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Abstract

Selecting the most suited manufacturing process for a specific product, as well as optimizing the design regarding manufacture
and assembly, is actions that will directly impact on cost and quality, aiming at finding the best match between the product’s
functional requirements and the attributes of the processes, and it should be carried out in the first stages of product devel-
opment. In this context, the literature presents some sheet metal joining process selection methods, which can be classified
as: mechanical (forming), metallurgical (welding) and chemical (adhesive) processes. However, such methods are complex
and not specific for thin sheet metal. Therefore, our goal is to propose a joining process selector for overlapping sheet metal,
which can correlate the product’s functional requirements with the technical characteristics of the processes (clinching,
rivets and welding) in early stages of product development. Unlike what is found in the literature, this selector is subdivided
into five different types of clinching processes. The selector design was based on the Quality Function Deployment (QFD)
principle, which easily converts a product’s functional requirements into an ordered joining process list. The joining process
data collection was carried out from two approaches: quantitative (joining sheet thickness, joint dimensions, production
batch and joining strength) and qualitative (type of material, surface finish and accessibility to perform the joining). Three
products were chosen to validate the selector. The results were compared against the literature and commonly commercially
employed processes. The application of the selector in commercial products showed compatibility with the literature as well
as the commercially used processes. However, depending on the product, other requirements might be considered, such as
availability of equipment and production costs.

Keywords Selection - Clinching - Joining - QFD - Correlation matrix

1 Introduction

Part of a very competitive market, in an increasingly devel-
oped technological scenario, industries are looking for ways
to stand out and innovate over the competition, striving to
take action to overcome such obstacles and prosper during
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periods of economic crisis. Therefore, keeping the processes
lean and production costs compatible with customer demand
is utterly necessary for a company to stay in the market.
Selecting the right manufacturing process for a particular
product or component, as well as optimizing its design con-
sidering its manufacturing and assembly, will directly impact
the cost and quality. A company’s market success may be
hurt when that selection is not carefully made, not taking the
right factors into account. Such factors will only be clearly
seen when all information regarding customer demands and
product requirements is well defined [29]. Selecting a pro-
cess, therefore, is finding the best match between a product’s
functional requirements and the process’ attributes. And that
selection should take place during the early stages of product
development, before the drawbacks of selecting an inappro-
priate process render the planned budget unfeasible [3].
The challenge of selecting a specific manufacturing pro-
cess lies in the knowledge of the existing processes, their
limitations and capabilities. Various process selectors
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available in the literature aim to provide such guidelines
and reduce the distance between the ideal process and the
desired application. The joining of thin sheets encompasses
different categories of manufacturing processes, ranging
from mechanical (forming), metallurgical (welding) to even
chemical (adhesive) processes. In a brief systematic litera-
ture review (SLR, “Appendix”) aims specifically at finding
works on the selection of joining processes, the work of
LeBacq et al. [21] is found as the main reference on the
topic. In that paper, the authors present a software-imple-
mented joining process selection methodology. The selec-
tion runs through a database of materials and mechanical,
welding and adhesive joining processes. In that approach,
the non-viable processes are initially eliminated and, later,
through a fuzzy logic algorithm, the remaining options are
sorted according to how well they meet the requirements.
After feeding the software with the data, a multi-criteria
evaluation is performed, which returns a list of possibly
applicable processes.

Two other works also stand out in the SLR. The first one
is Maropoulos et al. [24], which studied the specification and
implementation of CAPABLE (Concurrent Assembly and
Process Assessment BLocks for Engineering manufacture)
for welding, a planning toolkit based on aggregate process
planning, which is defined as “a methodology to evaluate
alternative design and processing options at the early design
stages according to relevant manufacturing criteria.” The
authors studied two input methods: manual and information
abstraction. Manual input is more suitably employed concur-
rently with other design and analysis activities, but not as
good for product redesign. Information abstraction can be
employed during early redesign stages to extract aggregate
product information from existing designs.

The second work is Mesa et al. [25]. The authors propose
a functional characterization of mechanical joining meth-
ods for assembly and disassembly activities that take place
throughout the product’s life cycle, focusing on open archi-
tecture products. The proposed approach integrates DFA and
DFD principles in a formal methodology, where different
joining methods, not only welding, are evaluated and sorted
into five different categories. The authors also employ an
algorithm to establish the joint type.

Besides those authors, the works that cited Lebacq’s [21]
were also evaluated in the SLR, resulting in five other arti-
cles. Kaspar et al. [16] employed multi-criteria decision-
making (MCDM) methods to provide a computer-based
selection tool for joints of any kind, not only sheet metal.
The proposed solution is based on a three-step process con-
nected through a W-model. In the first step, the “Component
Pre-Design” is performed, including the concurrent selection
of Design, Material and Manufacturing Process. The second
step is the “Cross-Component Design,” when the concur-
rent selection of component design and joining technology
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takes place. The third and last step is the “Component Detail
Design,” with the final cross-dimensional decision-making.
Each of those steps is correlated with a tridimensional struc-
ture based on three correlation matrices, each providing a
viability filter. The result is a ranking of possible processes
for each joint.

A more focused approach is presented by Kaspar et al.
[17], which deals with the joining of cross-component multi-
material systems. The authors propose a three-phase meth-
odology: In phase 1 (screening), the available materials’
thickness combination is compared against the theoretical
data from the joining database, resulting in an unrated list of
viable processes. In phase 2 (assessment), an efficient multi-
dimensional evaluation of the listed technologies in terms of
technical, economical and ecological criteria is performed,
leading to an assessed ranking. The most challenging part
takes place in phase 3 (optimized selection), whose objective
is to adapt the initial design according to some criteria, such
as sustainability and technology. The result is an optimized
design.

Kim et al. [18] developed a helping system to select
potential joining methods (mechanical and thermal fasten-
ers, adhesives and hybrid processes) for different materials,
based on data mining from various sources (experts, hand-
books and vendors). The collected data were organized into
several categories based on joining materials, mechanical
and design requirements, geometry and so on, yielding a
formalized data structure. The selection is performed using
a two-phase algorithm: first evaluating the viability to join
the materials and then evaluating the viable joining method
based on attribute requirements. The result is a filtered list
of joining methods.

Another database-based approach is provided by Esawi
and Ashby [11]. The authors employed three different tax-
onomy-like structures where joining processes, materials,
geometry and loadings are considered separate kingdoms,
each containing information organized in families, classes,
subclasses and members. Those three kingdoms compose
three different main databases. Two other databases are also
provided: one regarding materials that can be joined together
(also a main database) and another that stores the source of
the provided data. The selection is performed based on links
between those four databases. The absence of a link indi-
cates that a combination of material, process or geometry/
loading is not achievable, and consequently, the process is
unsuitable.

The work of Ashby et al. [4] is a review of material
selection methods that includes some references to process
selection. Based on a literature review, the authors pointed
out some challenges for the future of material selection,
including how to deal with finite-time design and exper-
tise retrieval, process selection and modeling, interfacing
of materials and process selection tools with geometric
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modeling and dimensioning tools, multi-material selection,
green design, aesthetics and industrial design, selection of
functional materials, miniaturization and the identification
of possible applications for new materials.

L’eglise et al. [20], in turn, approached a process selec-
tion methodology considering a database of fifty-four differ-
ent widespread joining processes. The selection takes place
in two stages: in stage 1, the processes that are technically
incompatible with the product in question are eliminated
through filters. In stage 2, the remaining processes are sorted
in order to determine the most suitable solutions. During that
stage, the authors use the PROMETHEE method as a multi-
criteria decision-making supporting technique. To integrate
such methodology, a piece of software was later developed.

Brown et al. [6] also contribute to the joining process
selection topic. Their proposal is based on the implementa-
tion of software as part of a proactive approach to DFA,
not aiming at selecting a specific joining process, but at
pointing out possible joining processes capable of meeting
the imposed conditions. To develop the selection methodol-
ogy itself, an adaptation of the technique known as PRIMA
(Process Information Maps) was used, in order to enable
the use of four variables chosen from a two-dimensional
spreadsheet.

Houldcroft [14], in turn, developed a sort of metal join-
ing process selection guide. His guide gathers twenty-eight
non-mechanical joining processes, focusing on welding,
and forty-four types of joints and different material thick-
nesses. The main idea is that the designer can choose the
joint geometry and the material thickness, and the guide will
provide a list of compatible processes. However, the tool he
developed does not specifically select a process, but a list of
compatible processes and information about each one.

In addition to the joining process selectors, the litera-
ture also presents specific selectors for a particular joining
technology. Lees [22], for instance, presented a table for a
comparative analysis of adhesive-based joining of elements,
not necessarily metallic. Kalpakjian and Schmid [15] pre-
sented a welding process selection graph based on the type
and thickness of the materials involved in the joining. Schey
[28] also presented a similar work for the selection of weld-
ing processes, adding technical and economical selection
criteria.

Despite the extent of existing joining processes, as Wien-
dahl et al. [33] point out, most do not address the specific
joining of thin sheets and do not distinguish between dif-
ferent clinching processes, considering them all as one cat-
egory. Only Kaspar et al. [17] consider the sheet thickness
and refer to the concept of QFD. Kaspar et al. [17], Kin et al.
[18] and Esawi and Ashby [11] are more robust computa-
tional applications that need more specification.

In this context, the literature presents many method-
ologies for the selection of sheet metal joining processes.

However, the complexity and generality of such methods and
the lack of a simple tool that considers the product’s func-
tional requirements, and which is focused on the selection
of processes to join thin sheet metal, are clear. Therefore,
this work aims to propose an overlapping thin sheet metal
joining process selector that relates the product’s functional
requirements with the technical characteristics of each pro-
cess (including clinching variations), indicating the most
suitable joining process in the product development phase.

2 Literature review

The joining processes can be categorized according to the
nine parts of DIN 8593 (Fig. 1).

DIN 8593 Part 1 is about simple joining. The parts are
placed one over another, joining, articulating and locking
themselves together. The joint holds up with gravity, friction
and non-permanent interlock. In Part 2, the filler joining, the
joints are made with a fluid between the parts. Those kinds
of joins can be normally loosened by applying heat. Part 3 is
about mechanical components, with a group called clamping
elements (screws, rivets, etc.). Part 4 is about the joining of
amorphous materials. The formed joints, Part 5, are made
through a connection between the parts, resulting in inter-
locking. Part 5 has a subgroup called riveting and clinching
processes. Part 6 includes welding processes. They can use
pressure or fusion and can be considered permanent joints.
Part 7, on the contrary, regards temporary welding processes
called brazing joining. The joined parts can be unfixed with
the correct tools. Part 8 is about adhesive bonds. They use
nonmetallic bonding agents which harden physically or
chemically, joining the workpieces. Finally, Part 9 is about
textile joints, such as carbon fibers [33].

The point joining processes stand out from other DIN
8593 definitions for thin sheet metal joining. They are Part
5 (forming) and Part 6 (welding), including

(a) Clinching is a mechanical forming sheet metal joining
process. In this process, one sheet is held onto the other
by a concentrated force applied by a punch and a die.
At the end, the sheets are plastically deformed toward
the die, resulting in an angular displacement of the
material. The sheet metals are finally interlocked [13].
Figure 2 shows some commercial clinching processes.

(b) Rivets produce a permanent mechanical forming joint
using clamping elements. The process can be undone,
but the sheets and/or rivets are destroyed. In this kind
of joint, the rivet is formed after it is inserted in a pre-
existing hole on the sheets. It is usually conformed on
one side only [29].

(c) Welding is the most important and recognized join-
ing method for metallic materials. This process applies
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JOINING (DIN 8593)

Joining is durably connecting or otherwise bringing together two or more geometrically defined workpieces
or the same kind of workpieces with a shapeless substance. The cohesion is applied locally and increased

in the whole respectively.
I [ [ I I I [ I
4.1 4.2 43 44 45 46 4.7 4.8 49
putting filling pressing | [shapeless| | forming | | welding | [soldering| [ bonding textile
together on/in forming joining
DIN 8593 DIN 8593 DIN 8593 DIN 8593 DIN 8593 DIN 8593 DIN 8593 DIN 8593
part 1 part 2 part3 part 4 part5 parté pant 7 part8

Fig. 1 Joining processes according to DIN 8593 standard. Source: Adapted from Wiendahl et al. [33]

BTM Tog-L-Loc®

BTM V-Loc™

BTM Oval-Loc®

BTM Lance-N-Loc® TOX-Clinching®

Fig.2 Commercial clinching processes to join sheet metal (BTM® [23]; TOX® ca. [30])

fusion or pressure to create chemical bonds and join the
materials. Two welding subgroups stand out for sheet
metal assemblies: resistance spot welding (RSW) and
friction stir welding (FSW). The metal sheets that are
held together under pressure by electrodes are joined
in one or more spots by the heat generated from the
resistance to the flow of electric current [2]. FSW is a
solid-state joining technique using a non-consumable
rotating tool with a specially designed pin and shoulder,
which is inserted into the touching edges of sheets or
plates to be joined and traversed along the line of joint.
The localized heating softens the material around the
pin, and the combination of tool rotation and transla-
tion leads to movement of material from the front to
the back of the pin [26]. As a variant of FSW, the fric-
tion stir spot welding (FSSW) has been proposed to
accomplish spot welding without the transversal pin
movement. The FSSW process consists of three stages:
plunging, stirring and retracting [34]. The friction spot
welding (FSpW) is similar to the FSSW, but the joint
is completely filled. There is no hole on the sheet metal
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by the end of the process, which is important to avoid
corrosion and stress concentration [7].

3 Development of the process selector

The development of the sheet metal joining selector was
based on the same conceptual model as Santos et al. [27],
who used the principles of QFD to elaborate a casting pro-
cess selector. In this approach, a correlation matrix is con-
structed, which correlates the product’s functional require-
ments (defined by the designer) with the characteristics of
the sheet joining processes, thus obtaining the importance
of each of those characteristics for the product, which, in a
second stage, are correlated with the joining processes and
product specifications in the selection matrix, resulting in a
ranking (from zero to ten) of the analyzed processes (Fig. 3).

Unlike Santos et al. [27], qualitative product specification
characteristics, such as surface finish and accessibility to
perform the joining, were considered. A similar method was
employed by de Aguiar et al. [8] to evaluate the recyclability
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Fig. 1 1 for th . .
ig-3 Conceptual model for the Joining process characteristics
selection of joining processes.
Source: Adapted from Santos S Component Correlation Matrix
etal. [27] Matrix Functions & Features X Characteristics
Features null<0-1-2-3-4-5>strong
Importance of characteristics
Design goals for the characteristics
. . . - Priority value
Selection Joining Matrix of characteristics values by for each
Matrix processes processes
process (rank)

of a given product during its development stage, considering
two factors: the type of material and the product’s disassem-
bly process. Qualitative characteristics, such as disassembly
accessibility, contamination and compatibility between the
materials, were converted into an increasing difficulty scale
(1-4), meaning that the highest rating qualitative character-
istics indicate lower recyclability.

The development of the selector comprised three steps.
Initially, a bibliographic research was carried out to outline
the main technical features of each joining process to be
included in the selector. Those features were split into two
groups: qualitative and quantitative, which were later used
to build the QFD-based correlation and selection matrices.
In step 3, three products were chosen for analysis, and then,
the results were compared against those from Brown et al.
[6] and against commercially used joining processes.

3.1 Definition of joining processes’ technical
characteristics and data gathering

From the literature, the main technical characteristics of
the joining processes that will be used as selection criteria,

according to Table 1, were defined as: surface finish, acces-
sibility for joining, sheet thickness, batch, joining strength,
joint type and material type. It is noteworthy that the selec-
tors in the literature differ in this regard, since they mix
process characteristics and product functional requirements.

Each of these characteristics causes the joining process
to be selected differently:

e Surface finish—This factor is related to the quality of
the surface to be joined. The lower the number of chemi-
cal elements, oxides and other substances found on the
surface, the better the surface quality. Thus, processes
that require parts with absolutely clean surfaces perform
worse in the selection than those that can be performed
on painted parts. For example, in resistance spot welding
(RSW), the heating to form the welding point depends on
the resistance to current flow. Such resistance is directly
affected by the parts’ surface condition, as dirt, paint,
oxides and oils are insulating, in addition to the conduc-
tivity, resistivity and melting point of the materials (type
of material) and the thickness of the sheet. Such elements
affect energy consumption.

Table 1 Literature-based joining processes’ technical characteristics. Source: Prepared by the author

Selection criteria (process technical ~Lebacqetal. L’eglise et al. [20] Brown et al. [6] Houldcroft [14]
characteristic) [21]
Surface finish X
Accessibility to perform joining X X
Thickness of joining sheets (mm) X X X
Batch (production/year) X X
Joining strength (kN) X X X
Type of material X X X
Type of joining® X X X X
Alting [1] Kalpakjian and Schmid [15] Swift and Booker [29] BTM® [23]; TOX® [ca. [30]
Joint dimensions (¢ mm) X X X X

“In this case, the joint will be overlapped
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e Accessibility to perform joining—Represents how acces-
sible the area to perform the joining task is. Processes
that require tools on both sides to join plates are less
accessible than processes that use tools on a single side.
This factor is also related to the geometry of the parts
(presence of obstacles to the place of joining).

e Thickness of joining sheets (mm)—Relates to the process
ability to join sheets of greater thickness, or not to dam-
age sheets of thinner thickness.

e Batch (production/year)—Some processes are more pro-
ductive than others. Including this factor in the selec-
tor allows selecting joining processes according to the
desired production volume.

e Joining strength (kN)—Relates to the load capacity sup-
ported by the joint in its transverse direction (shear).

e Type of material—Corresponds to the types of material
that the process is able to join. For this version of the
selector, only joints of the same type of material were
considered.

e Type of joining—It is the variety of types of arrange-
ments between two or more plates that can be served
by the joining process. In this version, only overlapping
plate joints were considered.

e Joint dimensions (@ mm)—It is the diameter of the con-
necting element itself, in the case of circular joints such
as rivets, or the tool diameter, for welding and clinch-
ing processes. For example, in friction stir spot welding
(FSSW) and friction spot welding (FSpW), the joined
region undergoes severe plastic deformation depending
on the type of material. In such case, weld resistance is
given by the ratio of shear force and effective nominal
area of the joint (outside diameter of the tool).

The data gathering for the joining processes’ chosen char-
acteristics was carried out from two approaches: quantita-
tive (joining sheet thickness, joint size, batch and joining
strength) and qualitative (material type, surface finish and
accessibility to perform the joining). The maximum and
minimum characteristics for each of the evaluated factors
are shown in Table 2. The values represent the limits for
which the selector is able to perform the selection process
for sheet metal joining.

For the quantitative characteristics, four levels of values
were established: (1) extreme minimum, (2) ordinary mini-
mum, (3) ordinary maximum and (4) extreme maximum,
where (1) and (4) represent, respectively, the lowest and the
highest possible values, while (2) and (3), in turn, repre-
sent the average values collected from the literature, as in
the methodology proposed by Santos et al. [27]. The sheet
thickness refers to the sum of the thicknesses of the sheets
involved in the joining. In this case, for each process, four
levels were established, as shown in Table 3, which exem-
plifies those values for the resistance spot welding (RSW)
process, following the same criteria for the other quantitative
characteristics of joint size, batch and joining strength.

In the qualitative approach (except for the material type
characteristic), concepts were assigned a value from 1 to 4,
based on the evaluation of a certain characteristic, similar
to de Aguiar et al. [8].

Type of material is an important factor for the selection.
Defining the sheets’ type of material to analyze the compat-
ibility with the joining processes is necessary for a better
selector functionality. Table 4 presents a survey about the
main sheet materials (C steel, stainless steel, aluminum and
copper and their respective alloys) [1, 7, 15, 23, 29, 30].

To meet and respect such material differentiation between
the possible joining processes, the type of material must
be the first specification made by the designer, as it will be
the first filter for the selection process. For example, if, at
the early selection stage, the product material is informed
as stainless steel, the BTM Tog-L-Loc®, BTM V-Loc
™ and BTM Oval-Loc® clinching processes should be

Table 3 Minimum thickness (mm) for the resistance spot welding
(RSW) process. Source: Prepared by the author

Min. extreme (1) Min. Max. Max. References
ordinary ordinary extreme
) 3) 4)
- 0.30 - 6.00 Swift and Booker
[29]
0.12% - 3.00 - Groover [12]
0.12% - 3.00 - Alting [1]
0.12 0.30 3.00 6.00 Adopted

“Figures according to NBR 6215 (ABNT [5])

Table 2 Minimum and
maximum extreme values for

Selection criteria

Min. extreme Max. extreme

selector’s selection criteria Joining plate thickness (mm)

Joining strength (kN)

Production batch (production/year)

Joint dimensions (mm)
Surface finish

Accessibility to perform joining

0.12 200.0

0.01 250.0

1 100,000.000
1.0 26.0

Surface free from any agent Surface has plastic film

Easy access to joining Great difficulty in access to joining
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Table 4 Correlation between sheet joining processes and applicable types of material. Source: Prepared by the author

Process classification Process C steel Stainless steel Aluminum and its ~ Copper
alloys and its
alloys
Clinching BTM Tog-L-Loc® X X X
BTM V-Loc™ X
BTM Oval-Loc® X X X
BTM Lance-N-Loc® X X X X
TOX-Clinching® X X X X
Rivets Solid rivet X X X X
Tubular rivet X X X X
Blind rivet X X X X
Welding Resistance spot welding (RSW) X X X
Friction stir spot welding (FSSW) X X X X
Friction spot welding (FSpW) X X X X

automatically disregarded, as they will not meet the product
joining needs under any circumstances.

The surface finish characteristic can refer to both the
roughness of the sheets being joined and their surface fin-
ish. For the case under study, that is, when it comes to the
development of a sheet metal joining process selector, the
most important factor to ensure a good joint between the
sheets is the surface finish, since they already have a stand-
ardized roughness dimensional tolerance. Regarding that
characteristic, the state of the surface must be considered
in terms of contaminants such as oxide layers or chemicals,
paint or additional materials such as plastic films. Four fac-
tors (Table 5) that represent the sheets’ surface conditions
were defined. The selector designer or user should choose
the one that most closely matches the product’s raw material
surface conditions.

Still working qualitatively, the selector considers the
joining accessibility, which measures how easily a cer-
tain part can be reached with the hand or a tool (Kroll
and Carver [19], apud de Aguiar et al. [8]). Just as the
surface finish characteristic, a product’s accessibility was
evaluated with the qualitative attribution of four factors,
according to how easy it is to access the joining place in
the product. According to Table 6, factor 1 represents a

product with an easy access to the joining site, without any
geometric restrictions. Factor 2 represents an application
whose joining is 50% easy to access. Factor 3, in turn,
represents an application whose joining is 50% difficult
to access. And, finally, factor 4 represents an application
whose joining is very difficult to access.

3.2 QFD-based joining process selector

After listing the sheet metal joining processes, their inherent
technical characteristics and each of such characteristics’
values, the correlation matrix was developed. The matrix
correlates the product’s functional requirements, that is, the
set of attributes it requires, with the technical characteristics
of the joining processes. Correlation takes place by assign-
ing weights that vary from O to 5, where 0 means “no cor-
relation” and 5 means “very strong correlation.” The matrix
yields the translation of the functional requirements to the
importance degree of the process characteristics.

The next step is the elaboration of the selection matrix,
which compares the values informed by the designer and the
values from the selector database. According to the com-
parison results, values of 0, 1 or 2 will be given as follows:

Table 5 Factors applied to the evaluation of surface finish characteristic. Source: Prepared by the author

Factor Product’s surface finish
finish

Process capability relative to product’s surface

Capability of each joining process

Surface free from any agent
Surface has chemical agents

Painted surface Also joins pre-painted surfaces

4 Surface has plastic film

Joins surfaces that have chemical agents

Joins materials regardless of surface finish

Only joins surfaces that are free from any agent -

RSW, FSSW e FSpW

BTM Tog-L-Loc®, BTM V-Loc™ and BTM Oval-
Loc®

BTM Lance-N-Loc®, TOX-Clinching®, Solid rivet,
tubular rivet and blind rivet
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Table 6 Factors applied to the evaluation of the accessibility characteristic. Source: Prepared by the author

Factor  Accessibility to perform product joining  Process capability regarding joining acces- Capability of each joining process
sibility
Easy access to joining Process has no joining versatility -

2 Partially easy access to joining Process presents reasonable versatility for Solid rivet, tubular rivet and blind rivet
hard-to-reach joining

3 Partially difficult access to joining Process presents certain versatility for hard-to- BTM Tog-L-Loc®, BTM V-Loc™ ¢ BTM
reach joining Oval-Loc® BTM Lance-N-Loc® TOX-

Clinching® FSSW and FSpW
4 Great difficulty in access to joining Process has greater versatility for hard-to- RSW

reach joining

(a) For the quantitative variables: O if the characteristic
is above the extreme maximum or below the extreme
minimum, 1 if it is between the ordinary minimum and
the extreme minimum or between the ordinary maxi-
mum and the extreme maximum and, finally, 2 if it is
between the ordinary minimum and the ordinary maxi-
mum.

(b) For the qualitative variables: 2 if it is compatible with
the process value, 1 if it is less than the process value
and O if it is greater than the process value.

At the end, each characteristic’s index is found by mul-
tiplying the process capability value by the importance
obtained from the correlation matrix. The grade of each join-
ing process will be the sum of its characteristics’ indices,
going as high as 100 (ideal process). After the results are
normalized, the selection matrix can provide a priority list of
processes that can be employed in the proposed application.
Figure 4 summarizes the selector operation.

4 Selector application and evaluation

For the analysis and validation of the proposed selector,
three commercial products were chosen and compared
against other selectors, similar to L’eglise et al. [20] and
Santos et al. [27]. The selected products were: (a) complex
automotive part (joining of five components); (b) cable tray
(joining of similar components) and (c) paint can (joining
of wire flap to body) (Fig. 5), with their specifications and
functional requirements grouped in Table 7.

The functional requirements and design specifications
of each product were first fed into the correlation matrix,
translating the requirements into the degree of importance
of the joining processes’ characteristics (Table 8). For the
automotive part, for example, they are, in descending order:
joining strength, joint dimensions, surface finish, production
batch, joining sheets thickness, joining accessibility.

After obtaining the characteristics’ importance values,
the priority for each process is calculated for each part. For
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instance, the results for the solid rivet process for the auto-
motive part are shown in Table 9, along with the respective
characteristic’s importance values obtained from the cor-
relation matrix (Table 8) shown in Table 9 (column C). The
values for the automotive part in column B are compared
against the characteristic values of the solid rivet process
(columns D to H), in order to find the associated indica-
tors (column I). Thus, the importance values (column C) are
multiplied by the correlated indicators (column I), giving the
characteristic’s priority value (column I). The number 63,
obtained from the sum of values from column I, corresponds
to the non-normalized priority index for this process. It was
the greatest value among the listed joining processes as well
as the tubular rivet process and, after normalized, received
a score of 10.00.

Similarly, the other joining processes were analyzed and
applied to the two other products (cable tray and paint can),
with the final ranking presented in Table 10. For the auto-
motive part (a), the selector result was, in first place, solid
rivet processes (63) and tubular rivets (63), followed by the
BTM Tog-L-Loc® clinching process (56). For the cable tray
part (b), the number one process result was resistance spot
welding (RSW) (97), followed by the TOX-clinching® pro-
cess (89). The high score for the processes for the cable tray
stands out, which means a great adherence to this selector’s
manufacturing processes. Finally, for the paint can (c), the
selected process was the TOX-clinching® (62), followed by
the BTM Tog-L—Loc® (53).

And, to complete the validation, a comparison was made
between the results of the proposed selector (1) and the pro-
cesses used in the industry (2), and with the literature (3)
(Table 11).

For the automotive part and the cable tray, the developed
selector’s first choices were the same processes suggested
by the industry and Brown et al. [6]: rivet and resistance
welding (RSW), respectively. For the paint can, the selector
suggested TOX-Clinching® first and BTM Tog-L-Loc®, the
same used in the industry, second. It is worth mentioning
how closely related they are, as both are visually similar
clinching processes, but with technical differences in the
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Fig.4 Selector operation flowchart. Source: Prepared by the author
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(a) Automotive part

(b) Cable tray

Fig.5 Product joining details used for selector validation. Source: Prepared by the author

Table 7 Products analyzed by
the developed selector. Source:
Prepared by the author

Table 8 Correlation matrix for
products (a) automotive part

@ Springer

(c) Paint can

Product (a) Automotive part (b) Cable tray (c) Paint can

Type of material Steel Steel Steel

Sheet thickness (mm) 6.4 1.2 0.8

Joining strength (kN) 3.0 1.0 0.5

Batch (production/year) 1500 10,000 -

Joint dimensions (@ mm) 10.0 5.0 3.0

Surface finish 3 (painted surface) 2 (galvanized surface) 1 (free surface)
Accessibility for joining 3 (partially difficult) 2 (partially easy) 3 (partially difficult)
Functional requirements ~ Painting Aesthetics Painting

Vibration resistance
Fatigue strength

Load resistance
Provide stiffness

Tensile and shear strength
Aesthetics

Productivity Provide dimensional stability ~Oxidation resistance
Component characteristic
£
= 2] o
2l & 2| § ?
ol 2| 8| 5| | @
c (= o) (7] » Q
K4 2 c ch E o
%) - o — (2]
| 2| =| E| £| ©
=] (=2} 7] 6 8 ()]
- £ =) - © £
s| E| B| E| £| £
£ 3
ol Slal S|l al S
Automotive part
Functional Requirements
Painting 0 1 1 3 5 2
Vibration Resistance 2 5 0 4 0 0
Fatigue strength 3 5 0 4 0 0
Productivity 0 1 5 0 2 1
X (Characteristic Importance) — Automotive part 5 12 6 11 7 3
Z Cable tray 11 | 14 [ 2 (14 | 11 | 7
X Paint can 6 7 3 10 | 17 | 6
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Table 9 Summary of the
characteristic values and their

importance for the solid rivet A

process for the automotive part

Characteristic value of the solid
rivet process
B C D E F G H 1 J
S
=3
—_ s
= g = g g = | Characteristic
s <« g g g g £ | priority value
Part feature £ = £ i 2 32 5| =
= @ k= = ] =] = 54 [column C x
) = g g g g S| = column H]
| E] @ B2l B o I
4 el B o] <
o | E| §| S| 5] & £
Joining plate thickness (mm)) 6.4 5 0.25 | 6.00 [100.00/200.00| NE 2 10
Joining Strength (kN) 3.0 | 12 | NS [50.00 [100.00(250.00 | NE 1 12
Production batch (production/year) | 1500 | 6 1 100 (10,000{ 108 | NE 2 12
Joint Dimensions (mm) 10.0 | 11 | 2.50 | 2.50 | 10.00 | 25.00 | NE 2 22
Surface Finish 3 7 NE NE NE NE 4 1 7
Accessibility to perform joining 3 3 NE NE NE NE 2 (1} 0
Priority value for the process (not normalized) >> 63

Process factor: capability regarding qualitative characteristics

NS not specified; NE nonexistent

performed plastic deformation. In this case, other selection
factors must be considered to define the process that best
meets functional and production requirements, as well as
production specifications.

5 Conclusion

The overlapping thin sheet joining process selector was
proposed from a conceptual QFD-based model, to be
employed in the early stages of product development. The
use of the correlation matrix allowed translating the prod-
uct’s functional requirements into the degree of importance
of each characteristic of the joining processes, namely
clinching, rivets and welding, with special attention to
clinching, with scarce literature, which has been subdi-
vided into the BTM®’s Tog-L—Loc®, V-Loc ™, Oval-Loc®
and Lance-N-Loc® clinching processes, and the TOX®’s
clinching process. The data collection for the joining pro-
cesses’ chosen characteristics was carried out from two
approaches: quantitative (joining sheet thickness, joint
size, batch and joining strength) and qualitative (material
type, surface finish and accessibility to perform the join-
ing), with sheets’ material type as an initial analysis filter.
The building of the selection matrix compared the product
data and the selector database, resulting in a priority list of
the joining processes. When applied to commercial prod-
ucts, the selector showed compatibility with the literature,

as well as with commercially used processes. However,
depending on the product, other requirements may be taken
into consideration, such as equipment availability and pro-
duction costs.

Using the principles of QFD in the selector allowed to
provide a solution that can easily convert a product’s func-
tional requirements into an ordered list of joining processes.
Therefore, it should facilitate the analysis, the interpreta-
tion of results and, consequently, the decision-making in the
early stages of product development. Future works should
address the limitations inherent to this version of the selec-
tor, including, for example, the study of the union between
sheets of different materials or multiple layers.

Appendix: Systematic literature review

The search was performed on June 2019, using SCOPUS
database with the following features:

e Search string: “selection of joining methods”
e Search fields: Article Title, Abstract and Keywords
e Subject area/Language/Source/Publish year: all

This search resulted on seven documents, listed in
Table 12, being the work of Lebacq et al. [21] the most cited
of them. Among these documents, only two are published
in the last 5 years.
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Table 10 Final ranking of process priority values (normalized) for the evaluated parts

Sheet Joining Production Joint Surface finish Joining Score Normal-

thickness  strength batch dimensions accessibility ized score
Automotive part
BTM Tog-Loc® 0 24 12 0 14 6 56 8.9
BTM Oval-Loc® 0 12 12 0 14 6 44 7.0
BTM LanceN-Loc® 5 12 12 0 7 6 42 6.7
TOX-Clinching® 5 12 12 11 7 6 53 8.4
Solid rivet 10 12 12 22 7 0 63 10.0
Tubular rivet 10 12 12 22 7 0 63 10.0
Blind rivet 5 0 12 0 7 0 24 3.8
Resistance spot welding (RSW) 0 24 12 11 0 3 50 7.9
Friction stir spot welding (FSSW) 0 24 12 0 0 6 42 6.7
Friction spot welding (FSpW) 0 24 12 0 0 6 42 6.7
Cable tray
BTM Tog-Loc® 11 28 4 28 11 7 89 9.2
BTM Oval-Loc® 11 28 4 0 11 7 61 6.3
BTM LanceN-Loc® 11 28 4 14 11 7 75 7.7
TOX-Clinching® 11 28 4 28 11 7 89 9.2
Solid rivet 11 14 4 28 11 14 82 8.5
Tubular rivet 11 14 4 28 11 14 82 8.5
Blind rivet 11 28 4 14 11 14 82 8.5
Resistance spot welding (RSW) 22 14 4 28 22 7 97 10.0
Friction stir spot welding (FSSW) 11 14 4 28 22 7 86 8.9
Friction spot welding (FSpW) 11 14 4 28 22 86 8.9
Paint can
BTM Tog-Loc® 0 14 0 10 17 12 53 8.5
BTM Oval-Loc® 6 14 0 0 17 12 49 7.9
BTM LanceN-Loc® 6 7 0 10 17 12 52 8.4
TOX-Clinching® 6 7 0 20 17 12 62 10.0
Solid rivet 6 0 20 17 0 50 8.1
Tubular rivet 6 0 20 17 0 50 8.1
Blind rivet 6 14 0 10 17 0 47 7.6
Resistance spot welding (RSW) 12 7 0 10 17 6 52 8.4
Friction stir spot welding (FSSW) 0 7 0 10 17 12 46 7.4
Friction spot welding (FSpW) 0 7 0 10 17 12 46 7.4

As a second filter, it as performed the reading of the title
and abstract. Papers numbered as 3 and 5 in Table 11 were
considered out of scope, since they don’t seem to address
the selection of joining process per se, in any level. Paper
number 6 is out of the list too, since it addresses the joining
of plastic parts. The work of Goslow (1967) was consid-
ered suitable for evaluation, but we didn’t have access of its
contents, and consequently, was also removed from the list
(paper #7). The remaining papers (1, 2 and 4) were selected

for full reading.

@ Springer

Besides these filters, an additional endeavor was per-
formed in evaluating the works that cited the paper of Leb-
acq et al. [21]. The full list (51 papers) passed by a refine-
ment limiting the options with the following criteria:

Subject area: Engineering; Materials Science
Language: English

Source type: Journals; Conference Proceedings

Publish year: all
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Table 11 Comparison between

A B C
processes. Source: Prepared by Automotive part Cable tray Paint can
the author
1 2 3 1 2 3 1 2 3
BTM Tog-L-Loc® 0 e} 0 X
BTM Oval-Loc®
BTM Lance-N-Loc®
TOX-Clinching® X
Solid rivet X X X
Tubular rivet X
Blind rivet
RSW X X X X
FSSW
FSpwW
X—first selector choice/O—second selector choice
1—selector; 2—industry; 3—Brown et al. [6]
Table 12 Results from the systematic literature review
# Authors Title Year Source title Cited by
1 LeBacq C., Brechet Y., Shercliff H.R., Selection of joining methods in 2002 Materials and Design 51
Jeggy T., Salvo L. mechanical design
2 Maropoulos P.G., Yao Z., Bradley H.D., Integrated design and planning environ- 2000 Journal of Materials Processing Tech- 20
Paramor K.Y.G. ment for welding Part 1: product nology
modelling
3 Das A, Li D., Williams D., Greenwood Weldability and shear strength feasibil- 2019 Journal of the Brazilian Society of 1
D. ity study for automotive electric Mechanical Sciences and Engineering
vehicle battery tab interconnects
4 MesalJ.A., Illera D., Esparragoza 1., Functional characterisation of mechani- 2018 International Journal of Production 1
Maury H., Gémez H. cal joints to facilitate its selection Research
during the design of open architecture
products
5 Fukuda S., Matsuura Y. Prioritizing customers’ requirements for 1994 Transactions of the Japan Society of
concurrent design Mechanical Engineers Series C
6 Huber W. Selection criterion for joining methods 1974 Ind-Anz
from the point of view of production
planning. [AUSWAHLKRITERIEN
FUER FUEGEVERFAHREN AUS
DER SICHT DER FERTIGUNGSP-
LANUNG!.]
7 Goslow R.H. Permanent joints for agena pressure 1967 SAE Technical Papers

systems

It resulted on 38 documents, which passed through
a more detailed reading of title and abstract. The seven
remaining results are listed in Table 13. Among these

papers, we didn’t have access just to document number 5

and the paper of Mesa et al. [25] was already on the pre-
vious list (paper number 3). The remaining papers were
selected for full reading.

@ Springer



226 Page140f15

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2020) 42:226

Table 13 Papers citing Lebacq et al. [21] in SCOPUS database

# Authors Title Year Source title Cited by
1 KasparJ., Choudry S.A., Optimized decision-making in joining selection by 2019 Procedia CIRP 1
Vielhaber M. alternative-based material and design-oriented
changes
2 KimJ.H., Wang L.S., Putta Knowledge based design advisory system for 2019 Journal of Manufacturing
K., Haghighi P., Shah J.J., multi-material joining Systems
Edwards P.
3 Mesal.A., Illera D., Espar- Functional characterisation of mechanical joints to 2018 International Journal of Pro- 1
ragoza I., Maury H., Gémez  facilitate its selection during the design of open duction Research
H. architecture products
4 Kaspar J., Choudry S.A., Concurrent and geometry-dependent selection 2018 12th annual IEEE interna- 2
Landgrebe D., Vielhaber M.  of material and joining technology—an initial tional systems conference,
utility-based systematic decision-making tool SysCon 2018—proceedings
5 Rusitschka F., Zafeiriou E., Mechanical connections in multi-variant series 2013 22nd international conference
Binz H., Roth D. production: Process selection on production research,
ICPR 2013
6 Esawi A.M.K., Ashby M.F. Computer-based selection of joining processes 2004 Materials and Design 23
methods, software and case studies
7 Ashby MLF,, Bréchet YJ.M., Selection strategies for materials and processes 2004 Materials and Design 224

Cebon D., Salvo L.
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