GRA and COPRAS methods.

e The MIG process is the least sustainable welding process according to the
COPRAS method, while the TIG process is the least sustainable process
according to the TOPSIS and GRA methods.

e The sensitivity analysis showed that the three MCDM methods used in this
study were not sensitive to small change in some input value which makes either
one of them suitable for this case study. However, since the GRA is relatively
the least sensitive one and has less amount of computations, it is considered as
the best option for this case study.

There is also a scope for extending this work in the future by applying the proposed
framework to evaluate the sustainability performance of other manufacturing process
such as casting and forming. In addition, it will be interesting to evaluate the
sustainability performance of products by integrating this framework with a product
sustainability assessment framework such as the LCA, to evaluate the sustainability of
all the stages of manufacturing involved in producing the complete product as well as
the sustainability of the product throughout its lifetime. The results can help the industry
to identify the crucial issues associated with each process, and then to improve the

processes and equipment towards more sustainable alternatives.
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