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Abstract

Weight reduction, increased fuel economy, and increased safety of structures in
transportation applications has led to much interest in lightweight higher strength structural
aluminum alloys. Suitable joining techniques to create such structures with aluminum
sheets are required. Generally, similar and dissimilar sheet metals can be joined by adhesive
bonding, welding, and mechanical fastening. Difficulty of welding and long processing
times for adhesive bonding make mechanical fastening a process of much interest for

joining of high strength aluminum sheets.

Among the different mechanical fastening techniques available in manufacturing,
clinching is a common method of joining by forming in which a punch and die are used to
form a geometrical interlock. However, the process introduces surface steps on both sides
of the joined sheets where one side consists of a protrusion and the other a pit. Also, clinch
joining, a well-accepted and widely used process for joining ductile sheet metals, is more

challenging for high strength lower ductility aluminum sheets such as AA7075.

The current work aims at studying clinch-ability of high strength lower ductility
AAT7075 aluminum sheets of different tempers by conventional as well as a new clinching
technique called "die-less” clinching. A new tooling was designed in order to conduct die-
less clinches. The results showed that room temperature clinching is possible for the softer
tempers namely solution treated and annealed states. However, the peak aged sheets failed
to form a successful joint. A novel electrical resistance heating technique (ERH) to provide
ductility to the joined sheets was used to obtain die-less clinched joints in AA7075-T6.
ERH technique provides a large range of heating temperatures from room temperature to
270°C for a current duration of 3 sec. The AA7075-T6 sheets showed a superior joining by
using ERH. The joint showed a metallurgical locking mechanism in addition to the

commonly available form locking mechanism.



Research Contributions

Due to reduced ductility of high strength AA7075 sheet metals and lack of studies

of clinch-ability of this challenging sheet material, conventional clinching of this material

has been studied experimentally as well as numerically. Also, a new tooling for die-less

clinching process was designed and utilized for die-less clinching of AA7075 sheets. The

following contributions have been made from conventional and die-less clinching studies
of AA7075 sheets:

Clinch joining involves very large plastic deformation that makes joining of high
strength and lower ductility 7075 aluminum sheet a challenge. An investigation of
the effect of the tool parameters on conventional clinch process as well as the
associated joint strength was conducted. A new tooling for die-less clinch joining
was designed. Also, the effect of parameters of new tooling on the formed joint was
studied. Further, the material flow of the AA7075 sheet metal in different tempers
(namely T6, W, and O) was studied. Lastly, a microstructure study of conventional
as well as die-less clinching was carried out.

2D axisymmetric FE model of conventional clinching using extensible dies was
developed, validated, and utilized to obtain a better understanding of the process.
Material models based on Swift, Voce, and a mixed material hardening law
incorporating both Swift and Voce laws with a weight function were utilized. The
effect of the tool and forming process parameters on the final shape of the joint were
also studied via FE simulation.

A FE based parametric study of die-less clinching of AA7075 aluminum sheets was
conducted. The effects of numerical model, boundary conditions, and material
models parameters were studied. 3D FE models to assess the peel as well as shear
strength of the die-less clinched joint were also developed and validated with
experiments, and utilized to study the effect of forming process parameters on post-
clinch joint strength.

A novel hot die-less clinching technique was developed. Taking advantage of the
simplicity of the new designed tool set, resistance heating was used to provide
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ductility to the AA7075-T6 sheet materials. In the literature some recent heating
techniques such as thermal and IR guns have been used to conventionally clinch
high strength 6xxx aluminum sheets. In the present work, a considerably superior
method of rapid electrical resistance heating was successfully developed and
studied for die-less clinching of hard-to-clinch AA7075-T6 sheets. Modification of
the pre-designed die-less tool set was carried to enable rapid application of current
for resistance heating. Different current cycles were applied and the effects of
applied current, current duration and forming force on the material flow, geometric

parameter of the clinch, and post-clinch strength of the joint were studied.
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1 Introduction

1.1 Overview

Aluminum and its alloys have a great demand in aerospace and automotive
applications due to their low density, high strength to weight ratio, good corrosion
properties and retention of strength at sub-zero temperatures. Aluminum structures are
lightweight and recyclable and thus more fuel efficient and environmentally more
sustainable. Among aluminum alloys, 7xxx series has the highest strength. However, its
lower ductility makes it challenging to join by plastic forming processes at room
temperature. The assembly of thin-walled aluminum structures often involves selection of

an appropriate joining technique.

Clinching is a joining process by forming in which two or more sheet metals are
locally deformed by using punch and die to form an interlock without the aid of
consumable parts [1] as shown in Figure 1.1. The strength of the joint is entirely
dependent on the amount of plastic work [2]. Simply, the punch exerts pressure on the
sheet metals to plastically deform and fill the die cavity and create a geometric interlock
[3]. The final shape of the joint as well as joint strength depends on the tool design, sheet
material properties, and process parameters [4]. Joining by using clinching provides many
advantages in manufacturing components from sheet materials. It provides joining of two
or more sheet metals from similar or dissimilar materials in a large thickness range
(individual sheet thickness can range from 0.4 to 4 mm) [5]. Clinching does not require

the use of additional parts since joining depends on the formation of a geometric interlock
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from the sheet materials themselves. Since no light is emitted and fumes from heating are
not involved, the process is very clean, compared to other joining processes such as
welding and brazing. It is a cheap technique and typically there is no need for expert
technicians once the process is correctly set-up. High tool life compared with the other

joining techniques is another advantage for clinching [6].

: Draft Angle Y
Punch Corner Radius R,

Interlock Depth U Neck Thickness N
Upper Sheet Metal
Lower Sheet Metal

Die Radius R, Bottom Thickness X

Die Depth h

Figure 1.1. Cross section of a clinched joint showing the geometry of the joint and the

different tool parameters.

There are also some disadvantages that may restrict the use of clinch joining in
some applications. The formation of steps on both sides of the joined sheets represents the
main disadvantage of the clinching process where a protrusion is formed on one side of
clinched joint and an associated pit on the other side. Also, the large plastic strain
associated with the joint formation makes clinch joining more suitable for relatively

ductile sheet materials [7] and more challenging for high strength low ductility materials

3
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such as AA7075 aluminum sheets. Many attempts have been made in the past to make

clinching more aesthetically more appealing as described below.

1.2 Attempts to make clinches aesthetically appealing

1.2.1 Attempts to reduce protrusion height

In general, the main limitation of using clinching is the surface step on both sides of
the clinched joint as mentioned earlier. Many attempts have been made to decrease the
height of the protrusion of the clinched joint by subsequent reshaping [8-10]. In this
regard, a countermeasure tooling was employed by Tong et. al. [11] to reduce the
protrusion height by 50% of the conventionally clinched joint without affecting the
strength of the joint. Francesco et al. [12] have conventionally clinched carbon fibre
reinforced polymer (CFRP) to aluminum using extensible dies and followed the process
by a second step of reshaping utilizing a punch and a flat die. Difficulty of aligning the
pre-formed joint with the flattening punch represents the main disadvantage for this
approach [13]. Borsellino et al. [14] suggested utilizing two flat anvils instead. The study
showed a promising result in not only reducing the protrusion height but also increasing
the joint strength compared to the conventional clinched joint without reshaping. Chen et
al. used a pair of flat dies with (or without) the addition of a rivet to decrease the height of
the protrusion of the conventional clinched joint [15, 16]. Chen et. al. [17] have utilized
flat and bumped dies to reshape the conventionally clinched 5052 aluminum sheets with
different thicknesses. All of the above reshaping techniques resulted in an increase in the

processing time because of the extra step that utilizes a different tooling.
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1.2.2 Die-less clinching

In order to make clinching more aesthetically appealing a new technique called
die-less clinching has been developed [13]. Die-less clinch joining is a one-step joining
process in which a punch, blank holder, and a flat anvil are used. In die-less clinching the
surface steps occur only on one side of the formed joint, often on the punch side of the
joint [18, 19]. The designed groove in the blank holder plays an important role in
controlling the flow of the material to form the geometric interlock [2, 13]. The usage of
flat anvil instead of die in die-less clinching not only improves the aesthetic appeal of the
joined components but also reduces the joining time and die alignment issues.
Neugebauer et al. [20] showed the possibility of forming a smaller protrusion in die-less
clinching compared to the conventional clinch joining. The main disadvantage of die-less
clinching is that the process requires a combined movement of blank holder and punch

that makes the tool set more complex [11].

1.3 Attempt to make clinching suitable for low ductility sheets

The formation of permanent geometric interlock in clinch joining depends
critically on the amount of plastic deformation that the sheet metals can undergo [21].
This makes clinching, in general, a well suited and widely used technique for joining
ductile sheet metals. Recently, many researches aimed at extending clinch joining to join
high strength and low ductility sheet metals. A heater gun was used by Lambiase et al. to
locally heat AA6082-T6 aluminum sheets in order to provide some ductility for joining

using conventional clinching [22-24]. Xiaocong et al. [25] have utilized oxyacetylene
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flame gun to pre-heat the sheet metal to perform conventional clinches on TA1 titanium
sheets. Abe et al. [26] have used another approach of tool adaptation to obtain
conventional clinches in ultra-high strength steel sheets. In this work, rubber ring was
used as a counter pressure tooling as shown in Figure 1.2. Neugebauer et al. [18] have
utilized cartridge heaters underneath a flat anvil to obtain a die-less clinch. Hahn et al.
[27] have used electromagnetic induction to heat AZ31 magnesium sheets to perform
conventional clinches using a fixed die as shown in Figure 1.3. All of the above heating
techniques suffer from significantly increased process times compared to room

temperature conventional clinching.

‘ Punch |

| Blank :

| Tholder ‘ o ‘

.~ Upper sheet | | Y
Lower sheet -

‘ Df Die | = |:
Rubber ring Counter pressl;re é ‘

Figure 1.2. Scheme drawing showing the rubber counter pressure ring [26].
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punch

P
T =

Setting process Opening of dies

=

water cooling l
system Wya substrates

inductor current

>

bottom die

Inductive heating
of substrates

Figure 1.3. Scheme show clinch joining by using induction heating [27].

The present work is focused on joining of a high-strength, precipitation-
hardenable aluminum alloy AA7075 in different temper states by clinch forming at room
temperature as well as at higher temperatures. Two techniques were used for the room
temperature joining study, conventional and die-less clinching. Each technique has its
own advantages. The main advantage of conventional clinch is the relatively higher
strength of resulting clinched joints. However, as stated earlier, the nature of the resulting
interlock gives rise to unattractive surface steps on both surfaces of the joint. The die-less
clinched joint, on the other hand, is characterized by one intact surface but a lower
clinched strength. The die-less clinching study included a design of new tooling and a
parametric study of the effect of the tool parameters on the formed joint. Also, the study
involved development FE models to predict the final shape of the joint using different
tool parameters. The elevated temperature die-less clinching operation is studied by

locally heating the sheet materials using rapid electrical resistance heating.

1.4 Research Objectives
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The general objective of the thesis is to join AA7075 aluminum sheets in different
tempers by clinch joining for automotive as well as aerospace applications. The research

objectives thus consist of the following specific objectives:

(i) Study of room temperature clinch-ability of AA7075 aluminum alloy under different

temper states and assessment of joint strength:

Clinching is carried out by using two different processes, extensible conventional
clinching and die-less clinching. Both of these processes are applied to study the
clinch-ability of AA7075-0O sheet materials to assess the effect of tool parameters on
material flow and final shape of the formed joint. The die-less clinching study is
extended to involve more tempers mainly T6 and W tempers to evaluate the effect of

temper state on the flow of the material.

(it) Numerical modeling of material flow during room temperature die-less clinching of

AAT7075 sheet materials and post-clinch performance of the joints:

With the aid of numerical methods such as finite element method (FEM), both the
clinch joint formation as well as mechanical behavior of the clinched joint are
studied. The numerical simulations are used to gain a better understanding of the
relationship between geometrical parameter of the resulting clinched joint and the
process parameters such as tool set configurations, numerical simulation parameters
(element type and meshing), and sheet material properties (material model and

friction behaviour). In order to accurately predict the flow of the material from the
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models, the experimental results from Objective 1 are utilized for FE model

validation.

(iii) High temperature die-less clinching of AA7075 aluminum alloy by rapid local

electrical resistance heating:

This study deals with transient electrical resistance heating of the clinch region to
increase its material flow, clinch-formability and post-clinch strength of low-
formability AA7075-T6 sheets. Such a joint will help extend the range of structural
applications of high strength AA7075-T6 sheet in automotive and aerospace body
panels. Such studies are not available in the literature for high strength aluminum

alloys including the AA7075 sheet material.

1.5 Thesis Organization

Subsequent chapters of the thesis are organized as follows:

Chapter 2. This chapter presents experimental as well as numerical results from
conventional clinch joining process to understand the effect of tool parameters on the
final shape of the joint and associated joint strength, Also flow of the material during the
process is investigated. The post-clinching behaviour of the joint is studied by conducting
single lap shear tests. A microstructure examination as well as micro-hardness mapping
through a cross-section of the joint is carried out to gain further understanding of the
material flow during joining was conducted. The experimental results are then used for

validation of a FE model of clinching process. The content of this chapter is presented in
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the journal paper format. The paper is currently under review in Thin-Walled Structures

journal.

Chapter 3. This chapter deals with an experimental investigation of room temperature
die-less clinch joining. The work includes a new tool design with different shapes of the
blank holder which plays a key role in controlling the flow of the material during the
process. Further, post-clinching behaviour of the formed joint was assessed using two
types of tests, single lap shear and peel tests. This study is now published in Thin-Walled

Structures [13] journal.

Chapter 4. This chapter deals with the effect of different parameters that affects the
accuracy of FE simulation of die-less clinching process. The numerical parameters include
mesh density, adaptive remeshing and the mass scaling factors. Also, the effect of the
boundary conditions, which represent the tooling, on the formed joint are included. Further,
the study includes various material models, the commonly used Swift, power and Voce laws
in addition to a hybrid material model referred to as Extended-Voce model. The results from
this study are written up as a journal publication that is currently under review in

International Journal of Material Forming.

Chapter 5. In this chapter, background information and FE investigations are presented to
study the material flow during the die-less clinch joining process. An axisymmetric 2D FE
model is built and the die-less clinching is simulated based on a hybrid material model to
predict the final shape of the formed joint. Furthermore, the predicted final shape of the joint

is used to build 3D FE models to predict the strength of the joint. The results presented in this

10
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chapter are written up as a journal publication that is currently under review for publication in

Thin-Walled Structures Journal.

Chapter 6. In this chapter, background information and experimental investigations are
presented to highlight a novel hot die-less clinching technique using a rapid electrical
resistance heating system to enhance clinch-ability of AA7075 sheet in peak-aged condition.
The study included a new tool design to enable passing current from the blank holder to the
flat anvil through the joined sheets. The results presented in this chapter are written up as a

journal publication and submitted to Journal of Materials and Design.

Chapter 7. In this chapter, common aspects of all results presented in Chapters 2-6 are

discussed in the light of the research objectives of earlier Section 1.4

Chapter 8. In this chapter all conclusions from research on room temperature conventional
clinching as well as room temperature and hot die-less clinching are presented, along with

some suggestions for future work.
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Chapter 2
Numerical modeling and experimental studies of extensible dies

based clinching process for AA7075 aluminum sheet
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Abstract

Ability to mechanically clinch sheet materials depends on process and material
parameters. An investigation of the effect of the tool parameters on material flow and the
clinch quality of AA7075 high strength aluminum alloy was conducted experimentally
and via numerical simulations. Various tool designs as well as different process
parameters were used to obtain clinched joints using extensible dies. Further, micro-
hardness measurements and microstructure examinations were carried out to gain a better
understanding of material flow. Axisymmetric finite element (FE) model were also
developed to simulate clinching experiments based on Swift, Voce, and a mixed material
hardening law incorporating both Swift and Voce laws with a weight function. The results
showed that using weight function of 0.5 gives good prediction of experimental clinching
behavior. Experimentally validated FE model with a mixed hardening law was then used
to systematically investigate the effect of tool parameters, namely punch and die corner
radii, and die diameter, on geometry of the clinched joint. The results showed that punch-
die clearance has a large effect on reduction in thickness of clinched sheets. Also, punch
and die corner radii have a strong influence on ratio of thickness reduction of punch-sided
and die-sided sheets respectively. The analysis was carried out in terms of forming load
and geometrical parameter of the formed joint. Lastly, single shear test specimens were

used to evaluate the joint strength.
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Table 2.1. List of Abbreviations

T6 Artificial peak aged state which represents the hardest temper
@) Annealed temper state
N Neck thickness of the joint
U Interlock depth of the joint
X Joint bottom thickness
Rec Punch corner radius
Roc Die corner radius
F Forming force
oP Equivalent stress
eq
& Equivalent plastic strain
ki Stress coefficients for Voce hardening law
ka Stress coefficients for Swift hardening law
C Material constant for VVoce hardening law
m Material constant for VVoce hardening law
o Weight function
002 0.2 proof strength
n Strain hardening exponent

Keywords: Clinching, extensible dies, experiments, numerical simulations, FE model

2.1 Introduction

Clinching is a forming process in which two or more sheet metals are locally
deformed by using punch and die in order to form a geometrical interlock [1-4]. Unlike
other traditional joining techniques such as riveting and bolting, joining by clinching does
not need any auxiliary parts such as bolts, nuts, or rivets. Sheet clinching technology
offers joining of similar or dissimilar sheets regardless of surface condition [5]. The
thickness of the individual sheets can vary from 0.4 to 4 mm and thus the total thickness
can range from 0.8 to 8 mm [2]. The main feature of the clinched joint is a protrusion on

the die side and a pit on the punch side [2]. Generally, the required force for the clinching
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lies between 10 and 100 kN based on the sheet material properties and the tool geometry
[2]. Clinching requires an overlap between the two joined sheets and a die set-up where
punch locally moves into the die pushing the sheets towards the die severely thinning the
sheets and causing highly localized strains in the joint [6]. Tool dimensional parameters
are the key to forming a strong joint [7-9]. Lee et al. [7, 8] have presented a tool design
for clinching using fixed dies based on the volume of die-punch cavity. An optimum
combination of tool parameters has been achieved using Taguchi’s design of experiments
[9]. Because of complexity of material flow during the clinching process, with equivalent
plastic strain often exceeding unity, experimental approach alone is not sufficient [10]. FE
modeling of the clinching process can provide an efficient method of optimizing the
clinching process by analyzing the effects of individual process and material parameters
on clinch characteristics [11-15]. In order to optimize the tool parameters, the effect of
process parameters on the quality of the formed joint interlock depth and the neck
thickness is essential [4, 16], see Figure 2.1. Also, the strength of the joint can be
predicted analytically or by using a separate three-dimensional (3-D) FE model of the

pull-out test [17].

The main difficulty for the use of clinching as a joining technique is the high
stress concentration that often results in crack formation in the corners of punch and die-
sided sheets or failure of interlock formation [18, 19]. In our view, this makes clinching
more suitable for relatively softer and highly ductile sheet materials. Initially, most of
research had focused on clinching of steel sheets [2, 20-23]. More recently, researchers

have started to study clinching of light alloys including aluminum sheets. Clinching of
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AA5xxx series aluminum sheets has been extensively studied [6, 24, 25] as well as some
studies on clinching of AA6xxx series aluminum alloys [26, 27]. In a recent study,
Lambiase et al. [15] have studied the clinch-ability of AA6111 aluminum alloy. A
modified geometry of tooling set was developed in order to reduce the magnitude and
localization of plastic strain. Also, Jiang et al. [28] have studied the effect of pre-straining
aluminum on the static strength of the joint performed by clinching the aluminum sheet to
steel. The results showed that the resulting work hardening from pre-straining causes a
reduction in the ductility and damage in AA6111 sheet. A small pre-strain of 5% causes
significant decrease in the joint strength (20%). It is to be noted that no investigation, to
the authors’ knowledge, has been reported on clinch joining of higher strength AA7xxx
series aluminum sheets which are increasingly being considered for automotive

applications. The present work is an attempt to address this shortcoming.

HE—
Punch Radms Rp

. Draft Angle ¥
Punch Comer Radius Ry

Interlock Depth U Neck Thickness N

Upper Sheet Metal
Lower Sheet Metal

.

Die Depth h J

Figure 2.1. Cross section of a clinched joint showing the geometry of the joint and tool
parameters.
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The present study involves clinching of the high strength AA7075 aluminum sheet
in the softer O-temper condition, referred to as AA7075-O sheet. A range of tool
geometric parameters within the FE modeling approach are used to investigate the clinch-
ability of this alloy. The FE method is used to improve clinch quality by studying the

material flow and accompanying geometric changes in the formed joint.

2.2 Materials and Methods

2.2.1 Material

AAT7075-T6 aluminum sheet of 1.27 mm nominal thickness was received in peak-
aged T6- temper state. The sheet was partially annealed by heating at 413°C for 1 hour in
a furnace, in ambient air, in order to enhance the ductility of the sheet (AA7075-0O). The
mechanical properties at each material state were obtained by conducting uniaxial tensile
tests according to the ASTM-ES8 standard for sheet materials. The tests were conducted
using instrumented screw-driven Instron universal testing machine of load capacity of
100 kN at a cross-head speed of 1 mm/min. Sub-size sample dimensions of 120 mm
length X 6 mm width, as per the ASTM standard E8M were utilized, as shown in Figure
2.2. The resulting mechanical properties in the as-received (T6) and annealed (O) temper

states are presented in Table 2.2.

Table 2.2. Mechanical properties of 7075 aluminum alloy in T6 and O-temper states.

Mechanical properties from uniaxial tension tests
Temper s Oy, Ours ToFaI
Designation Description (MPa) (MPa) Elongation (%)
T6 As-received 580 695 12
) Annealed 175 295 15
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Figure 2.2. A drawing for the sub-size sheet tensile test specimen as per ASTM standard
E8M (dimensions in mm).

2.2.2 Experimental Procedure

Clinching tests were carried out using LL4000 commercial press from Norlok
Technology Inc., based in Brantford, Ontario, Canada, with a set of standard extensible
dies. Dies of various depths were considered (with depth h values of 0.9 mm, 1 mm and
1.15mm, see Figure 2.3). A 4.6 mm diameter punch with a corner radius Rpc of 0.25 mm
was used to perform the clinches. The joining process was controlled by either the
forming force or the punch stroke (by controlling the X-parameter, see Figure 2.1). The
X-parameter was introduced for the first time by Varis et al. [2] and has proved useful in
characterizing the clinching process as it can be easily measured, without resorting to a
destructive method. In the present work, various forming forces were selected, namely, 15
kN, 20 kN, 25 kN, and 30 kN, to control the joining process and the X-parameter was
measured from the cut cross-sections through the joint. For an analysis of material flow
and microstructure evolution during clinching, the joints formed at different punch

strokes were cut and mounted using conventional optical metallographic methods of hot
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and cold mounting in a polymeric resin. Various stages of specimen polishing were
followed to obtain high quality, scratch-free, surfaces. For the microstructures of
clinched, poorly clinched (or un-clinched) sheets, a caustic etchant consisting of a mixture
of 10 gm NaOH and 90 ml of distilled water was used in a water bath at 60°C. The
samples were then dipped in 50% Nitric acid to complete the etching process. A high
magnification digital optical microscope (KEYENCE VHX-2000) was used to capture the
microstructural images. Also, after etching, Vickers micro-hardness distribution maps
were obtained in the clinched region as a measure of local strengthening of the joint from

increased plastic flow.

Moving Sector

Die

Compression :
Fixed Frame

Urethane Spring

Figure 2.3. A schematic drawing of the tools utilized in the clinching process. The punch
moves down from the top towards the lower, segmented, extensible die to create the
clinched joint.

20



Ph.D. Thesis-Mostafa Khalaf Sabra Atia McMaster University-Mechanical Engineering

2.2.3 Mechanical characterization of clinched joints

In order to assess the mechanical strength of the clinched joints, single lap shear
tests were conducted. Figure 2.4 shows the dimensions of the sample used as well as a
schematic of a typical force versus displacement trace. An instrumented universal MTS
testing machine of 100 kN load capacity was utilized for mechanical characterization.
The tests were carried out at ambient temperature with a cross-head speed of 1 mm/min
until the two sheets were completely separated. Five samples for each test condition were
tested for repeatability of data. The resulting force-displacement curve were analyzed to
obtain two main characteristics of the clinched joint: mechanical strength and toughness.
The strength of the joint was expressed by the maximum force that the joint was able to
withstand, while the joint toughness was expressed by total area under the force-

displacement trace.

Joint
Strength

Force (kN)

r
=
—

) 4y 0 02 04
Displacement (mm)

=}
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Figure 2.4. Drawing of the sample used for lap shear test sample and a typical force-
displacement response from the test.
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2.2.4 FE Modeling

Clinching is a rather complex forming process where very large plastic strains in
the interlock region in the strain range of 2-3 exist. FE method offers a possibility of
simulating this complex forming process by incorporating specific tool geometry, sheet
thicknesses, sheet elastic and plastic properties, tool-sheet contact, and friction between
all tool and sheet contacting surfaces. The simulation allows a systematic capture of the
material flow and stress and strain evolution within the clinched members at different
punch depths. Generally, such detailed flow behavior is experimentally unobtainable
given the small geometry of the clinch, the test speeds of the process and the limitations
of the experimental strain measurement equipment. The data in terms of sheet thickness
variation in different regions of the clinch requires careful cutting, mounting of specimens
in epoxy and careful measurements of thickness. These experimental process steps can be
costly and time consuming. FE simulations offer an efficient and comprehensive means

of understanding the clinching process.

The FE modeling was carried out using commercial FE code ABAQUS which has
been extensively used for sheet metal forming simulations in the past. The explicit
version of Abaqus is typically preferred when simulating complex sheet forming
operation involving multiple tool-sheet interaction due to its more robust contact
algorithm and solver for such problems. Also, as the model size increases, the explicit
solver exhibits significant cost (or time) saving over implicit solver. As a result of

axisymmetric nature of tooling and the clinch geometry as well as the loading conditions,
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an axisymmetric 2D model was built by considering the tooling as rigid bodies to reduce
number of elements. Tool motions and constraints were defined by boundary conditions
in the simulation. Figure 2.5 illustrates the different tool parameters in the present study.
The sheet materials were represented by 4-node bilinear axisymmetric quadrilateral
element with reduced integration (CAX4R). Enhanced hourglass control option was used
to avoid hour-glassing problem during very large deformation simulation. The sheet
metals were initially divided into 35 elements through the thickness. The FE mesh size in
the clinching region was kept small, of 0.03x0.02 mm, while outside the clinching
region, it was kept larger, of 0.03x0.1 mm. Due to large deformation and highly localized
nature of plastic strain in the clinch region, steps were necessary to prevent excessive
mesh distortion. Adaptive re-meshing option within Abaqus was used to reduce
computational run time using the arbitrary Lagrangian-Eulerian (ALE) method. Advanced
algorithm based on evolving geometry with volumetric smoothing was implemented to

attain stable numerical solution.

Die Corner Radius Rpc
is variable

is Variable

Ah Corner Radius Rp

is variable

Figure 2.5. A schematic illustration of the different tool parameters in the modeling study.
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The sheet materials were assumed to be isotropic elastic and work hardening
plastic following VVon Mises yield criterion. Two non-linear work hardening laws were
used to represent the experimental plastic stress-plastic strain data from a uniaxial tensile
test, and to extrapolate the data beyond the tensile stress-strain limit to large strains
typical of highly strained regions of the clinch. The Voce and Swift (also referred as

‘power’) hardening laws utilized in the present work are expressed as:

C’ :C[l—m exp(kleeqp)} (2.1)

o’ =K, (80 +aeqp)n (2.2)
where, o, and ¢ are the equivalent plastic stress and strain respectively, ki and k- are
stress coefficients in eqns.(2.1) and (2.2) respectively, n is the strain hardening exponent,
C and m are two other material constants. The values of hardening parameters of each
model are shown below in Table 2.3.

Table 2.3. Material parameters from non-linear least square curve fitting to uniaxial true
stress-true strain data for Swift and VVoce hardening models.

Swift Parameters Voce Parameters
Kz (MPa) n € C Ki m
485.9 0.2071 ] 0.00124 (|319.4|24.19/0.4769

Voce hardening law assumes that plastic stress saturates at large plastic strains
(equation 2.1). In contrast, the Swift hardening law assumes that the strain continues to
increase with stress and no saturation is reached in stress. Both of these hardening laws
are approximate for most aluminum alloys. Experimental true stress-true strain data
beyond uniform elongation regime in a uniaxial tensile test typically lies between the two
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curves. For this reason, the two hardening laws have been combined with a weight
function approach to predict the plastic hardening behavior midway between the two

hardening laws, as described by equation 3:

p_ p p
o = ao, ‘sz+ (1-a) o,

(2.3)

Voce

where, a weight function « =0.5was chosen after completing an assessment of the effect
of different « values on clinch characteristics. Figure 2.6 demonstrates the extrapolation

of true stress-true plastic strain curves using Voce, Swift and weight function (« =0.5)

approaches.
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Figure 2.6. Experimental AA7075-0 stress vs. plastic strain curve from uniaxial tension
test and its extrapolation using different non-linear hardening laws.

The material model of the polymer spring was considered hyper-elastic with
Mooney-Rivlin strain energy potential [25]. In order to simulate the interaction between

each part, coulomb friction law was adopted. Different friction coefficient values were
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utilized in a preliminary study. It was found that a coefficient of friction value of 0.15 and
0.4 for friction between sheet-tools and between the two sheets respectively provided the
best match between the experimental and model results. These values were thus used in
the present simulation work. The above values are comparable to those presented in

reference [23].

2.3 Result and discussion

2.3.1 The effect of material constitutive model on FE results

Figure 2.7 illustrates the “S” shape interface between two sheets in the
experimental and simulated joints by using different material models. The results show
that the use of Voce model results in a larger interlock depth and a lower neck thickness
when compared with Swift model. However, using weight function (0=0.5) gives a
moderate interlock depth which is comparable to the experimental results (the deviation is
of the order of 0.02 mm). The results reflect the significance of using a suitable hardening
law for extrapolation of uniaxial stress-strain curves to large strains in predicting material

flow in the clinched region.
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Figure 2.7. Effect of different material models on the clinch profile.(0.9 mm die depth,
0.25 punch corner radius, 0.5 die corner radius, and 0.25 % X-parameter)

Results similar to Figure 2.7 are shown in Figure 2.8 where experimental clinch
profiles on the left from cut and mounted cross-sections are compared with those obtained
from FE simulations by using weight function (0=0.5) at different punch depths. Figure
2.9 shows a plot of U versus X parameter and N versus X parameter values (see Figure
2.1 for nomenclature) as obtained from experiments and FE simulations. Again, an
acceptable (the error in U and N values less than 3%) agreement is achieved in the two
cases. Figure 2.10 represents a comparison between the equivalent plastic strain
distribution obtained by FEM and measured micro-hardness contours in the clinched
region from experiments. The punch-sided sheet exhibits high hardness in the neck-
thickness as well as at the bottom corner. The higher hardness is attributed to high friction
between the punch and the material of the upper sheet as well as the excessive tension in
the neck region. In addition, the highest plastic strain was observed in the die-sided

bottom sheet. This is because the bottom of the die-sided sheet is highly restrained by the
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bottom die and subjected to a large compressive force that restricts the material flow in

the axial direction.
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Figure 2.8. Experimentally obtained cut cross-sections through the clinched joint and
corresponding FE predicted joint shapes (for weight function o = 0.5).

0.5 0.5
0.4 0.4 }‘—_‘""*ﬂ{
] ] ]
I T 1
0.3 0.3
- -
=
E, 02 EO.Z
z =
o =s—LExpermintal . ol —«Expermintal
= FE (WF) + FE (WF)
0 0
10 15 20 25 30 35 10 15 20 25 30 35
X-Parameter (%o of total sheet thickness) X-Parameter (% of total sheet theckness)

Figure 2.9. Comparison between experimental and FE-based U and N values as a function
of X parameter (0=0.5) values (0.9 mm die depth, 0.25 punch corner radius, 0.5 die
corner radius, and 0.25 % X-parameter).
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Figure 2.10. Comparison equivalent plastic strain distribution obtained by FE simulation
and measured Vickers micro-hardness distributions (0.9 mm die depth, 0.25 punch corner
radius, 0.5 die corner radius, and 0.25 % X-parameter).

2.3.2 Numerical analysis of material flow in the clinched region

Figure 2.11 shows a typical punch load-displacement trace for the clinching
process obtained from the FE simulation. Four stages (I, Il, 11l and 1V) are identified on
the trace based on the characteristic slopes associated with them. The clinched region
corresponding to stages Il, 1l and IV are presented with equivalent plastic strain contours
in Figure 2.12. Plastic strain distribution points at the beginning of the stages II, 11l and
IV as well as at points (a, b, and c) are selected for plotting the equivalent plastic strain
distributions in Figure 2.12. For each of the 6 points, 3 plastic strain distributions
correspond to 3 different cases of punch and die corner radii are included, as illustrated
for point lla in Figure 2.12. The plastic strains in the clinch region increase as one moves
through stages 11 to 1V, as shown in Figure 2.12. Also, the spread of plasticity depends up
on the punch and die corner radii with increasing spread at large punch and die corner
radii. In the first stage (stage I, Figure 2.11), the blank holder starts to apply a clamping

force to the sheets. The second stage starts at point Il (Figure 2.11), where the punch
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starts to exert a load on the upper sheet (see Figure 2.12, stage Il). It is also noted that at
this stage, (points Il and a in Figure 2.11 and Figure 2.12), there is no movement of the
die sectors as indicated by a pair of vertical lines indicating the position of the bottom die
at the bottom of each of the images in Figure 2.12. Decreasing the corner radius of the die
or punch induces larger plastic strains at the die or punch-sided sheets respectively. Also,
the punch corner radius affects the thickness reduction of the punch-sided sheet, whereas,
the die corner radius affects the thickness reduction of die-sided sheet. In other words, a
decrease in the punch and die corner radius means a smaller contact area and thus a
higher thinning of the two sheets and the clinching process starts to resemble a metal
cutting operation. The results with the smallest punch and die corner radii (the middle
column) exhibits the highest plastic strain in both sheets when compared with the other
cases. The third stage starts at point 111, where the lower sheet begins to come in contact
with the fixed frame of bottom die. This stage is accompanied by more significant
increase in the forming force and is similar to the upsetting process for the two sheets. In
this stage (points Il and b on the curve), the material flow in the axial direction is highly
restricted by the punch and bottom of the die. It results in large material flow in the radial
direction that can be noted from the increased movement of the die sectors. The fourth
stage starts at point IV at approximately 50% reduction in the sheet thickness (X=50%).
The material starts to rotate around in the circumferential direction and lies on the
intersection point between the die corner radius and the horizontal side of the die moving
sector, shown as a point with a red dot. Stage IV results in the formation of a material

interlock between the two sheets. The above interpretation of material flow and plastic
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strain development is consistent with the microstructure study described later in

subsection 2.3.4.
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Figure 2.11. A typical punch stroke-displacement trace for the clinching process as
obtained from FE simulations (0.9 mm die depth, 0.25 punch corner radius, 0.5 die corner
radius, and 0.25 % X-parameter).
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Figure 2.12. Equivalent plastic strain distributions in the clinched region for positions
specified in Figure 2.11, for different tool configurations. The red dots in the last two
rows demonstrate the rotation axis of the material in the last stage of clinching process
resulting in an interlock formation (0.9 mm die depth, 0.25 punch corner radius, 0.5 die

corner radius, and 0.25 % X-parameter).
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2.3.3 The analysis of the geometry and forming force of the joint

2.3.3.1 Numerical analysis of effect of C-value

The effect of the C- value on the "S" shape of the joint is shown in Figure 2.13. In
general, for different clearance values, an increase of the punch stroke results in an
equivalent increase in the interlock as well as change in the shape from curvy “S” shapes
to a flattened curve, as shown in Figure 2.14(b). Furthermore, Figure 2.15 presents neck
thickness “N” and interlock depth “U” as a function of clearance C value and X
parameter. A noticeable increase in the depth of the interlock can be observed compared
with the reduction in the neck thickness. This is consistent with the result obtained by
Mucha and Lambiase [16, 29]. The lower the C value, the higher the interlock depth and a

moderate decrease in the neck thickness.

The reduction in the total sheet thickness is inversely proportional to the gap
between punch and die (i.e., C) parameter. A smaller clearance results in larger flow in
the radial direction (assuming the same amount of material trapped between punch and
die for different C values). This increased radial flow can result in increased interlock.
Moreover, decreasing the clearance between punch and die results in a reduction in the

thickness of the punch-sided sheet in the neck region
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Figure 2.13. Effect of clearance C and X parameters on interlock characteristics (0.9 mm

die depth, 0.25 punch corner radius, and 0.5 die corner radius).
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Figure 2.14. Effect of X parameters on interlock characteristics (20% C-value, 0.9 mm
die depth, 0.25 punch corner radius, and 0.5 die corner radius).
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Figure 2.15. Effect of clearance C and X-parameter on N and U values (see Figure 2.1,
0.9 mm die depth, 0.25 punch corner radius, and 0.5 die corner radius).

A change in the clearance between the punch and die is accompanied by a change
in the required forming force, and consequent change in the energy consumed during
joining. The forming force is a useful signature of the clinching process as it can help
with the selection of proper tooling. Figure 2.16 shows the required forming force as a
function of change in clearance C for X-parameter value of 25% (an optimal value as per

[29]). The figure shows almost linear increase in the force with a reduction in the
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clearance. The increase in the force compensates for the higher reduction in the sheet

thickness along the clinch wall.
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Figure 2.16. Forming force as a function of the clearance C for X=25% (0.9 mm die
depth, 0.25 punch corner radius, and 0.5 die corner radius).

2.3.3.2 Numerical analysis of effect of Rpc and Rpc values

As shown in the previous sub-section 2.3.2, the punch and die corner radii have an
effect on the strain distribution through cross-section as well as the amount of reduction
in both sheets of the joint which in turn could affect the shape of the joint. This effect is
further illustrated in Figure 2.17 and Figure 2.18 respectively. However, the effect of the
punch corner radius is more dominant compared to die corner radius. An increase in the
punch corner radius from 10% to 20% results in a decrease in interlock depth by 35% and
an accompanying increase in neck thickness by 15% (Figure 2.17). This means that the
reduction in the punch-sided sheet thickness in the neck region is more important to the
clinching process. On one hand, it affects neck thickness, and, on the other hand, it
greatly affects interlock formation. Clearance between punch and die fixed frame as well

as punch and die corner radii, are critical to avoid blanking of the sheet. Collectively, the
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above factors result in an increase in the plastic strain distribution with decreasing gap

between the punch and die.
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Figure 2.17. Effect of punch corner radius on clinch thickness profile for different X-
parameters (0.9 mm die depth and 0.5 mm die corner radius).
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Figure 2.18. Effect of the die corner radius on clinch thickness profile for different X-
parameters (0.9 mm die depth and 0.25 punch corner radius).

2.3.3.3 Experimental analysis of the effect of die depth

The effect of the die depth has been studied experimentally. The sheet materials

were successfully joined by clinching using die depths h of 0.9 mm and 1 mm by
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applying a range of forming forces. However, for forming forces below 25 kN, clinching
could be achieved with 1.15 mm die depth only. Figure 2.19 shows cut and mounted joint
cross-sections formed using different dies and by applying different punch forces. As
shown, the higher forces cause greater material flow in the radial direction that result in
larger interlock depths. However, the neck and bottom thicknesses (or X-parameter)

decrease resulting in cracks and material separations.

Figure 2.20 illustrates the relation between the process variables, forming force
and die depth, and resulting geometrical parameters of clinch. At higher forming forces,
the X-parameter and the neck thickness (N) decreases whereas interlock depth (U) is
increased. However, the forming force has a larger influence on interlock depth compared
to the neck thickness. This experimental results is compatible with the simulation results
as shown in the previous subsection 2.3.3.1. The X-parameter showed a rapid reduction
from a large value at smaller die depth to a lower value at larger die depth. For the same
die depth, the geometrical parameter changed more rapidly at first with increasing
forming force and then more gradually at higher forming forces. The lowest die depth,
with the smallest concentration of plastic deformation around the punch corner, results in
retardation of sheet failure. However, the value of the interlock depth decreases. In other
words, both the die depth and forming force exhibit the same trend in terms of the three
geometrical parameters (X, N and U). Additionally, the effect of die depth on interlock

depth and neck thickness is larger at lower forming forces.
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Figure 2.19. Cut and mounted cross-sections of clinched joints from different test
conditions involving different dies and forming forces, 15 kN, 20kN, 25kN, and 30kN
(from the left to the right), (a) die depth=0.9mm, (b) die depth = 1mm, and (c) die
depth=1.15mm. A joint that failed in the neck is shown for die depth = 1.156mm at a
forming force of 30 kN.
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Figure 2.20. Relation between forming force and different geometrical parameters of the
formed joints for three different die depths.

2.3.4 Analysis of the experimental post-clinch joint strength tests

Figure 2.21 shows typical photographs of the two tensile lap shear samples (both
sides) with the clinched region in the middle of the test sample and the axis of loading in
the horizontal direction corresponding to a die depth of 0.9 mm and forming forces of 15
kN and 30 kN. The shear behavior of the clinches in terms of applied load versus
resulting displacement traces, under different forming conditions and using various die

depths, are presented in Figure 2.22. An initial linear elastic increase in the force-
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displacement curve can be recognized followed by a decrease in the slope of the curve
which is attributed to the decrease in the joint stiffness. The decrease in the stiffness of
the joint is due to the tendency of the punch-sided sheet of the joint to pull out of the die-
sided sheet. Finally, crack is initiated on the outer surface of the punch-sided sheet. As a
result a drop in the load occurs that further leads to a catastrophic drop in load as the

crack propagates.

(b)

Figure 2.21. Photographs of tensile lap shear samples formed to 0.9 mm die depth with
forming forces of 15kN (left) and 30kN (right).

Figure 2.23 demonstrates the joint strength as a function of the forming force for
different die depths. The maximum force supported by the joint decreased with die depth.
Also, the maximum force increased with increasing forming force at lower die depths but
tended to be independent of the forming force at intermediate die depth. The joints were
quite weak at larger die depths, and a higher forming force led to premature failure of the
joint. A comparison of earlier Figure 2.20 and Figure 2.22 shows that shear strength of
the joint is controlled by a combination of interlock depth and neck thickness, with the
latter playing a more significant role. Figure 2.24 depicts the energy consumed by the

clinched joint formed under different conditions as measured by area under the force-
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displacement curve. This trend is similar to the earlier trend in joint strength (Figure

2.23).
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Figure 2.22. Applied force versus resulting displacement traces under the different
forming conditions for annealed AA7075 sheets using various die depths.
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Figure 2.23. Joint strength as a function of the forming force for different die depths
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Figure 2.24. Energy consumed by the clinched joint formed using different die depths as a
function of forming force.

Unbuttoning failure mainly occurred in joints that were formed with a relatively
large force as shown in Figure 2.25. A change in tooling and forming conditions resulted
in two opposite effects. At larger the forming force or die depth, the interlock depth U
was increased but the neck thickness N was reduced. The joint stiffness and strength
increased with an increase in the interlock depth. The failure mode for this case was

unbuttoning accompanied by a large displacement at failure. The fracture was due to
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reduced ductility of the sheet and large displacement was due to larger interlock.
Displacement at failure decreased to the point when the effect of the neck reduction
became more dominant. Maximum joint strength corresponded to an optimum

combination on neck thickness and interlock depth as depicted in Figure 2.23.

Figure 2.26 shows microstructure of cut cross-sections in the terms of grain shape
and size for un-deformed and highly plastically deformed neck and bottom regions.
Highly rotated grains can be noted at the corner of the die-sided sheet which is consistent
with the material flow analysis in sub-section 2.3.2. The average grain size in the un-
deformed sheet was about 35um. The grain size in the highly deformed region could not

be determined reliably from the optical micrographs.

Figure 2.25. Unbuttoning failure mode of the clinched joint. The first two photos on the
left show the upper surface of the punch-sided and die-sided sheets respectively. The
photos on the right show the lower surface of the punch-sided and die-sided sheets
respectively.
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Figure 2.26. Optical micrographs of cut cross-section showing grain structure in the
highly deformed clinch region (0.9 mm die depth, 0.25 punch corner radius, 0.5 die
corner radius, and 25 kN Forming force).

2.4 Conclusions

The main aim of the present paper was to provide a better understanding of the
influence of the tool design parameters on the shape of joint and material flow during the
clinching process by using extensible dies. In this effort, experimental and numerical
modeling approaches have been utilized in a complementary manner. The following

points summarize the main conclusions:

1- Clinch joining is a complex process and its simulation is greatly dependent on the

material model. Use of a weight function between Swift and Voice constitutive

45



Ph.D. Thesis-Mostafa Khalaf Sabra Atia McMaster University-Mechanical Engineering

models can provide a better material hardening law up to large strains to obtain
better agreement between experimental and FE model results for AA7075
aluminum sheet.

Three forming stages, other than the initial stage of applying blank holding force,
can be recognized during the clinching process by using extensible dies. During
the first stage of forming, a great reduction in the thickness of the die-sided sheet
occurs and it remains approximately constant with further punch movement.
Clearance between punch and die affects the reduction in the total thickness of the
sheet metals. In contrast, punch and die corner radii affect the ratio of thickness
reduction in punch and die-sided sheets respectively.

An increase in the punch corner radius from 10% to 20% of the punch radius,
results in a decrease in interlock depth by 35% and an increase in neck thickness
by 15 % during clinching of AA7075-0 sheet.

The lowest die depth corresponds to the smallest concentration of plastic
deformation around the punch corner that results in retardation of sheets failure by
increasing the neck thickness. However, the value of the interlock depth
decreases.

The joint strength decreases with die depth. Also, it increases with increasing
forming force at lower die depths but tended to be independent of the forming

force at intermediate die depth.
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Abstract

AAT7075 aluminum alloy sheets in different temper conditions (O, W and T6)
were joined by die-less clinching. The material flow behavior, neck thickness and
interlock characteristics during clinching were investigated by metallographic
observations of clinched, cut and mounted samples. Blank holders of different shapes and
dimensions were used to control the material flow. The effects of blank holder geometric
parameters as well as forming forces on the shape of the formed interlock in clinching
were studied. The highest strength temper state (T6) was shown to possess poor clinch-
ability as it failed to clinch under most clinching conditions. This was attributed to its
poor ductility and formability at room temperature compared to the other tempers. Lastly,
mechanical performance of the formed joints was characterized by conducting single
shear lap as well as peel tests. Various failure modes were observed for the different

clinching conditions and material temper states.

Keywords: Die-less clinching, AA7075 aluminum, temper, material flow.
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Table 3.1. List of Abbreviations

T6 | Artificial peak aged state which represents the hardest temper
@) Annealed temper state
W Solution heat treated state
N Neck thickness of the joint
U Interlock depth of the joint
X Joint bottom thickness
Rec | Punch corner radius
Rpc | Die corner radius
F Forming force
oP | Equivalent stress
eq
& Equivalent plastic strain
K1 Stress coefficients for Voce hardening law
ka Stress coefficients for Swift hardening law
C Material constant for VVoce hardening law
m Material constant for VVoce hardening law
o Weight function
002 | 0.2 proof strength
n Strain hardening exponent

3.1 Introduction

Vehicle weight reduction, increased fuel economy, and increased safety of the
structures in transportation applications has led to much interest in lightweight higher
strength structural aluminum alloys [1, 2]. Suitable joining techniques to create such
structures with aluminum sheets are required [1]. Generally, similar and dissimilar sheet
metals can be joined by adhesive bonding, welding, and mechanical fastening [3, 4].
Difficulty of welding high strength aluminum sheets and long times for adhesive bonding
make mechanical fastening a process of much interest for joining of high strength

aluminum sheets [5].
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Among the different mechanical fastening techniques available in manufacturing,
clinching is a common method of joining by forming in which two or more sheet metals
are locally deformed using punch and die to form a geometrical interlock [6-8] as shown
in Figure 3.1. Clinching enables joining of two or more similar or dissimilar sheet
materials where individual thickness can vary from 0.4 to 4 mm [9]. A clinched joint is
formed entirely by the geometric interlock alone and without adding any additional
physical component to the joint. A high throughput, low cost, clean and environmentally
friendly manufacturing environment of the clinching process arises from no harmful light,
heat or smoke emissions. Lastly, clinching offers a high tool life compared with the other
joining techniques [4]. The main geometric parameters that affect joint strength are neck
thickness “N” and interlock depth “U”[10],as shown in Figure 3.1. Clinched structures
can withstand loads in shear and axial modes [11]. The shear strength of a clinched joint
is comparatively higher than its axial strength[11]. In general, clinching results in lower
joint strength compared to riveting which can limit its use in certain high strength

applications [12].

The main limitation of using the conventional clinching technique is that the
process introduces surface steps on both surfaces of the joined sheets where one side
consists of a protrusion and the other a pit. Effort has been made to reduce the protrusion
height by reshaping the conventional clinched joint [13-15]. Countermeasure tooling has
been used in this regard by Tong et al. [16]. The study showed a reduction of 50% in
protrusion height without affecting the joint strength. Francesco et al. [17] utilized two

steps clinching to join aluminum and a carbon fiber reinforced polymer (CFRP) where the
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first step included conventional clinching by using extensible dies while the second was a
reshaping step using punch and flat die as shown in Figure 3.2. The main disadvantage
for this approach is the difficulty of aligning the flattening punch with the pre-formed
joint. Borsellino et al. [6] proposed a solution consisting of flattening of the pre-formed
joint using two flat anvils. In addition to eliminating the protrusion height, the flattened
clinched joint was also found to withstand higher loads than the conventional clinched
joints. Chen et al. used a pair of flat dies with (or without)a rivet to reduce the protrusion
height of conventional clinched joint produced by extensible dies [18, 19]. All of the
above reshaping techniques suffer from increased cycle time due to the additional step

that involves a different tool set.

Draft An,
Punch Corner Radius R, gle ¥

Interlock Depth U Neck Thickness N

Upper Sheet Metal
Lower Sheet Metal

!

Die Radius R Bottom Thickness X

Die Depth h

Figure 3.1. Cross-section of a conventional clinched joint showing the geometry of the

joint and different geometric parameters.
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AAG082-T6

N =

Figure 3.2. Drawing shows two steps clinching process. The first step (on the left side) is

a conventional clinching process by using extensible die. The second step (on the right
side) is a reshaping process by using punch and flat die. Adjustable ring was used to

adopt the height of reshaping.

To make clinching more aesthetically appealing a new approach called die-less
clinching has been developed in which surface step exist only on one side, often on the
unexposed side of the joint [20, 21]. Die-less clinching is a one-step process using a
punch and a flat anvil, as shown below in Figure 3.3. The design groove in the blank
holder is a key factor in controlling the material flow in order to form the geometric
interlock. The use of flat anvil in one-step die-less clinching eliminates the need for good
alignment between the punch and the anvil as well as keeping joining time as short time
as possible. Neugebauer et al. [22] showed that a very small protrusion is formed in die-
less clinching compared to the conventional clinching. The combined movement of blank

holder and punch makes the tooling for die-less clinching more complex [16].
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In general clinch joining is a well-accepted and widely used process for joining
ductile sheet metals. The joining greatly depends on formation of a permanent interlock
by application of plastic work [23]. In recent years, much effort has been made to extend
clinching process to join higher strength (and lower ductility) sheet materials. F.
Lambiase et al. have utilized a heater gun to locally increase ductility of AA6082-T6
sheets for joining using conventional clinching [24-26]. Xiaocong et al. [27] have
preheated the sheet metal by using oxyacetylene flame gun in order to perform
conventional clinches on TAL titanium sheets. Abe et al. [28] have used a counter
pressure of a rubber ring to conventionally clinch ultra-high strength steel sheets.
Neugebauer et al. [20] have taken the advantage of using flat anvil in the die-less
clinching process to heat the reduced ductile magnesium sheet metal from underneath the

anvil using cartridge heating.

Interlock Depth "U"

Upper Sheet Metal

Lower Sheet Metal

Neck Thickness "N"'

Figure 3.3. A schematic of cross-section across a single-step die-less clinched joint
showing the main geometric parameters of the joint.
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Three failure modes are generally encountered in performance testing of clinched
joints [29]. These include (i) button failure due to plastic deformation on the formed
interlock, (ii) unbuttoning failure due to neck fracture, and (iii) combined failure due to

combination of plastic deformation and neck fracture.

Present work presents a new simple tool design for die-less clinching process for
joining two similar sheet metals as well as a parametric study of the new tool in terms of
load versus displacement characteristics during the clinching process. The material flow
and joint interlock characteristics in different temper states have been investigated by
observing the cut cross-sections of the joints with optical microscope. In addition, shear
and axial strengths and failures modes of the joint have been assessed by using single

shear and peel tests.

3.2 Material and experimental procedure

3.2.1 Material

One-step die-less clinch joints were performed on 1.27 mm thickness sheets made
of 7075 aluminum alloy. The sheets were initially in T6- temper, a peak aged condition
that yields the hardest state (or the largest ultimate tensile strength). Two more tempers
were subsequently obtained by annealing, a partially annealed state at 413°C for 1hr (O1
temper) and a fully annealed state at 413°C for 3 hrs (O2 temper). Lastly, another heat-
treatment was carried out at 480°C for 3 hrs followed by water quenching to obtain the
solution heat treated metastable state (W-temper). Also, mechanical properties at each

temper state were obtained by conducting tensile test according ASTM standard
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(E8/E8M) using an Instron universal testing machine at a cross-head speed of 1 mm/min
(see Table 3.2). In order to save used material, sub-size sample of dimension 120 mm
length X 6 mm width was used according to ASTM standard (E8/E8M) as shown in

Figure 3.4.

Table 3.2. Mechanical properties of AA7075 aluminum alloy at different temper states.

Temper Mechanical Properties
No. [|Designation - 0.2 oult Max % K n
Symbol Description (MPa) | (MPa) Elongation ((MPa)
1 T6 As-received 620 695 12 976.9 | 0.1102
W Solution Treated | 230 434 25 823.4 || 0.2852
O1-Partially
3 @) Annealed 175 295 15 485.9 || 0.2071
4 0 O2-Fully 135 245 17 428.7 | 0.2141
Annealed
120
30 : 51 3 : 30
Fx A S
’I’ v P TN

Figure 3.4. A drawing for the sub-size sheet tensile test specimen as per ASTM standard
ESM.

3.2.2 Die-less clinching process

Die-less clinches were performed by using a tool-set mounted on a 100 kN servo-
hydraulic, computer-controlled, Instron tensile test machine at a punch speed of 30
mm/sec. The tool set consisting of various adaptable components was designed to study
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the material flow and join-ability of the sheet metals under various punch and die-set
configurations. The tool set consisted of punch, flat anvil, blank holders as well as
compression polymeric spring in order to apply a blank holding force as shown in Figure
3.5. Various blank holder shapes utilized in die-less clinching have been reviewed in
reference [1]. The blank holders differed in shape and dimensions as illustrated in Figure
3.6. The material flow was expected to be affected by the diameter d of the blank-holder
groove. Additionally, the groove depth t was considered important in interlock formation
especially at the later stage of joint formation which requires restriction of material flow
in the axial direction to increase interlock depth. A summary of the main blank-holder
design parameters studied in the present work is provided in Table 3.3. The blank holder
groove diameter and depth was taken as a percentage of punch diameter and sheet
thickness respectively. The punch with diameter of 4.6 mm and 2.5° draft angle was made
of tungsten carbide to withstand the high forming force. The material flow was greatly
affected by the diameter d of the blank-holder groove. Forming forces used were in the

range 30 kN - 45 kN.

Figure 3.5. Photographs of die-less clinching tools in the present study; (a) and (b) tooling
assembly, (c) punch, (d) polymeric spring, and (e) flat anvil.
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Design A Edj
t! E d 5

Design B
Design C d

Figure 3.6. Blank holder designs utilized in die-less clinching experiments.

Table 3.3.Blank-holder design parameters.

Design Tool Parameters
Parameters range as percentage | Parameter range in (mm)
d = 150% of punch diameter d=7mm
B d = 170:220% of punch diameter d=7.5:10.5mm
t = 15:80% of sheet thickness t=0.2:1 mm
d = 170:220% of punch diameter d=7.5:10.5mm
C t = 15:80% of sheet thickness t=0.2.1 mm
R=t R=0.2:1mm

3.2.3 Geometrical measurements and mechanical characterization of
joints
The geometry of the joints produced had a large influence on the joint strength
and failure mode as presented in this section. Therefore, a geometrical analysis was
carried out in order to make a correlation among the different geometrical parameters and
strength of the joint. Also, to study the material flow during the joining process, various

punch strokes were applied to the two sheet layers. The clinched test samples were cut
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and mounted using conventional optical metallographic methods of hot and cold
mounting in a polymeric resin. The mounts were then polished to clearly reveal the
clinched geometry wusing a high magnification digital optical microscope

(KEYENCE VHX-2000).

In order to study the microstructure of the clinched, poorly clinched (or un-
clinched) sheets, the test samples were cut using a precision saw. They were then
mounted in polymeric resin, polished and etched. A caustic etchant consisting of a
mixture of 10gm NaOH and 90 ml of distilled water was used in a water bath at 60°C.
The samples were then dipped in 50% Nitric acid to complete the etching process. Also,
after etching, Vickers micro-hardness data was obtained as a measure of local

strengthening of the joint from increased plastic flow.

3.2.4 Joint testing

Single shear lap tests as well as peel tests were carried out to assess the
mechanical behavior of the produced joint. Five sample were test under each condition to
ensure test repeatability. The sheet samples of size 25 mm width and 75 mm length were
cut from AA7075 sheet. The sheets were die-less clinched with an overlap between two
sheets of 25 mm and 50 mm for single shear and peel tests respectively, as shown in
Figure 3.7, where the location of the joint was marked by two perpendicular centerlines in
the figure. A universal MTS 100 KN servo-hydraulic testing system was utilized for
mechanical characterization. The tests were carried out at ambient temperature with a
cross-head speed of Imm/min until the two sheets were completely separated. The load

versus displacement data was continuously recorded during the test.
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(a) v (b)

Figure 3.7. Drawings of the samples used for, (a) single shear test and (b) peel test. The
joint location corresponds to the intersection of the two centerlines.

3.3 Results and discussion

3.3.1 Material flow during joining

Figure 3.8 shows forming curve (forming force versus punch stroke) measured
during the joining process for O2-temper sheet. Generally, several stages can be
distinguished from such graphs based on changes in the characteristic slopes of the curves
and corresponding geometry of the joint as presented in Figure 3.9. During stage one
which ends at point | on the curve, the blank holder exerts a pressure (i.e., a compressive
force) in the clamped region on the pair of sheet materials. Stage Il is initiated by the
punch coming in contact with upper sheet. The forming force is an indication of the initial
insertion of the punch into the upper sheet. Stage 11 ends with penetration of the punch in
the upper sheet only. The upper sheet material flows in the axial direction only, while the

lower sheet flows in both the axial and radial directions. During the third stage (between
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points Il and Il on the curve) the material flow in the radial direction increases
significantly. The fourth stage starts when the upper sheet material contacts the top of the
blank holder groove. During this stage the flow of the upper sheet in the radial direction is
increased significantly and geometrical interlock begins to form. In the fifth, the material
flow in the axial direction is limited by the blank holder that results in much increase in
geometric interlock. Finally, the force drops due to punch retraction and the change in the
slope is likely an indication of the end of elastic recovery as the punch moves under the
action of the urethane compression spring. Figure 3.9 presents a schematic of the five

stages of die-less clinching.

| — -

40

W
=1

[
=]

Forming Force (KN)

=

0 0.5 1 1.5 2 25 3
Punch Stroke (mm)

Figure 3.8. A typical forming force versus punch displacement curves for die-less

clinching.
Stage | Stage 11 Stage 11 Stage IV *

Figure 3.9. Schema illustrations of the progression of die-less clinching from left to right.
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Figure 3.10 shows a set of photographs from optically mounted cross-sections of
the die-less joints at different punch strokes, for different temper states. The photographs
have been arranged in 4 separate columns, one for each temper state. As shown beneath
each of the photographs, a higher force was required to apply the same punch stroke as
the sheet temper was changed to a higher strength temper. The mounted samples also
helped assess the spring-back effect (as measured by indentation depth) under different
clinching conditions. For example, in the early stage of forming, a higher spring-back
effect (i.e., a smallest punch depth) for the T6-temper and a lowest spring-back (or the
largest punch depth) for the W-temper (compare columns 1 and 2 of Figure 3.10) was
obtained. The higher spring-back in T6 results from a higher yield strength and larger
elastic strain value for this temper state compared to the other tempers. Noticeably, in the
last stage, the material flow in the radial direction increases significantly for the softer
temper states leading to increased material flow and in turn a larger amount of interlock.
Figure 3.11 shows final geometrical parameters (interlock depth “U” and neck thickness
“N” as in Figure 3.3) as a function of forming force for partially and fully annealed
sheets. Sheets in T6-temper state failed to perform interlocking due to limited flow-ability
in the reverse axial direction, opposite to punch movement. On the other hand, the other
temper states successfully formed die-less joints. Thus, the flow of the upper sheet
material in the direction opposite to punch movement from the earlier stages is a decisive
parameter in the formation of a good interlock in the die-less clinched joint. At
approximately 2.8 mm punch stroke, interlocking starts to form in the softer-temper due

to increase in the material flow in the radial direction. Additionally, by comparing the
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optical images in the last row in Figure 3.10, a small protrusion can be noticed on the
anvil-sided sheet. The depth of the protrusion shows an increase as the temper changes

from a lower strength to a higher strength.

T6- Temper Solution Heat-Treated  Partially-Annealed Fully-Annealed

Forming Force= 25 KN Foring Force= 25 KN hing Force= 20 KN Forming Force= 20 KN
Stroke= 0.8 mm S ke=1.6 mm Stroke= 1.7 mm
Indentation Depth= 320 pn p 6 Indentation Depth= 1369 nm

entation Depth= 1271 pm

Forming Force= 40 KN Forming Force= 40 KN Forming Force= 25 KN
Stroke= 1.6 mm Stroke# 2.365 mm Stroke= 2.1 mm Stfoke= 2.3 mm
Indentation Depth= 1109 pm Indengation Depth= 1886 pm Indentation Depth= 1959 pm Iydentation Depth= 1986 pm

Forming Force= 45 KN Formipg Force= 45 KN A 2 (e
Str 2.1 mm Ke= 2 Forming Force=35 KN Fdrming Force= 35 KN
Indentation Depth= 1572 pm Indgntation Depth= 2657 ur Stroke= 2.9 mm Stroke= 2.8 mm

Indentation Depth= 2358 um ndentation Depth= 2519 pm

Figure 3.10. Optical images of through-thickness mounted cross-section of die-less joints
formed at different punch strokes for various temper states (blank holder B, d=175%, and

t=75%).
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Figure 3.11. Geometrical parameters (U and N) of clinched joints as function of forming
force for partially (O1) and fully annealed (O2) sheets.
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Die-less clinching tests were also conducted in T6 temper to compare with the
other fully annealed sheets. A minimal interlock was achieved by placing the softer (fully
annealed) sheet on the punch-side and the T6 sheet on anvil-side. For this sheet
combination, the most material flow in the axial direction occurred in the soft sheets. Left
column of photographs in Figure 3.12 demonstrates the flow of the material during these
experiments. However, when the sheets in T6 temper state was placed on the punch side,
as shown in the right column, no clinching could be achieved. This is because the flow of
the material in the vicinity of the punch was limited in the direction opposite to the
motion of the punch. In fact, in the early stages, the material flow occurred in the same
direction as the punch movement. Therefore, it is inferred that the ability of the punch-
sided sheet metal to flow in opposite of the punch movement is critical to the formation of

the interlock. This was not the case for T6 temper sheet.

Figure 3.13 shows the optical micrographs of cut cross-sections of several
different regions of die-less clinched joints. The grain shape and grain size characteristics
for undeformed and highly plastically deformed neck and bottom regions are clearly
revealed. The average grain size in the undeformed sheet was about 35um. The grain size

in the highly deformed region could not be determined reliably from optical micrographs.

Figure 3.14 shows a map of Vickers hardness distributions through cross-section
of a clinch specimen tested at a forming force of 40kN. The material before forming was
partially annealed and had a relatively low micro-hardness of 65 VH. As expected, the

micro-hardness in a given region increased with increasing plastic deformation (or plastic
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work). The sample exhibited the highest micro-hardness values in the neck region as well

as at the bottom corner region in both of the sheets.

T6 is punch-sided sheet T6 is anvil-sided sheet

ming Force= 20 KN
Stroke= 0.82 mm
géntation Depth= 499 pm

rming Force= 20 KN
Stroke= 0.638 mm
déntation Depth= 297 pm

: 1000pm! 1000pm)|
Forming Force=25 KN Tt 5
Stroke= 1.268 mm Forming Force= 25 KN

Indentation Depth= 740 pm @y 4. t;ﬂ?g:}:}&h(’i"(}&‘ e

D00
Forming Force= 30 KN
Stroke= 2.362 mm

Forming Force= 45 KN
Stroke= 2.739 mm

Figure 3.12. A set of optical images of the cross-sections through die-less clinch joints
formed in O and T6 tempers. The left and right columns present the case of T6 temper
sheet on the punch-side and anvil-side respectively.
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1. 2520 X200

Figure 3.13. Optical micrographs of cut cross-section of die-less clinched joint performed

on partially annealed sheets.

Figure 3.14. An optical image of a die-less clinch joint showing superimposed Vickers
micro-hardness contours. Clinched joints were produced using blank holder type B with
groove depth of 25% of sheet thickness and groove diameter of 220% of punch diameter.
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3.3.2 Post-clinch strength of joint

3.3.2.1 Single-Shear Test

Figure 3.15(a, b) shows the force — displacement traces from single lap shear tests
on clinched joints formed by using blank holder type B with groove diameter 175% of
punch diameter and 40% of sheet thickness groove depth. The samples tested in lap-shear
were obtained at different forming forces using fully annealed AA7075 sheets. Force-
displacement traces typically exhibited an initial linear elastic region, followed by a
slower rise of the curve due to a decrease in the joint stiffness from gradual pull-out of the
punch-sided sheet. The load drop in the last stage corresponded to crack initiation from
the inner surface of the punch sided sheet. The curves become less smooth and start to
exhibit catastrophic drops as crack propagation occurs. It can be noted that the
displacement at failure decreases with increasing forming force. However, the joint
strength increases by increasing the forming load up to 40 kN. Beyond this value, the
joint strength starts to decrease with an increase in the forming force (see Figure 3.15(b)).
The decrease in the displacement is due to increases in the amount the plastic work within
the joint. The increase in the forming force enhances the interlock and decreases the neck
thickness, and consequently an increase in the joint strength until a critical interlock depth
is reached. Further punch movement results in decreased joint strength due to the neck

thickness becoming more dominant compared to the interlock depth.

Figure 3.16 shows the force-displacement behavior from lap shear test conducted

with blank holder type B of groove diameter 220% of punch diameter and groove depth
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of 25% of sheet thickness. A comparison of Figure 3.15(a) with Figure 3.16 shows the
effect of the change in groove diameter. The increase in the diameter of the groove from
d=175% to 220% results in an increase of the joint strength by 30 and 45 % by using 35
and 40 kN forming force respectively. The increase in the joint strength is due to increase

in the neck thickness as shown later in Figure 3.27.

5 25
40 kN 40 kN
35 kN 45 kN
50 kN
1S 3 ZLs
E 30 kN g
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Displacement (mm) Displacement (mm)
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Figure 3.15. Force-displacement behavior from lap shear tests on clinched joints formed
at different forming forces, (a) for 30, 35, and 40 kN, and (b) for 40, 45, and 50 kN for
fully annealed (O2) sheets.

Figure 3.17 shows a comparison of force-displacement traces of lap shear joints
formed on sheets in W-temper and after natural aging of 30 days using a forming force of
40 kN. The same blank holder dimensions were utilized as in the previous case of Figure
3.15. The result show a comparatively low joint strength in W temper when the joint was
tested immediately after clinching process while the joint strength increased significantly
when the clinched sample was left to naturally age. The increased force and displacement
from aging is attributed to significant precipitation hardening that occurs in AA7075
sheet.
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Figure 3.16. Force-displacement responses from lap-shear test on clinched joints at two
different forming forces for fully annealed (O2) sheets.
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Figure 3.17. Force-displacement traces from lap-shear test for joints formed on sheets in
W-temper using blank holder type B with a groove diameter of 175% of punch diameter
and groove depth of 25% of sheet thickness.
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Various failure modes were observed in failed lap-shear test specimens as shown
in Figure 3.18. These included unbuttoning, button failure and a combination of the two.
Unbuttoning failure mainly occurred on joints that were formed with a relatively smaller
punch force and lower interlock depth so the interface of the upper sheet could easily slip
over the surface of the lower sheet under the applied force. The button (or neck) failure
typically occurred on joints that were formed with a large punch force, and likely
involved competing events. While a larger forming force led to a larger interlock depth
and an increased joint stiffness, a larger forming force also caused a large reduction in the
neck thickness which reduced the load carrying capacity of the joint. Good forming
condition can lead to an optimum interlock depth and neck thickness, and therefore a
higher joint strength. An example of a combined failure mode characterized by a mixture
of buttoning and unbuttoning failures, for blank holder B and forming force 40kN, is

shown in Figure 3.18(c).

Figure 3.18. Various failure modes in lap shear testing of clinched joints, (a) unbuttoning
failure, (b) button (or neck) failure, and (c) combined unbuttoning and neck failure.
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Figure 3.19 shows the force-displacement traces from peel tests for clinched joints
formed at different forming forces under fully annealed condition. In contrast to lap shear
strength, the curves show an increase in peel strength with increasing forming force
suggesting that peel strength is largely affected by the interlock depth. In other words, the

neck thickness has little effect on the peel strength.
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Figure 3.19. Force-displacement traces from peel tests on clinched joints. The joints were
formed by using blank holder type B with groove diameter 175% of punch diameter and

40% of sheet thickness groove depth.

3.3.3 Correlations between other die-less clinch characteristics and

post-clinch joint strength

3.3.3.1 Effect of blank holder shape

In order to study the effect of blank holder shape on the formed joint, three

different blank holder shapes (A, B, and C shown in Figure 3.6) were considered. Blank
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holder A failed to clinch whereas the other two blank holders (B and C) resulted in
successful clinches. Figure 3.20 demonstrates the results from post-clinch tensile lap-
shear tests for the different forming conditions in the form of maximum load at failure
versus forming force for blank holders B and C. As shown, a maximum strength of about
2 kN for both blank holders (B and C) was obtained at approximately 40 kN forming
force. However, blank holder C performed better than blank holder B at all other forming
forces. The results were consistent with a higher interlock formation (at low forming
force) as well as lower neck thickness reduction (at high forming force) for blank holder

C compared to blank holder B, as shown in Figure 3.21.
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Figure 3.20. Maximum shear force from tensile lap shear tests versus forming force for
die-less clinched joints produced by using blank holder types B and C with groove depth
80%, for fully annealed AA7075 sheet.
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Figure 3.21. Geometrical parameters of the joint versus forming force for die-less clinch
joints produced by blank holders B and C, each with a groove depth of 80%. Sheet
material was fully annealed.

3.3.3.2 Effect of blank holder groove depth

Figure 3.22 shows the effect of reduction in groove depth as a function of sheet
thickness. A reduction in groove depth to 30% of sheet thickness resulted in increase of
joint strength by approximately 27% and 24% for blank holders B and C respectively,
compared to a reduction in groove depth of 75%, as shown in Figure 3.22. In fact, a
decrease in groove depth improved interlock formation, as shown in Figure 3.23, due to
influence of material flow restriction in the axial direction which in turn increased the
flow of material in the radial direction [1]. The curves show that the smaller groove depth
enhances the reduction in neck thickness as a result of increasing forming force.
However, the anvil-sided protrusion increased by approximately 15% of sheet thickness

at groove depth of 30% sheet thickness as a result of decrease in the groove depth as
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shown in Figure 3.24. Extreme reduction of groove depth results in failure of interlock

formation as shown on right side of Figure 3.25. The reduction in the groove depth to

20% of sheet thickness results in high protrusion depth and failure of interlock formation.
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Figure 3.22. Effect of depth of blank holder groove on maximum shear force in tensile

lap-shear tests. The joints were produced by different blank holders as well as different

forming forces. The sheets were fully annealed.
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Figure 3.23. Effect of depth of blank holder groove on geometrical parameters of clinched

joint produced using different blank holders and forming forces. The sheets were fully

annealed.
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9 1000um

Figure 3.24. Optical images of mounted cross-sections through the clinched joint from

fully-annealed sheets for forming force of 40 kN and blank holder type B with groove
depths 0f30% (left) and 75% (right) of sheet thickness.

Figure 3.25. Optical images of mounted cross-sections through joints made by using
blank holder B with groove depth 25 % (on the right) and 20 % (on the left) of the sheet
thickness. The sheet metal was in full annealed conditions. Using groove 15 % depth,

results in higher protrusion and failure of interlock formation.

3.3.3.3 Effect of blank holder groove diameter

The effect of the groove diameter was also studied as a function of the punch

diameter by considering two different grove diameters of 175% and 215% of punch
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diameter. The tests were carried out using blank holder type B with different groove
depths. The joint strength increased by 20% for the 215% groove diameter case as shown
in Figure 3.26. Similarly, the geometrical interlock was higher for the 215% groove
diameter as shown in Figure 3.27. Due to the increase in groove diameter, there is a clear
enhancement in neck thickness reduction with increasing forming force. The material
flow is increased towards the clinched region from the outer regions of blank holder
rather than from the nearby regions. There was no noticeable change in the interlock
depth which depends significantly on depth of the blank holder groove. Figure 3.28
summarizes the effect of the different tool parameters on the strength of the die-less
clinched joint. Blank holder with small groove diameter (<150% of punch diameter) led
to failure of interlock formation regardless the groove thickness. Similarly, blank holder
with small groove depth (<15% of sheet thickness) resulted in failure of interlock
formation regardless the groove diameter. It is to be noted that the bars in Figure 3.28
with zero value indicate that no interlocking was achieved and therefore joint did not

exhibit any joint strength.

Optical image of a clinch in the solution heat-treated (W temper) corresponding to
the forming force of 40 kN is shown in Figure 3.29. A geometric interlock started to form
with a rather small interlock of approximately 17 um. A large protrusion on the anvil-side
of the sheet indicates that sheets in this temper state required a higher clamping force in
order to decrease the protrusion as well as increase the interlock depth (see earlier Figure
3.16, where force-displacement traces for W temper, and W temper and aged, conditions

are compared from lap-shear tests).
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Figure 3.26. Maximum shear force that the joint can withstand as a function of forming
force of the joints created by using blank holder types B with different groove diameters,
fully annealed sheet (groove depth 30%).
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Figure 3.27.Effect of diameter of blank holder groove on the final geometry of clinched
joint produced by blank holder type B at different forming forces, fully annealed sheet
(groove depth 30%).
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Figure 3.28. Effect of the different tool parameters on the strength of the die-less clinched

joint.

Figure 3.29. Cross-section through the clinched joint from solution heat-treated sheet,
forming force of 40 kN, blank holder type C.
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3.4 Conclusions

Studies involving die-less clinched joints using two layers of AA7075 aluminum

sheets in different temper states were carried out. The effects of tool parameters such as

blank holder shapes, process parameters such as forming force as well as different

material temper states (T6, O, and W) on material flow behavior, neck thickness, and

interlock depth were investigated. Subsequently, effects of clinched geometrical and

process parameters on lap shear joint and peel strengths were also investigated. The

following specific conclusions were made from this study.

1-

3-

Clinch-ability is strongly affected by the temper state where the ability of the
material to flow in the direction opposite to the punch movement is critical to the
clinching process. In general, annealed temper states resulted in better quality
clinches in terms of interlock depth. Conversely, clinching of the 7075-T6 was
considerably more difficult due to its higher strength and reduced ductility.
Clinching of AA7075 in W temper produced a much smaller interlock depth
compared to the other tempers and resulted in poor joint strength. However,
natural aging of this temper state (leaving the sheets at room temperature for 30
days) resulted in increased interlock depth and improved joint strength due to
precipitation hardening.

Tool parameters, and especially the design of groove in the blank holder, was
effective in enhancing the joint strength. The depth of the groove had considerable
influence on the interlock formation, while its diameter had a stronger influence

on the reduction in the neck thickness.
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4- A blank holder of groove diameter greater than 150% of the punch diameter and
groove depth greater than 20% of sheet thickness is recommended for interlock
formation with reasonable joint strength of 3.2 kN.

5- Shear strength of the die-less clinched joints depended largely on neck thickness
and the interlock depth. In contrast the joint peel strength depended largely on the

neck thickness.
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Chapter 4
A Parametric Study of FE Modeling of Die-less Clinching of

AA7075 Aluminum Sheets
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Abstract

Die-less clinching process is a relatively new process for joining two sheet
materials and aspects of this process are being optimized for many sheet materials. Die-
less clinching tool optimization by conducting many experimental trials with different
tool design parameters can be quite expensive and time consuming. Tool optimization via
numerical simulations can be an effective and economical alternative provided material
and other characteristics during clinching are adequately captured by the models. Also,
there are several material, process and simulation parameters that can affect the
simulation accuracy. In the present work a finite element (FE) modeling investigation of
the influence of different numerical, material and process parameters on die-less clinch
characteristics is carried out with a goal towards clarifying and optimizing die-less
clinching simulations for improved and efficient predictions. The numerical parameters
include element size and aspect ratio, adaptive re-meshing criterion, model boundary
conditions (dependent on the tool configuration) and material and process parameters
(such as non-linear work hardening behavior and friction between mating tool-sheet
surfaces respectively). Adaptive re-meshing technique is required to avoid excessive
element distortion as the strain is very large in die-less clinching. A mass scaling factor of
less than 150 is suggested for acceptable accuracy from the model. Extended-Voce
constitutive material model has been shown to accurately capture the large strain
behaviour of AA7075-0O sheet for die-less clinching simulations. Inter-sheet as well as

punch-sheet friction are shown to primarily influence geometric interlock.

81


mailto:atiam@mcmaster.ca

Ph.D. Thesis-Mostafa Khalaf Sabra Atia McMaster University-Mechanical Engineering
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Table 4.1. List of Abbreviations

N Neck thickness of the joint
U Interlock depth of the joint
X Joint bottom thickness
t Blank holder groove depth
d Blank holder groove diameter
ol Equivalent stress
eq
& Equivalent plastic strain
ki Stress coefficients for Voce hardening law
Kz Stress coefficients for Swift hardening law
C Material constant for VVoce hardening law
m Material constant for VVoce hardening law
K Material constant for Power hardening law
d A continuous hardening parameter in Extended-Voce material model
Yo Initial yield stress
Ush Sheet-to-sheet coefficient of friction
Mt Sheet-to-tool coefficient of friction
n Strain hardening exponent
L® Smallest characteristic element length
Cq Material dilatational wave speed
E Modulus of elasticity
Pm Density of the material

4.1 Introduction

Conventional clinching is a room temperature mechanical fastening technique that
uses punch and die to locally deform the sheet metal to produce a geometric interlock [1].
Unlike welding and brazing, it is an environmentally cleaner process with no heat effects
or emissions and energy efficiency [2]. However, conventional clinching results in
undesirable surface features in the form of a pit on one side of the joint and a protrusion
on the other. The advantages and limitations of using conventional clinch joining have
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been extensively reported in the literature [3-6]. A new joining technique called die-less
clinching has been developed in order to make clinching more aesthetically appealing in
which surface step exist only on one side. In this process, a flat anvil is used instead of the
die and the material flow is controlled through a designed groove in the blank holder as in
Figure 4.1 . Very few experimental and numerical studies of die-less clinching of high
strength aluminum alloys have been reported in the literature. A parametric study based
on finite element (FE) simulations offers a systematic and cost-effective method towards

process optimization of die-less clinching for high strength aluminum alloys.

Interlock Depth "U"

Punch

Blank Holder

Upper Sheet

Lower Sheet

Bottom Thickness "X" | 4,| Neck Thickness "N"

Figure 4.1. Schematic drawings of die-less clinching process showing the tool set as well

as the main geometric parameters of the joint.

In order to obtain optimum joint parameters that maximize shear and peel
strengths, many experiments involving a range of tool geometric, material, and process
parameters are required to attain proper geometrical interlocking [7]. In addition, separate

experiments are required to assess the joint strength such as shear and peel tests [8].

83



Ph.D. Thesis-Mostafa Khalaf Sabra Atia McMaster University-Mechanical Engineering

Parametric studies via FE modeling, as an alternative to experiment based trials, can be a
cost-effective and efficient means of tool design for the die-less clinching process [9]. FE
methodology can aid in the assessment and selection of suitable constitutive material law
as well process parameters for die-less clinching. FE allows virtual experiments to be
carried out to not only form the joint but also conduct post-forming joint strength
assessment via simulations [8-11]. While there are many useful studies on simulation of
conventional clinching [9, 10, 12-14], as briefly discuss below, the work reported in the
literature on simulation of newer and more complex die-less clinching process is limited.
Substantial differences persist in the two forming processes. For example, the equivalent
plastic strain for die-less clinch can be substantially larger, exceeding a value of 5 in some

cases, whereas in conventional clinching it is typically much less [4].

In the present work, a FE study of die-less clinching is carried out for joining high
strength 7075-O aluminum sheet materials. Different FE simulation parameters that
influence simulation of the die-less clinch joining such as element size and mass scaling,
boundary condition which represents by tool configuration and material parameters such

hardening law are studied for their influence on clinch geometry and other characteristics.

4.2 Brief review of numerical modeling of clinching process

Die-less clinching is a joining process by sheet forming using a simpler tool
configuration in which the strength of the joint is entirely determined by how far the two
sheets can be plastically deformed to create a geometrical interlock while the bottom

surface of the bottom sheet remains planar as shown in Figure 4.1. The process to create
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the geometric interlock, also called S-shape, employs a flat circular punch, a flat anvil,
and a blank holder. The main geometric parameters of the clinched joint include neck
thickness N, interlock depth U, and bottom thickness X [15], as depicted in Figure 4.1.
The specific tool shapes to control material flow are critical to the creation of the
geometrical interlock. In addition to the tool shape parameters, there are other parameters
that influence the accuracy of process simulation; (i) numerical parameters such as
element size, mass scaling, and adaptive re-meshing procedure, (ii) model boundary
conditions that try to capture the actual die-less clinching process, and (iii) material
parameters which involve hardening law, anisotropy, friction model, and spring-back.
Generally, accurate and reliable FE modeling of the clinch joining process is a complex
problem since the joint strengths are influenced not only by the final shape of the joint but

also by the forming parameters [9].

There have been a number of studies on simulation of conventional clinching [9,
10, 12-14]. Coppieters et al. [8] have utilized ABAQUS software to build an
axisymmetric 2D model as well as a 3D model to simulate conventional clinching of
DCO05-aluminum sheets of thickness 1.12 mm and 1.5. In these analyses, CAX4R and
C3D8R elements were used with reduced integration and hourglass control were used in
2D axisymmetric and 3D models respectively. Coulomb friction law was used with
coefficients 0.15 and 0.4 for sheet-tool and sheet-sheet interactions. The result showed the
ability of the FE model to predict the forming force and post-formed joint strength despite
some inconsistency between the experimental and simulation results. Gerstmann et al. [4]

have published the most comprehensive study on FE simulation of die-less clinching.
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They have used Simufact forming software to simulate flat clinching process to join 99.5
% pure aluminum sheet of 1 mm thickness to 2 mm thick polystyrene sheet. An
axisymmetric model was built representing clinching tools as rigid bodies and deformable
sheet materials as 4-node quadrilateral shell elements. The non-linear work hardening
material model parameters were obtained from plain strain upsetting test as shown in
Figure 4.2. The FE results showed good general agreement with the experiments in terms
of final shape of the joint with an error of about 7%. However, the deviation in forming
force between the FE and experimental results was relatively large in the range of 10%.
The model was limited to clinching of two very ductile aluminum-polystyrene sheets. The
proposed plane strain test to obtain material properties is problematic as it requires very
accurate alignment of two long and narrow punches that are used to achieve plane strain
compression. Another study by Neugebauer et al. [16] utilized DEFORM-2D FE software
to simulate die-less clinching of magnesium sheets. This study employed automatic re-
meshing and rigid tool assumption. This paper is a brief experimental study of die-less
clinching of magnesium sheet that includes a section on FE modeling. While there are
some interesting results on the effect of punch profile radius on geometric interlock, the
details of the modeling work are not covered. The result showed that the punch geometry

had the greatest effect on the shape of the clinched joint.
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Conditions:
-(bo/ho)>6
-(ho/a) <1

Calculation:
-oc =F/(a.b)
- & = In(hvho)

Figure 4.2. Drawing shows the plan strain upsetting test [8].

4.3 FE Simulation Details

4.3.1 Brief review of recent experimental and FE simulation work of

the present authors

The present authors have recently published a largely experimental study of die-
less clinching process (see reference [15]). Figure 4.3(a) shows a schematic of the tool set
utilized in this work, and consisting of an anvil, punch and blank-holder made from
tungsten, tungsten carbide and tool steel respectively. The groove in the blank holder had
a diameter and depth of 10 mm and 0.3 mm respectively. The tooling also included a
compression urethane spring to apply a clamping force. The total clamping force was
determined by the stiffness of the urethane spring and its interaction with the casing.
Abaqus-Explicit was used to simulate the die-less cinching process for a high strength
AA7075 aluminum sheet. Explicit module was considered more suitable for complex
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sheet forming processes with multiple sheet-tool interactions. The die-less clinching was
modeled as an axisymmetric 2D process in terms of geometry of the joint, loading and
boundary conditions as shown in Figure 4.4. The present study focuses on a parametric
study of the above tooling to study the influence of numerical parameters such as
meshing, mass scaling, adaptive re-meshing, boundary conditions, AA7075 sheet material
parameters including the selection of the material constitutive model, friction between all

sliding surfaces during clinching and spring-back of the part after clinching.

Punch

(b)

Figure 4.3. Schematic drawings illustrating; (a) configuration of die-less tooling and (b)

the interaction between the compression urethane spring and outer casing as well as the
half punch used in the measurement of the clamping force.

> yyviiiy
:v:60mm/Sec. ’

| =

e

Figure 4.4. Axisymmetric 2Dmodel of the die-less clinching process.
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4.3.2 Influence of the numerical parameters
4.3.2.1 Meshing

Meshing is a critical step in the FE model development that directly influences the
accuracy and the simulation time of the clinching process. A four node bilinear
axisymmetric quadrilateral element with reduced integration (CAX4R) element was used
to represent the sheet materials. In order to address the hour glass problem of the first
order element with reduced integration, the enhanced hourglass option in Abaqus was
used. Because the sheet materials were subjected to highly localized plastic deformation,
a very fine mesh was used in the region of the clinching zone whereas coarse mesh was
utilized elsewhere to reduce the computation time (see Figure 4.4). Initially, the tools (flat
anvil, blank holder and punch) were assumed to be rigid. Figure 4.5 shows the results of a
parametric study for different element sizes and element aspect ratios. The element aspect
ratio was defined as the ratio of the vertical length to the horizontal length of the element.
Meshing with relatively large element size, up to 1/15" of the sheet thickness, failed to
predict interlocking and resulted in the lifting of the upper sheet, a behavior not observed
in the experiments. However, element sizes lower than 1/15" of the sheet thickness
produced interlocking. The interlock depth increases with decreasing element size until
the result starts to converge at element size of 1/40" of the sheet thickness with a
convergence error of less than 3%. Further mesh refinement did not yield a significant
change in the result. The element size had less effect on the neck thickness compared with
its effect on interlock depth as shown in Figure 4.6. The decrease in the element size led

to an exponential increase in the computational time as shown in Figure 4.7 where
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computation time has been normalized using the computational time for the case of 10
elements through the sheet thickness. The computational time could be reduced by 40 %
by increasing the aspect ratio of the element to 1.3 without a significant effect on the
results. It is to be noted that the number of elements in the radial direction had the biggest
effect on the stress state and interlock formation due to the direct effect of friction on
material flow behavior. Based on this parametric study, an element size of 1/40" of the

sheet thickness with an aspect ratio 1.3 was utilized in all subsequent simulations.

(a) Element Size (t/10)-1 (b) Element Size (t/15)-1 (c) Element Size (1/20)-1

(d) Element Size (t/25)-1 (e) Element Size (t/30)-1 (f) Element Size (/35)-1

(g) Element Size (t/40)-1 (h) Element Size (t/46)-1 (i) Element Size (/50)-1

(j) Element Size (t/55)-1 (k) Element Size (t/50)-1.25 (1) Element Size (t/40)-1.3

Figure 4.5. Mises stress contours after die-less clinching from different element sizes as
well as different element aspect ratio corresponding to a punch displacement of 2.3 mm.
The first number in the brackets below each result refers to the element size in terms of
sheet thickness "t" while the second number refers to the element aspect ratio. The
simulation utilized the extended-Voce material model (to be discussed later).
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Voce material model (to be discussed later).

4.3.2.2 Mass scaling factor

Mass scaling, by adding mass to the model or part of the model, is typically used

in dynamic explicit FE codes as an effective technique to decrease simulation time. The
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stability limit, a measure of calculation efficiency, is expressed in terms of the maximum

time increment as [17]:

At = (CLJ (4.1)

where L° is the smallest characteristic element length and Cgq is the material dilatational

wave speed for linear elastic material, expressed as [17]:

Cy=,|— (4.2)

where E and pm are the modulus of elasticity and density of the material. From equations
(4.1) and (4.2), the stability time is proportional to element size as well as the material
density. Therefore, by squaring material mass (factor 2) results in an increase in the
stability time by f. In other words, mass scaling can be used to compensate for the
negative effect of small element size on the computational efficiency. However, too much
mass scaling could deteriorate the computational accuracy since mass scaling does not
reflect the true material inertia and can induce an inertial (or dynamic) effect on the
results [13]. Typically, dynamic effect are neglected if the mass scaling keeps the total

kinetic energy to total internal energy ratio in the simulations to less than 10% [18, 19].

Figure 4.8 shows the simulation profiles of clinched joints using various mass
scaling factors of 100, 150, 300, 500, 900, and 1600. As shown, the profiles obtained by
using different mass scaling factors are almost the same. However, the associated

geometric parameters of the resulting clinched joints varied depending on the value of the
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mass scaling factor. From the quantitative analysis shown in Figure 4.9. The geometric
parameters of the joint predicted using mass scaling factors up to 150 agreed well with
the experimental results within a rather small error band. This is consistent with the ratio
of total kinetic energy and total internal energy of the various simulations (see Figure
4.10). It is to be noted that, for mass scaling up to 150, some oscillations in the ratio of
total kinetic energy to total internal energy resulted from initial insertion of the punch into
the upper sheet arising from sudden contact between the punch and sheet and making the
system somewhat unstable. As the contact was established and the system became stable,
the ratio of total kinetic energy to total internal energy fell below the acceptable 10% and
the simulations results were deemed acceptable. A mass scaling factor of 100 was chosen

for simulation of the clinching process to improve the computational efficiency.

(b) Mass Scale 150

(a) Mass Scale 100 (c)Mass Scale 300

(e) Mass Scale 900 (f) Mass Scale 1600

(d) Mass Scale 500

Figure 4.8. Profiles of clinched joint obtained using different mass scaling factors and

extended-VVoce material model.
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Figure 4.9. Plots show the effect of the mass scaling factor (MSF) on the geometric

parameters; (a) neck thickness "N" and (b) interlock depth "U".
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Figure 4.10. A plot of ratio of the total kinetic energy to the total internal energy versus

time of punch movement (punch speed of 60 mm/sec).

4.3.2.3 Adaptive re-meshing

Adaptive re-meshing technique is an effective tool to avoid element distortion

from large deformation that accompanies die-less clinching. Generally, re-meshing
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process requires a criterion, and algorithms to convey the nodes, map the solution
variables, and transmit them from an old nodes to new ones [10]. In fact, Abaqus software
uses Arbitrary Lagrangian-Eulerian (ALE) method of adaptive meshing. Within Abaqus-
Explicit there are three available smoothing algorithms to determine the new location of
each node: volumetric smoothing (default), Laplacian smoothing, and equipotential
smoothing [20]. In volumetric smoothing, the nodes are relocated based on calculation of
average volume weight of element center. In Laplacian Smoothing, the nodes are
relocated based on average position of each adjacent node. In equipotential smoothing,
the node transfer is based on solving Laplace-equation [20]. The effect of all three types
of smoothing on die-less clinching using their full weight were studied in the present
work. Figure 4.11 shows the distribution of the equivalent plastic strain (PEEQ) of the
punch-sided sheet along the upper, mid plane, and the lower set of elements using the
three smoothing algorithms. In order to gradually smooth the meshing during the analysis,
certain re-meshing frequency is also required. The default frequency of 10 which has
been widely used in the literature [10] was selected in the present work as well as a base
frequency of 1 for comparison. The meshing priority selected was to set the element
aspect ratio. The results shown in Figure 4.11 did not show any noticeable change in the
PEEQ distribution between the three studied smoothing algorithms. Based on this study,

volumetric smoothing algorithm was utilized in all of the simulations.
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Figure 4.11. PEEQ results from re-meshing study showing undeformed mesh (in green)
and deformed configuration of the die-less clinch for three different rows of elements in
the upper sheet (referred to as sets A, B and C for the bottom, middle and top rows
respectively) using three smoothing algorithms. An extended-Voce material model was

used (to be discussed).
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4.3.3 Influence of model boundary conditions

In die-less clinching, the blank holder exerts a relatively large force over a small
area in order to form the geometrical interlock. The total forming force, that includes the
blank-holder and punch forces, is even larger in the range of 50 kN. Such a large force
can induce elastic deflection in the tooling as well as in the C shaped loading frame that
can affect the actual punch motion and joint formation. The shape of the tool set, its
material model (i.e., rigid or elastic), blank-holding force, and consequently punch
movement (and the nature of loading) determine the boundary condition of the process
simulation. In order to simplify the numerical model, some assumption are often made
that affect the physical reality of the die-less clinching process. For example, the
assumption of infinitely rigid tooling is quite common in automotive sheet forming

simulations that involve large tools [10].

In the present work, effect of stiffness (or rigidity) was studied in the die-less
clinching simulations. The blank-holder force, represented by the stiffness of the
compression urethane spring and its interaction with the outer casing of the blank holder,
was measured using a half punch as shown earlier in Figure 4.3(b). For modeling
purposes, eight different tool configurations were considered as noted in Table 4.2. The
first configuration (top row) assumed that all the tool components were rigid. In the other
extreme, reflected by the bottom row configuration, all components were treated as elastic
(and referred to as the compliance model). The rest of the configurations were
intermediate involving a combination of the two extremes (rigid and compliant)

configurations where some component(s) were rigid while the others were compliant. The
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simulation results from the different tool configurations of Table 4.2 are presented in
Figure 4.12 and Figure 4.13 where completely rigid configuration is used for comparison
purposes. Figure 4.12(a) shows the final geometry of the joint based on the assumption of
elastic tooling. The elastic punch is shown to decrease the bottom thickness and the lifting
of the bottom surface resulting from a change in the punch height due to elastic
deformation. However, an opposite effect was observed from the blank holder due to a
change in the blank holder shape and an increase in the blank holder groove depth due to
elastic deformation. Figure 4.12(b) shows the combined effect of the different
components. A more compliant elastic system resulted in an increase in the bottom
thickness and a decrease in the lifting of the bottom surface. Figure 4.13 is a magnified
view of the S-shape region of Figure 4.12 for the different model systems. Results from
Figure 4.13(a) - predominantly rigid case indicate that simulating punch or anvil as an
elastic part causes a shift in the "S" shape of the geometric interlock toward the joint axis
as well as an increase in the interlock depth at the expense of the neck thickness. Also, the
effect of punch is more pronounced than that of the anvil. There is only a slight effect
when the blank holder is modelled as an elastic part. The combined effect of modeling
different parts in the predominantly elastic case is shown in Figure 4.13(b). An effect
similar to the predominantly rigid case can be noted, where model 6 treating punch and
anvil as elastic parts results in a larger “S” shape shift. However, the effect of a rigid
blank holder is more dominant in the predominantly elastic case. Lastly, the fully
compliant model shows the largest reduction in neck thickness. Table 4.3 summarizes the

effect of the different models on S-shape formation.
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Table 4.2. A summary of the different tool stiffness combinations in various models

utilized in die-less clinch simulations.

Component of tool Set
Models .
Punch Blank Holder Anvil
Rigid Model - - -
Model 1 N - -
Model 2 - N -
Model 3 - - N
Model 4 - N N
Model 5 N N -
Model 6 N - N
Compliance Model \ \ \

w

n

=)
i

Distance from anvil surface (mm)
-

=]

Distance from joint axis (mm)

Distance from anvil surface (mm)

Distance from joint axis (mm)

(a)

(b)

Figure 4.12. Geometry of the die-less clinched joints from different tool stiffness

combinations as per Table 4.2 (an extended-Voce material model is used in the

simulations).

Figure 4.14 shows a comparison of experimental and simulation forming force-

punch stroke curves. These are often referred to as process graphs [10]. It is to be noted

that the FE simulations started from a punch position just above the upper sheet while the

experiment started at a higher, and somewhat variable (from test-to-test), punch position,
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a geometrical correction to the raw experimental data of Figure 4.14 was required to
allow comparison of model and experimental results. Also, since the different models did
not exhibit any significant effect on the process graph, only the curve for rigid FE model
is presented in Figure 4.14. In general, the simulation punch force versus displacement

results showed good agreement with the experimental results.

&
5

[
1.

o
&

=
o
o

4
=)
h

=
&
o

Distance from anvil surface (mm)
Distance from anvil surface (mm)

bt

1

b
9

=)

Distance from joint axis (mm) Distance from joint axis (mm)

(a) (b)

Figure 4.13. The interface shape of the die-less clinch resulting from different tool

stiffness models(an extended-Voce material model is used in these simulations).

Table 4.3. A summary of the effect of the different models on S-shape formation.

Model number Changes in S-shape compared to the rigid model
Model 1 Large shift in S-shape towards punch (i.e., a decrease in neck
thickness)
Model 2 Almost no change
Moderate shift in S-shape towards punch (i.e., a decrease in neck
Model-3 .
thickness)
Slight shift in S-shape towards punch as well as a large increase in
Model-4 X
interlock depth
Slight shift in S-shape towards punch as well as a moderate increase
Model-5 g
in interlock depth
Model-6 Large shift in S-shape towards punch.
Compliance Model Largest shift in S-shape towards punch
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Figure 4.14. Typical forming force versus punch stroke curves from experiments and

corresponding simulation based on rigid tooling.

4.3.4 Influence of material parameters

4.3.4.1 Material model

As mentioned earlier, the die-less clinching is a complex process involving very
large plastic strain that can exceed 5 [4]. Such strains cannot be easily achieved from
typical uniaxial tension test or hydraulic bulge tests in the laboratory. Therefore, to
capture large strain behavior in the FE models of die-less clinching, the stress-strain curve
must be extrapolated beyond the range of experimental measurements. A suitable
constitutive law that represents the experimental data accurately is needed. Also, the
extrapolation using such a constitutive law must yield physically realistic stress-strain
curves up to very large strains typical of die-less clinching. An elastic-plastic material

model with Von-Mises yield criterion was used to define the yield locus of AA7075-O
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sheet. The plastic stress-plastic strain data obtained from uniaxial tensile test on AA7075
sheet was extrapolated using three different empirical hardening laws; power, Swift and

Voce laws which are expressed as:

Power law: o,.” =y, + K(g,")" (4.3)
Swift Law: o,,” =k, (& +£,,")’ (4.4)
Voce Law: o,,P =C [1— m exp(kzseq”)] (4.5)

where oce” and eeq® are the equivalent stress and plastic strain respectively. All other
parameters, ki, ko (stress coefficients), n (strain hardening exponent), C and m are
material constants typically obtained from non-linear least square curve fitting to the
above empirical equations the true stress versus true strain uniaxial tensile experimental

data. The values of these constant are presented in

Table 4.4. Voce hardening law (equation 4.5) assumes that the plastic stress saturates at
plastic strains higher than defused neck. In contrast, the power and Swift hardening laws
(equations 4.3 and 4.4 respectively) consider the material to be perpetually strain
hardening. Additionally, a hybrid hardening law involving power and Voce laws, referred
to as the extended-Voce law in this paper, has been used to predict the plastic die-less

clinching characteristics. The extended Voce law is expressed as:

Extended-Voce Law: 0.P =0, +C, [1_ m, exp (K,e.,,” )J + s, (4.6)
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Table 4.4. Parameter values of AA7075-Oaluminum sheet for the different material

models

Power Law Swift Parameters || Voce Parameters | Extended-Voce Parameters

Yo K n €0 K n C K1 m 00 C1 m1 Ks o
(MPa) [|(MPa) (MPa) (MPa) (MPa) (MPa) [[(MPa)

145 |[376.9|( 0.375|[ 0.002 |[ 485.9 |[0.2071| 319.4 || 24.19 |(0.4769| 147 [ 171.6(|0.8834(24.34( 5

Figure 4.15 presents the results of “S” shape from the interlock region of the
interface from the different hardening models. Power and Swift laws yielded significant
deviation from the experimental “S” shape for the lower side. The Voce model showed a
smaller deviation compared to the experimental results from both the upper and lower
sheets. Overall, the extended-Voce model provided the closest “S” shape response
compared to all other hardening laws. The results were also consistent with the quality of
fit to the uniaxial tensile data and the extrapolated shape of the stress-strain curve. Figure
4.15 also suggests that the formation of the interlock "U" is inversely correlated to work
hardening capacity of the material model. Based on the results of Figure 4.15, Extended -

Voce material model was selected for future simulations.
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Figure 4.15. A comparison of the simulated and experimental interlock shapes in die-

clinching for the different hardening laws.

4.3.4.2 Friction

The die-less clinching process involves multiple tool-sheet and sheet-sheet contact
and sliding events. Therefore, contact and friction play a critical role in governing
material flow and the joint formation in die-less clinching. Also, process conditions such
as large interface pressure, small sliding force, large plastic deformation, and enlargement
of the contact area as the process continues make it quite difficult to identify the actual
friction behavior by common friction tests and to comprehensively assess the relevance of
classical Coulomb friction law for die-less clinching. It is likely that the Coulomb friction
coefficient will change with normal pressure and from the enlargement of contact area.
The present simulation assume coefficient of friction to be an average value over the
entire contact region and over the entire duration of clinching. However, considering the

differences in the surface topographies of tool and sheets, two separate friction coefficient
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values were considered; sheet-to-sheet coefficient pusn and sheet-to-tool coefficient . The
sensitivity of the geometric parameters "N" and "U" to psh and p is shown in Figure 4.16.
The trend of the results showed the tendency of neck thickness to decrease with an
increase of the friction of the interface while the interlock depth showed an opposite
behavior. In general, the friction of the tool-sheet affected the neck thickness whereas the

interlock depth was independent of friction coefficient.
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Figure 4.16. Geometric parameter of die-less clinched joint from simulations using

different friction sheet-sheet and tool-sheet friction coefficients.

An attempt was made to track the relative motion of the sheet during the clinching
process. The top image in Figure 4.17 depicts a schematic layout of 8 locations at the
sheet-sheet and tool-sheet contact regions in the initial FE model geometry. The
subsequent images of these locations at various punch displacements are shown directly
beneath the top image. Also, the nomenclature for assessing the relative displacement of
the marked locations is presented in the schematic in Figure 4.18. The location that

moved towards left of its current position was termed negative and vice versa.
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X=62%
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Figure 4.17. A schematic layout of 8 different positions, 4 on the sheet-sheet and 4 on the
tool-sheet contact surfaces with the undeformed layout at the top and subsequent layout at
different punch displacements. The punch and blank-holder outlines are marked in grey.

-v€ Tve

T
Figure 4.18. Nomenclature for assessing relative displacement at the marked positions in

Figure 4.17.
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The results of relative displacements with increasing punch stroke are shown as a
family of graphs in Figure 4.19. The results were obtained for 3 different friction
coefficient combinations. Results for the different positions 1 to 8 are plotted separately
and in sequential order for clarity. Position 1 lies at the sheet-sheet interface directly
below the center of the punch. The relative sliding is reduced at the largest values of
sheet-sheet and sheet-tool friction coefficient values (blue curve) in the early stages
compared to the other 2 values. The displacements, however, converge towards larger
punch strokes. Position 2 in the inter-sheet region located directly below the punch profile
radius, on the other hand, showed an opposite trend where higher friction coefficients
lead to rather similar relative displacements in the early stages but quite divergent
behavior at larger punch displacements. Position 3 to the right of position 2 in the inter-
sheet region continues to move inward into the punch region where relative movement
was largely independent of the friction coefficient. Position 4 located well to the right of
position 3 moved to the right of its original position and exhibited larger movement with
lower friction coefficient values. Results for tool-sheet displacements at positions 5-8
show a rather different characteristics compared to the sheet-sheet displacement. Firstly,
the sensitivity to friction coefficient combination was found to be weak at all 4 positions
5-8. Also, the maximum relative displacement was much larger compared to the sheet-
sheet interface. Lastly, the trends in relative displacement were mostly linear with respect
to the punch stroke and exhibited a sharp discontinuity in the relative displacement was
observed in the punch stroke range of 0 to 1 mm. This discontinuity moved to the left as

the positions changed to the right from 5 to 8. Overall, the results suggest a significant

107



Ph.D. Thesis-Mostafa Khalaf Sabra Atia McMaster University-Mechanical Engineering

role of friction and relative sliding that results from it at the sheet-sheet and sheet-tool
interfaces in controlling the material flow and formation of geometric interlock. The tool-
sheet interface appears to be more critical than the sheet-sheet interface in the formation
of the geometric interlock. However, this preliminary result should be supported by more
detailed experimental studies of the interface behavior in die-less clinching with more
advanced friction models to further clarify the role of friction in die-less clinching. Table
4.5 shows a quantitative analysis of the total relative movement of each point in Figure
4.19. It can be noted that the points on the top free surface have a rather large total

relative movement compared to the points at the sheet-sheet interface.

Table 4.5. Data from Figure 4.20 is presented in the form of total relative movement of

each point as a function of the friction coefficients.

Interface Top Surface
Position Friction Values Total Rel. Position Friction Values Total Rel,
Mov.(mm) Mov.(mm)
w=0.15, psnh = 0.2 0.087 we=0.15, ush = 0.2 3.42
1 w=0.15, psh = 0.4 0.071 5 we=0.15, ush = 0.4 3.42
w=0.25, psh = 0.4 0.066 we=0.25, ush = 0.4 3.31
pue=0.15, psh = 0.2 0.16 pe=0.15, psh = 0.2 3.22
2 w=0.15, psh = 0.4 0.16 6 w=0.15, ush = 0.4 3.266
w=0.25, psh = 0.4 0.11 we=0.25, ush = 0.4 3.215
pue=0.15, psh = 0.2 0.35 pe=0.15, psh = 0.2 2.67
3 w=0.15, psh = 0.4 0.28 7 we=0.15, ush = 0.4 2.768
w=0.25, psh = 0.4 0.326 w=0.25, ush = 0.4 2.704
w=0.15, psh = 0.2 0.115 w=0.15, ush = 0.2 0.377
4 w=0.15, psh = 0.4 0.127 8 w=0.15, ush = 0.4 0.368
= 0.25, ush = 0.4 0.09 w=0.25, push = 0.4 0.396
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Figure 4.19. A set of plots of relative maximum displacement of marked 8 positions as a
function of punch stroke for 3 different sheet-sheet and sheet-tool friction coefficient
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combinations from clinching simulations.
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4.3.4.3 Spring-back

The spring-back is caused by the recovery of the elastic strain after forming
release of the forming and clamping loads. Spring-back can make changes to the
dimensions of the final geometry and is undesirable artifact of the forming process.
Spring-back depends not only on the modulus of elasticity and yield strength of the
material but also on the geometric constraint of the part and the clinching process. In the
present work, a parametric study of the effect of elastic modulus (E) and friction
coefficients at the sheet-tool and sheet-sheet interfaces (ush and pt) on spring-back was
carried out. Table 4.6 presents 6 sets of parameter combinations in the spring-back study
of die-less clinching simulations. The results in the form of geometric interlock (or “S”)
shapes before and after spring-back from the 6 sets of model parameters are presented in
Figure 4.20. In general, only a marginal change in the final shape of the joint on spring-
back simulation was observed from a change in the elastic modulus. The effect of friction

coefficient on spring-back was more pronounced.

Table 4.6. Values of parameter combinations in the springback study of die-less

clinching.

Model | E(GPa) Ut Ush
SB1 71 0.15 0.4
SB 2 68 0.15 0.4
SB 3 65 0.15 0.4
SB4 71 0.25 0.4
SB5 68 0.25 0.4
SB 6 65 0.25 0.4
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Figure 4.20. Effect of various parameter combinations of Table 4.6 on “S” shape before

and after the spring back.

4.4 Summary and Conclusions

Effect of a number of FE simulation parameters consisting of element size, mass
scaling factor, adaptive re-meshing strategies, and model boundary conditions on die-less
clinch characteristics were studied. Additionally, choice of material model and

extrapolation of material data to large strains typical of die-less clinching on clinched
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shape were analyzed. Lastly, the effect of elastic modulus and friction coefficient
variation on spring back after clinching was assessed. Previous experimental work on die-
less clinching of AA7075 aluminum sheet of the present authors was used to analyze and

optimize the FE simulation results.

In summary, this paper presents a comprehensive study of the parameters that
affect the simulation of die-less clinching process. The model validation was based on a
recently published experimental work of the present authors [15]. The validation has been
carried out in terms of final geometry of the clinched joint as well as the punch force
versus stroke curves. The error shown in the paper are individual errors for each type of
measurement. However, cumulative errors can be reduced by proper selection of tool
design, material and process parameters. It is shown that accuracy of simulation depends
critically on the numerical parameters. However, computation time is another important
factor which should be taken into consideration. The size of the element is a critical
parameter for prediction of geometrical interlock shape as well as the computation time.
Adaptive re-meshing technique is required to avoid excessive element distortion.
However, the relocating algorithm as well as the frequency of re-meshing has almost no
effect on the results. Mass scaling factor is a key parameter to decrease the computational
time. However, large values can induce an inertial effect that can reduce the accuracy. A
mass scaling factor of less than 150 is suggested for acceptable accuracy from the model.
Also, the material model is a critical factor of the simulation and should be selected
carefully because the die-less clinching process involves very large plastic strains.

Further, assuming the tool set as a rigid body is a common assumption and can be used in
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the simulation. Lastly, proper choice of friction coefficient is important factor for accurate

prediction of geometrical interlock as well as spring-back. A study of the effect of

material anisotropy on die-less clinching should be a useful study in the future. The

following specific conclusions can be drawn from this study:

1-

Using a small element size of less than 1/40" of total sheet thickness is required to
reach reasonable result with a low error of about 3% in the both of the interlock
depth and neck thickness. However, this results in an exponential increase in the
computational time. The time can be reduced by about 40% by increasing element
aspect ratio by 33%.

Mass scaling factor up to 150 is an effective tool in compensating the effect of
using very small element size. However, larger mass scaling beyond 150
introduces dynamic effects which deteriorate the prediction of joint formation.
Adaptive re-meshing is a useful method to simulate die-less clinching and the
smoothing algorithm has no effect on the results.

Simulating punch or anvil as an elastic part results in shift of the geometric
interlock shape toward the joint axis as well as an increase in the interlock depth at
the expense of the neck thickness. However, punch elasticity has a stronger effect
than that of the anvil.

The rigidity (or elasticity) of tooling did not show a significant effect on the
process graph.

The material model is the most important parameter in the simulation of the die-

less clinching process. Extended-VVoce material model is effective in predicting the
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post- necking behaviour of the high strength AA7075 aluminum sheets in
clinching. Other common hardening laws such as power and Swift laws cannot
accurately predict the formation of geometrical interlock in die-less clinching due
to their poor extrapolation behavior.

7- Material sliding and friction behavior is critical to obtaining a good die-less clinch.
The sliding behavior at the tool-sheet surface can be quite different from the inter-
sheet sliding behavior and affect the geometric interlock characteristics. More
comprehensive studies with advanced friction models and suitable experimental

friction coefficient data is needed for even better die-less clinching simulations.
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Chapter 5
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Abstract

Die-less clinching is a joining process in which punch, flat anvil, and blank holder
of a certain specified shape are used to form a geometric interlock. The blank holder
design is especially important for die-less clinching because of its influence on flow of
the material. In the present work, a numerical investigation of the effect of the blank
holder parameters on material flow and the final geometry of the die-less clinched joint is
conducted. Various blank holder designs as well as different process parameters are used
to obtain clinched joints. Axisymmetric finite element (FE) model was developed to
simulate die-less clinching experiments. A hybrid material model with a weight function
between the two common used hardening laws, Swift and Voce, was utilized to better
represent the material behavior in the FE model. Another hybrid material model, referred
to as extended-Voce model, was also utilized in the FE simulation and the results
compared with the weight function approach. The weight function material model
resulted in smaller geometric interlock compared with the experiment, whereas, the
extended-Voce model led to better prediction of experimental geometric interlock with an
error of less than 5%. The results showed that the interlock forms due to a large material
flow in the axial and radial directions. The interlock can be maximized by controlling the
material to flow in radial direction instead of axial direction, by decreasing blank holder
depth. Also, distortion of the bottom of the die-less clinched joint can be avoided by
achieving a bottom thickness of at least 10 % of the total sheet thickness. Lastly, finite
element models were also developed to predict the joint strength of the shear and peel

failure modes.
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Table 5.1. List of Abbreviations

—
(o]

Avrtificial peak aged state which represents the hardest temper
Annealed temper state

Neck thickness of the joint

Interlock depth of the joint

Joint bottom thickness

Blank holder groove depth

Blank holder groove diameter

Forming force

p | Equivalent stress

e ™| X|ClZ(0

Q

2P | Equivalent plastic strain

@
=]

ki Stress coefficients for Voce hardening law

Kz Stress coefficients for Swift hardening law

C Material constant for VVoce hardening law

m Material constant for VVoce hardening law

a Weight function

d A continuous hardening parameter in Extended-Voce material model
o, | Initial yield stress

ush | Sheet-to-sheet coefficient of friction
Lt Sheet-to-tool coefficient of friction
n Strain hardening exponent

Keywords: Clinching, Die-less clinching, FE simulation.

5.1 Introduction

Adhesive bonding, welding, and mechanical fastening are the main techniques for
joining of sheet materials [1, 2]. Mechanical fastening provides some advantages over the
other two techniques in terms of efficiency, cost, quality and appearance of the joints [3].
Mechanical joining can be further divided into two categories, (i) joining by using
consumable parts such as rivets, and (ii) joining by forming such as hemming and
clinching. Clinching is a rapid and clean process where two or more sheets are locally
deformed by using punch and die to form a geometrical interlock [4-6]. Clinching can be

carried out with or without metal cutting [7]. In fact, the recent clinching operations
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involve no metal cutting and only redistribution of the material by plastic flow in the
vicinity of the clinched region during geometrical interlocking. Clinching can be carried
out using a die (conventional clinching) or without a die (referred to as die-less clinching)

[8], as shown in Figure 5.1.

Groove Depth "t" Interlock Depth "U"

Blank Holder

. Upper Sheet.
')

Neck Thickness "N"
[ ower Sheet]

bottom thickness "X"

|
Ilat Anvil

Interlock Depth "U"

Protrusion
Height "H"

(b)

Figure 5.1. Scheme drawings showing the various geometric parameters in; (a)
conventional clinching and (b) die-less clinching [9].

In the second category of die-less clinching, a flat anvil is used instead of a die.
Consequently, the resulting joint does not lead to a protrusion on the anvil side [10]. A
blank holder of a certain specified shape is used to control the material flow in the
direction opposite to the punch movement [9]. As shown in Figure 5.1, the neck thickness
N, interlock depth U and bottom thickness X are the main geometric parameters of the
clinched joint [11]. The X-parameter, first introduced by Varies [7, 12], is a useful

parameter for inspection of the joint.

Shear and peel tests are commonly used in the characterization of strength of

clinched joints [13]. The experiments required to optimize joint parameters that yield
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higher strength joints can be costly and time consuming. Numerical simulation via finite
element (FE) method offers an cost-effective, efficient and systematic method of
analyzing the effect of tool design and material parameters on die-less clinching process
[14]. Also, a 3-D FE model of the conventional clinched joint can be used in
characterizing the joint strength [13, 15-17]. Many papers have been published to
describe the FE simulation of conventional clinches [12, 14, 15, 18-24]. The die-less
clinching process is recent and a more complex process compared to conventional
clinching. Therefore, very few studies have been carried out to simulate the die-less
clinching process. The maximum equivalent plastic strain in die-less clinching are very
large, of the order of 5, whereas, in conventional clinching, the plastic strains are only of
the order of unity [10]. Special procedures are often utilized with the FE simulation to

deal with solution convergence problems at large plastic strains in die-less clinching.

In the present study, the focus is on effect of clinch tool design and forming force
on the material flow and final geometry of the die-less clinched joint as well as post-
clinch joint strength. A better material model to capture the large strain work hardening
behavior of AA7075 sheet is proposed. This material model is then used within the FE

model to simulate and assess the die-less clinch joining and post-strength characteristics.

5.2 Material and Methods

The jointed sheets were made of AA7075-O aluminum sheet of 1.27 mm nominal
thickness. The sheet metal was initially received in the peak-aged T6- temper state. In
order to enhance its low ductility in the peak T6 condition, the sheet was partially

annealed by heating to 413°C for 1 hour in a furnace. Uniaxial tensile tests were
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conducted to assess the mechanical properties of the material using instrumented screw-
driven Instron universal testing machine of 100 kN load capacity at a cross-head speed of
1 mm/min. Sub-size sample dimensions of 120 mm length x 6 mm width, as per the
ASTM standard E8M, were utilized for the uniaxial tension tests. The resulting
mechanical properties in the as-received (T6) and annealed (O) temper states are

presented in Table 5.22.

Clinching primarily results from formation of geometric interlock, or S-shape,
which mainly depends on the tool configuration. The tool set in the present work involved
an anvil, punch and blank holder made of tungsten, tungsten carbide, and tool steel
respectively, designed to control the flow of material. In addition, a urethane spring was
incorporated to apply the blanking force. The tool set is presented in Figure 5.2. The total
blanking force was determined by the stiffness of the urethane spring and its interaction
with the case. The clamping force was measured experimentally as a function of punch
stroke by using a punch without tip to avoid interaction between punch tip and sheets.
Figure 5.3 shows the experimentally measured blanking force profile as well as two other
clamping force profiles used for the simulation purpose as will be shown later in Section

5.4.3.

Table 5.2. Mechanical properties of AA7075 aluminum sheet in T6 and O-temper states.

Mechanical properties from uniaxial tension tests
. Total
Temper i 0.2% Yield strength | Curs .
Designation Material state (MPa) (MPa) EIorgg/oe;tlon
T6 As-received 580 695 9
O Annealed 175 295 15
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Punch

Aligning Rod

Compression Urethane Spring

Blank Holder

(b)

Figure 5.2. Die-less clinching tool set-up; (a) photograph for the installation of the tooling
and (b) schematic drawing showing the punch, blank holder shape and compression

urethane spring.
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Figure 5.3. Experimental and two different FE model blank holder force profiles utilized
in the present study.

5.3 FE Modeling Methodology

Die-less clinching process was simulated by incorporating the geometry of
tooling, sheet thickness, sheet elastic and plastic properties, sheet-sheet contact, and
friction between all tool and sheet contacting surfaces. The above geometric, material and
process parameters could be studied by systematically varying their values and observing
the material flow and the evolution of the stress state of the sheet with the punch

movement. Generally, such details are quite difficult to study experimentally due to very

122



Ph.D. Thesis-Mostafa Khalaf Sabra Atia McMaster University-Mechanical Engineering

small clinching area, not amenable to camera viewing, and the high speed of the process.
The commercial FE code Abaqus was used to carry out the FE model. The FE model was
set-up in commercially available FE package, Abaqus-Explicit. This code was preferred
over other available codes due to its ability to simulate multiple tool-sheet and sheet-sheet
interactions that occur in clinching problem and its more robust contact algorithm and
solver. Also, the explicit solver exhibits significant time saving over implicit solver as the
model size increases. An axisymmetric 2D model was developed due to the axisymmetric
nature of tooling, the clinch geometry, and the loading conditions. The tooling was
considered as rigid and the boundary conditions were defined by tool motions and
constraints. Two different blank holder types were included, defined as stepped edge and
rounded edge blank holders as shown in Figure 5.4, where groove radius r and depth t, as
first and second numbers respectively, were used to represent various stepped edge blank
holders. Similarly, for the round edge blank holder, radius R and fillet radius S were used
as first and second numbers respectively in Table 5.3. The parameters that affect the FE
simulation such as numerical parameters, material parameters and boundary condition
have been studied in a previous work of the present authors [25]. The sheet materials
were modeled using 4-nodebilinear axisymmetric quadrilateral elements with reduced
integration (CAX4R element in Abaqus) and enhanced hourglass control option was
utilized to avoid hour-glassing problems at large plastic strains. A large number of
elements through the sheet thickness totaling 40 were used to mesh the sheet metals in the
clinched area to account for large through-thickness strain gradient in the die-less

clinching process. Also, an aspect ratio of 1.3 was utilized to minimize element distortion
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where aspect ratio was defined by the ratio of the element size in axial and radial
directions. The FE mesh size in the area outside the clinching region was kept relatively
large, totaling 30 elements through the thickness with an aspect ratio of 0.25. Due to large
deformation and highly localized plastic strain in the clinch region, adaptive re-meshing
option with volumetric smoothing was used to prevent excessive mesh distortion, and an
advanced algorithm based on evolving geometry was implemented to attain stable

numerical solution. A mass scaling factor of 100 was used to reduce the computational

run time.
t! r!
R
(a) (b)

Figure 5.4. Two different blank holder designs utilized in the FE simulation of die-less
clinching, (a) stepped edge blank holder and (b) round edge blank holder.

Table 5.3. Blank holder design parameters in the present study.

Blank holder type Stepped edge Rounded edge
Parameter r (mm) t (mm) R (mm) S (mm)
Range of values 4-75 0.2-1 2.5and 3.5 1-5

The sheet material was assumed to be isotropic elastic-plastic following von
Mises vyield criterion. An extended-Voce hardening law was used to extrapolate the
experimental plastic stress-plastic strain data obtained from the uniaxial tensile test

beyond the tensile stress-strain limit to large strains.

oy =0,+C [1—m exp(k.«aeq”)}r&eqp (5.1)
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where, o

oq» 00 and ge‘; are the equivalent stress in equation (1), the initial yield stress and

equivalent plastic strain respectively, k is stress coefficient, and C and m are two other

material constants. The third term on the right side of equation (5.1), Je,,”, was added to

describe continued hardening behaviour at larger strains [26].

In previous studies [25, 27], the authors have shown that commonly used swift
and Voce hardening laws cannot reliably predict the final shape of the conventional as
well as die-less clinched joints because of large strains associated with the clinching
process. However, a weight function between the two laws successfully predicted the
geometric interlock shape in conventionally clinched joint [27]. Therefore, the weight

function based mixed hardening law was also used in this study as shown below:

O = A Oy

eq switt T (1—61) of

€q

(5.2)

Voce
where Voce: o,, =C, [1— m, exp(klseqp)] (5.3)
and Swift: o, =k, (so + seqp)n (5.4)

In the above equations, ki and k. are strength coefficients in egns. (5.3) and (5.4)
respectively, n is the strain hardening exponent, C and m are two other material constants,
a is a weight of the function with values in the range 0.25 - 0.9. It is to be noted that, for a
values of 0 and 1, the mixed hardening law of equation (5.2) reverts simply to Voce and
Swift laws respectively. Table 5.44 presents the values of hardening parameters for
AAT7075-0 sheet. Figure 5.5 shows the extrapolation of stress — strain curves to large
plastic strains by using different weight functions in equation as well as another extended-

Voce law.
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The experimentally measured clamping force versus punch displacement profile
as well as two other theoretical clamping forces were employed in the FE study. The
interaction between tool and sheet and between the two sheet materials was described by
Coulomb friction law. Based on a previous study by the present authors [25], different
friction coefficient values were utilized and the friction value that gave interlock shape as
well as force-displacement curve comparable to experimental study was chosen in the
present FE study. It was found that 0.15 and 0.4 friction coefficients between sheet-tools
and between the two sheets respectively provided the best match between experimentally
obtained final geometry of the joint and that obtained numerically. Figure 5.6 illustrates
the axisymmetric model of the die-less clinching simulation showing that the blank holder

clamping force is a function of time.

Table 5.4. Material model parameters.

Voce
C1 k1 mi
(MPa)
319.4 24.19 0.4769
Swift
&0 k2 n
(MPa)
0.002 485.9 0.2071
Extended-Voce
00 o m k S
(MPa) (MPa) (MPa)
147 171.6 0.8834 24.34 5
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Figure 5.5. Extrapolation of the true-stress-true plastic strain data by using extended-Voce
as well as different weight functions.

Blankmng
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| |

Figure 5.6. Axisymmetric 2-D FE model set-up for die-less clinching simulation with
blank holder clamping force versus time profile shown above, as model input data.
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5.4 Result and discussion

5.4.1 FE Model Validation

Figure 5.7 demonstrates a comparison between the final interlock shape of the die-
less clinched joint obtained experimentally and from the FE model using different weight
functions in the mixed hardening law 2 (Equation 5.2). It can be noted a lower value of
the weight function « (i.e., a hardening behaviour closer to the Voce-model) results in
increases in both the predicted neck thickness "N™ and the interlock depth "U" and closer
to the experimental values, with an error of about 35%. It is to be noted that in our
previous work on predicted final shape of a conventionally clinched joint by using
extensible dies [27], a weight function value of 0.5 was found to yield good prediction of
interlock depth. This difference in the weight function value for interlock depth prediction
for conventional and die-less clinching can be attributed to the very large plastic strains
associated with die-less clinching process that exceed 5 compared with plastic strain of
the range of unity in case of conventional clinching. From Figure 5.5 it can be noted that
at a plastic strain of 1 the difference in post-necking behaviour between the weight
function of 0.25 and extended-Voce material models is small. However, at higher strains

the difference in the mechanical behaviour becomes significant.
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Figure 5.7. A comparison of experimental and FE predicted interlock shapes from
different weight functions. (X-parameter = 90%).

Figure 5.8 shows a comparison of the final geometry of the die-less clinched joint
between FE modeling using extended-Voce material model and the experimentally
obtained joints by using two different stepped edge blank holders. Also, Figure 5.9 shows
an expanded view of the critical interlock region from experiments and simulations. The
two figures show a good prediction in the final shape of the die-less clinched joint from
the extended-Voce based FE model with an error of less than 5%. Specifically, the
experiment using 5/0.4 and 5/0.2 stepped-edge blank holders resulted in interlock depths
of 0.065 mm and 0.05 mm respectively compared to 0.062 mm and 0.047 mm from FE
prediction. Figure 5.10 also presents rather good agreement in through-thickness profiles
from extended-Voce law based FE model and experiment. Lastly, punch load versus
displacement traces comparing overall process behavior from experimental and
simulation clinches are presented in Figure 5.11. Figures 5.7-11 collectively indicate good

overall agreement between experimental and numerical results with an error less than 5%.
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Figure 5.8. A comparison of experimental and FE predicted shape profiles for; (a) stepped
edge blank holder 5/0.4 and (b) stepped edge blank holder 5/0.2. (X-parameter = 90%).
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Figure 5.9. A comparison of experimental and FE predicted interlock region for; (a)
stepped edge blank holder 5/0.4 and (b) stepped edge blank holder 5/0.2.
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Figure 5.10.Experimental and corresponding FE predicted through-thickness clinched
shapes for; (a) stepped edge blank holder 5/0.4 and (b) stepped edge blank holder 5/0.2.
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Figure 5.11. A comparison of punch forming force versus displacement traces from
experiment and FE simulation for stepped edge blank holder 5/0.4.
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5.4.2 Material Flow

The die-less clinching process can be divided into four stages (I, Il, 111, and V)
from the instance of punch contact with the upper sheet, as shown in Figure 5.11. For the

explanation purposes, four different points (a, b, ¢, and d) within each stage on the curve
are chosen. The radial (&) and axial (&) plastic strain components of each of the 4

chosen points are presented as left and right columns respectively in Figure 5.12. For
point a (within stage 1), the sheet material under the punch flows axially along the
direction of the punch movement while the material outside of the punch region flows
predominantly in the radial direction by sliding with only a limited flow in axial direction.
Large tensile and compressive strain regions along the y-direction begin to develop at the
upper and lower points of the punch corners respectively. With increased forming force
and further punch movement, stage Il (and point b in Figure 5.11) is reached where the
material flow in the radial direction becomes more difficult due to increased blanking
force and curvature of the punch sheet contact interface. Consequently, the axial material
flow under blank holder groove occurs opposite to the direction of the punch movement.
The upper sheet material in contact with the side of the punch is subjected to a tensile
force causing it to stretch and form the wall of the joint. This wall region has a
compressive radial strains and tensile axial strains. Stage 11, corresponding to point c, is
then reached with further punch movement when the sliding motion becomes more
restricted and a lifting force is induced in the area under blank holder groove due to the
free surface on the top of the punch-sided sheet thereby causing the lower surface of the

anvil-sided sheet to rise. It is to be noted that, in a previous work [9], the present authors
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have referred to the rise of the anvil-sided sheet as a protrusion. The punch-sided sheet
thus comes under increased compression in the radial direction and increased tension in
the axial direction. This stage continues until the top surface of the punch-sided sheet
comes in contact with the top of the blank holder groove. With increased lifting of the
anvil-sided sheet, the interface of the lower sheet exerts higher pressure on the upper
sheet that results in the formation of the S-shape. With further punch movement and due
to high resistance of the blank holder, the stage IV (and point d) is reached, and the

material in the groove volume starts to flow radially to fill the upper groove and in turn

increase the interlock.
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Figure 5.12. Plastic strain & (left column) and &} (right column) in the clinched region

at points corresponding to positions (a-d) in Figure 5.11, for a stepped edge blank holder.
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Figure 5.13. Forming force versus displacement trace for FE simulation by using rounded
edge blank holder 4/2.5.
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The same four stages (I to 1V) can be recognized for a rounded edge blank holder
as shown in Figure 5.13 and 5.Figure 5.14. However, the limit between stage 1l and stage
[l is not quite as distinct, and the lifting of the anvil-sided sheet occurs earlier and
increases more significantly in stages Il and 1V. Also, the lifting is higher compared to
the case of stepped edge blank holder due to increased material flow in radial direction

and towards the punch.

5.4.3 Effect of blank holder and forming forces

Figure 5.15 shows the effect of the stepped edge blank holder design parameters,
groove depth "t" and radius "r", on the geometric interlock characteristics. Note that the
bars in Figure 5.15 with zero value indicate that no interlocking was achieved. As shown
in Figure 5.15(a), a reduction in groove depth from 1 mm to 0.4 mm resulted in an
increase in the interlock depth U by approximately 210 %, 190 % and 170 % for groove
diameters of 7.5 mm, 6 mm and 5 mm respectively. This is due to increased material flow
in the radial direction arising from restricted material to flow in the axial direction.
Further reduction in groove depth, however, blocks the axial flow of the material at an
earlier stage thus reducing the interlocking formation. It is to be noted that restriction in
material flow in the axial direction is more vital to interlock formation when the groove
diameter is small, such as in case of 4 mm blank holder diameter, as shown in Figure
5.15(a). In contrast, a smaller groove depth results in an increase in the neck thickness N
due to the limited flow of the material which in turn decreases the thinning of the sheet

material.
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The interlock depth was increased by 210% and 160 % for groove radius r of 7.5
mm and 6 mm compared with 5 mm radius at a groove depth 0.4 mm (see Figure
5.15(a)). Also, due to the increase in groove radius, there was less neck thickness
reduction especially at smaller groove depth due to the flow of the material from regions
away from the punch (see Figure 5.15(b)). Generally, the neck thickness increased with
increasing groove radius. There was a tendency for the material from the outer regions,
rather than from the adjacent regions, to flow towards the clinched region. Lastly, an
increase in blank holder groove radius resulted in an increase in the lifting of the lower

sheet due to the larger groove volume, as shown in Figure 5.16.
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Figure 5.15. 3D bar charts showing the effect of stepped edge blank holder design
parameters, groove depth t and radius r, on interlock depth U and neck thickness N.

Figure 5.17 shows the effect of rounded edge blank holder design parameters on
final clinch shape (i.e., parameters U and N). The higher the blank holder radius (R) and
fillet radius (S) the higher was the interlock depth (U). This effect was similar to increase

in stepped edge blank holder radius where it increased the flow of the material from outer
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regions towards clinched area. However, increasing blank holder radius (R) or fillet

radius (S) resulted in significant increase in the lifting of the lower sheet h as shown in

Figure 5.18.
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Figure 5.16. Effect of the stepped edge blank holder radius on the lifting of the lower
sheet h for different blank holder groove diameter values.
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Figure 5.17. Effect of rounded edge blank holder radius R on measured parameters U and
N.
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Figure 5.18. Effect of the rounded edge blank holder radius R on lifting h of the upper
sheet.

The final shapes of the die-less clinched joint obtained by stepped edge blank
holder of dimensions 5/0.4 from different clamping profiles are shown in Figure 5.19. In
these simulations, three different clamping force profiles were employed as mentioned
earlier in Section 2. As expected, the figure shows a decrease in the clamping force
resulted in increased sliding between the two sheets, as observed from the right side of
each figure. Also, lifting of the lower sheet increased as a result of decrease in the
clamping force. Figure 5.20 indicates that a lower blank holder force results in better
interlocking but increased lifting of the lower sheet. Moreover, the simulation and the
experiment have shown that a very high punch force can lead to distorted shape of the
die-less clinched joint whereas a small X-parameter, lower than 10%, can result in
distortion of the bottom of the joint, as in Figure 5.21. That can be attributed to large
thinning of the bottom that cannot withstand the elastic recovery that occurs after the

release of the punch load.
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Figure 5.19. The final geometry of the die-less clinched joint obtained from FE model

using; (a) experimental clamping profile, (b) theoretical clamping profile 1, and (c)
theoretical clamping profile 2 (see earlier Figure 3).
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Figure 5.20. Effect of different clamping force profiles clamping on final shape of the die-
less clinched joint for a stepped edge blank holder (5/0.4); (a) overall view of the joint,
and (b) enlarged view of the S-shape.
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Figure 5.21. Final shape of die-less clinched joint for X-parameter = 95%; (a)
experimental shape, (b) model shape before the release of punch load, and (c) model
shape after the release of punch load.

5.4.4 Models of Post-clinch Joint Strength Tests

In-plane shear and peel tests were carried out on clinched joints to assess their
shear and peel strengths. The details of the experimental set-up, specimen geometry and
the results were presented recently in a separate paper by the authors [9]. In this section,
the results of FE simulations of shear and peel tests are presented and compared with the

experimental results.

5.4.4.1 In-plane Shear Strength Simulations

The final shape obtained from the 2D axisymmetric die-less clinching model
simulation was used to build a 3D FE model of experimental in-plane shear test as shown

in Figure 5.22. Due to symmetric geometry and loading conditions with respect to X-axis,
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only one-half of the sample was modeled in order to save computational time. The
clinched region of the in-plane sheet specimen geometry was meshed with edge elements
of 0.1 mm size with a 10-node modified quadratic tetrahedron element (C3D10M), and,
as earlier, an extended-Voce material model was used to describe the large strain plastic
behavior of the joint. Two stress states were considered: the original stress-free state of
the initial sheet (i.e., without taking into consideration the change in the material stress
state due to formation of the joint), and another, a modified stress state corresponding to

the average change in the stress state as a result of joint formation.

v =] mm/sec.

Figure 5.22. 3D FE model of the in-plane shear test with boundary and loading
conditions.

Figure 5.23 shows the force-displacement curves for the two FE models for the
two stress states and the corresponding experiments. As expected the modified stress state
gave a force-displacement curve comparable to the experimental curve and considerably
higher than the original stress state. The maximum force obtained from the modified
stress state model (blue curve) of the joint was only about 3% higher than the experiments

whereas the original stress state model results (red curve) exhibited a reduction in
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maximum force of about 20%. Three loading regimes can be characterized along each
curve. For explanation purpose, three points a, b, and ¢ were chosen corresponding to the
three stages in Figure 5.23. The origin at point 0 simply represents the start of the test.
Mises stress distributions corresponding to points a, b and ¢ from in-plane axial loading
are shown in Figure 5.24. The initial stage of higher positive slope and stiffness in Figure
5.23 corresponds to elastic loading (Stage 1). The elastic-plastic transition and plastic
loading of the joint occurs in Stage 2 (and at point a in Figure 5.23) when the punch-sided
sheet tries to pull away from the die-sided sheet. A visible localized Mises stress region in
the vicinity of the joint can be noted in Figure 5.24(a) while the interlock on the other side
prevents the sheet pull out. As a result of the offset between the loading plane and neck, a
moment is applied to the joint causing an upward lifting of the left side of the top sheet
and a downward displacement of the right side of the bottom sheet. With increasing
displacement, the joint stiffness decreases as a result of plastic deformation of the
interlock. The stress distribution at the interlock becomes highly asymmetric with higher
stress values towards the right loading arm of the test sample and in the upper sheet due
to asymmetry of the contact conditions (see Figure 5.24(b)). The load continues to
increase with increasing displacement but at a slower rate and reaches a maximum when a
very large plastic deformation occurs, mainly on the inner surface of the punch-sided
sheet. Finally, Stage 3 (and point ¢ in Figure 5.23) is reached when the load starts to drop

with further displacement until complete separation occurs, as shown in Figure 5.24(c).
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Figure 5.23. Force-displacement curves from two FE models for two different stress
states, and corresponding in-plane shear experiments. Note that the joint was produced by
using 5/0.3 stepped edge blank holder.

(0)

(a)

Figure 5.24. Mises stress distributions in an in-plane shear test specimen corresponding to
initial stress-free state (point O) and 3 different deformed states corresponding to points a,
b, and c along the force-displacement curve in Figure 23. Note that the joint was
experimentally obtained using stepped edge blank holder, 5/0.3.
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5.4.4.2 Peel Strength

In this sub-section results of T-peel tests of a clinched joint are compared with the
FE simulations. A photograph of the T-peel test specimen loaded in axial direction is
shown in Figure 5.25(a). A simplified 3D FE model, as in Figure 5.25(b), was developed
for comparison with the experiment. In this model, for simplicity, the loading did not take
into consideration the bending effect arising from the bent arm of the real test sample.
The peel strength of the joint was calculated as the summation of all reaction forces on
the nodes of the short side of the upper sheet. Also, the same two stress states were used

in modeling of the shear test used to simulate the peel test.

Figure 5.26 shows a comparison of the force-displacement curves from
experiments and FE simulations. As earlier in the case of in-plane shear tests, the model
force-displacement response from modified stress state was comparable to the
experimental results. In contrast, the model results based on original stress state resulted
in a much lower value of peel strength. The results thus clearly establish the importance
of taking into consideration the change in stress state due to joint formation for accurate
simulations of post-clinch joint strength tests. The increased model displacement values at
failure compared with experiment could perhaps arise from lack of consideration of the

T-shape bending arm of the real sample in the FE model, as shown in Figure 5.27.
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(a) (b)

Figure 5.25. Peel test details, (a) experimental peel test specimen geometry and loading,
and (b) 3D FE model of simplified peel test and loading.
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Figure 5.26. A comparison of experimental and model peel force-displacement curves.
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Figure 5.27. Experimental peel test specimen images at two different peel arm end
displacements and the accompanied bending effect.

Figure 5.28 shows the Mises stress distribution from the FE model for 6 equally-
distanced loading peel arm end displacement positions. It can be noted that there is a
stress concentration (tension) in the interlock region on the same side of the long arm as
well as a bending effect. With increasing displacement, the stress and plastic strain
increase increases and ultimately complete separation of the joint occurs in the interlock

region, as in Figure 5.28(f).
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Figure 5.28. Mises stress distributions corresponding to 6 different peel end
displacements.

5.5 Conclusions

Die-less clinch joining of AA7075 aluminum sheets and post-clinch joint strength
were analyzed using the FE method and the results were compared with the experimental
from previous work of the present authors. The effects of tool parameters such as blank

holder shapes as well as process parameters such as clamping force on material flow
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behavior, interlock depth, and neck thickness were investigated. The following specific

conclusions can be drawn from the above study.

1-

Four and three different stages of material flow during die-less clinching with
stepped edge and rounded edge blank holder geometries were identified
respectively from the punch force versus punch displacement curves. These stages
were explained in terms of material flow in the radial and axial directions at each
stage from FE model results.

The interlock forms from large material flow in the axial direction. It can be
maximized by controlling the material flow in radial direction instead of the axial
flow by decreasing the blank holder depth.

A reduction in groove depth from 1 mm to 0.4 mm resulted in an increase in the
interlock depth by approximately 210 %, 190 % and 170 % for groove diameters
of 7.5 mm, 6 mm and 5 mm respectively.

The fillet radius of the rounded edge blank holder has the same effect on the final
shape of the die-less clinched joint as the groove diameter of the stepped edge
blank holder. An increase in both of these parameters resulted in an increase the
interlock depth.

The bottom thickness should be higher than 10% of the total sheet thickness to
avoid distortion of the bottom of the die-less clinched joint.

In-plane shear strength of the joint can be accurately estimated from a 3D FE
model of in-plane shear test provided an average stress state after joint formation

is taken into consideration in the model simulation.
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7- The in-plane shear and peel strength of the die-less clinched joint can be
accurately predicted by the proposed FE models that simulate the lab-based in-
plane shear and T-peel experiments. Slightly larger model peel arm displacement
values compared to experimental measurements are possibly due to neglect of the

experimental T-shape of the real sample in the model.

References

[1] T. Barnes, I. Pashby, Joining techniques for aluminium spaceframes used in automobiles: Part
I solid and liquid phase welding, Journal of materials processing technology 99(1) (2000) 62-71.
[2] I.R.P. T.A. Barnes, Joining techniques for aluminium spaceframes used in automobiles Part |1
-adhesive bonding and mechanical fasteners, Journal of Materials Processing Technology 99
(2000) 72-79.

[3] F. Lambiase, A. Di Ilio, An experimental study on clinched joints realized with different dies,
Thin-Walled Structures 85 (2014) 71-80.

[4] C. Borsellino, G. Di Bella, V. Ruisi, Study of new joining technique: flat clinching, Key
Engineering Materials, Trans Tech Publ, 2007, pp. 685-692.

[5] J. Varis, Ensuring the integrity in clinching process, Journal of Materials Processing
Technology 174(1) (2006) 277-285.

[6] F. Lambiase, A. Di llio, Finite element analysis of material flow in mechanical clinching with
extensible dies, Journal of materials engineering and performance 22(6) (2013) 1629-1636.

[7] J. Varis, The suitability of clinching as a joining method for high-strength structural steel,
Journal of Materials Processing Technology 132(1) (2003) 242-249.

[8] R. Neugebauer, M. Todtermuschke, R. Mauermann, F. Riedel, Overview on the state of
development and the application potential of dieless mechanical joining processes, Archives of
Civil and Mechanical Engineering 8(4) (2008) 51-60.

[9] M.K.S. Atia, M.K. Jain, Die-less Clinching Process and Joint Strength of AA7075 Aluminum
Joints, Thin-Walled Structures 120 (2017) 421-431.

[10] T. Gerstmann, B. Awiszus, Recent developments in flat-clinching, Computational Materials
Science 81 (2014) 39-44.

[11] F. Lambiase, A. Di llio, A. Paoletti, Joining aluminium alloys with reduced ductility by
mechanical clinching, The International Journal of Advanced Manufacturing Technology 77(5-8)
(2015) 1295-1304.

[12] J.P. Varis, J. Lepistd, A simple testing-based procedure and simulation of the clinching
process using finite element analysis for establishing clinching parameters, Thin-Walled
Structures 41(8) (2003) 691-709.

[13] S. Coppieters, P. Lava, R. Van Hecke, S. Cooreman, H. Sol, P. VVan Houtte, D. Debruyne,
Numerical and experimental study of the multi-axial quasi-static strength of clinched connections,
International journal of material forming 6(4) (2013) 437-451.

[14] M. Eshtayeh, M. Hrairi, Recent and future development of the application of finite element
analysis in clinching process, The International Journal of Advanced Manufacturing Technology
84(9-12) (2016) 2589-2608.

149



Ph.D. Thesis-Mostafa Khalaf Sabra Atia McMaster University-Mechanical Engineering

[15] S. Coppieters, S. Cooreman, P. Lava, H. Sol, P. VVan Houtte, D. Debruyne, Reproducing the
experimental pull-out and shear strength of clinched sheet metal connections using FEA,
International journal of material forming 4(4) (2011) 429-440.

[16] S. Saberi, N. Enzinger, R. Vallant, H. Cerjak, J. Hinterdorfer, R. Rauch, Influence of plastic
anisotropy on the mechanical behavior of clinched joint of different coated thin steel sheets,
International journal of material forming 1 (2008) 273-276.

[17] X. He, L. Zhao, H. Yang, B. Xing, Y. Wang, C. Deng, F. Gu, A. Ball, Investigations of
strength and energy absorption of clinched joints, Computational Materials Science 94 (2014) 58-
65.

[18] X. He, F. Liu, B. Xing, H. Yang, Y. Wang, F. Gu, A. Ball, Numerical and experimental
investigations of extensible die clinching, The International Journal of Advanced Manufacturing
Technology 74(9-12) (2014) 1229-1236.

[19] T. Wen, H. Wang, C. Yang, L.T. Liu, On a reshaping method of clinched joints to reduce the
protrusion height, The International Journal of Advanced Manufacturing Technology 71(9-12)
(2014) 1709-1715.

[20] F. Lambiase, Influence of process parameters in mechanical clinching with extensible dies,
The International Journal of Advanced Manufacturing Technology 66(9-12) (2013) 2123-2131.
[21] C.-J. Lee, J.-M. Lee, H.-Y. Ryu, K.-H. Leg, B.-M. Kim, D.-C. Ko, Design of hole-clinching
process for joining of dissimilar materials—Al6061-T4 alloy with DP780 steel, hot-pressed
22MnBS5 steel, and carbon fiber reinforced plastic, Journal of Materials Processing Technology
214(10) (2014) 2169-2178.

[22] B.J. Shi, Y.Q. Wang, S.L. Liu, H.Y. Tian, Design method of the parameters of tools for
clinching technology, Advanced Materials Research, Trans Tech Publ, 2012, pp. 1491-1496.
[23] J. Mucha, The analysis of lock forming mechanism in the clinching joint, Materials & design
32(10) (2011) 4943-4954.

[24] X. He, Recent development in finite element analysis of clinched joints, The International
Journal of Advanced Manufacturing Technology 48(5-8) (2010) 607-612.

[25] M.K.S. Atia, M.K. Jain, A Parametric Study of FE Modeling of Die-less Clinching of
AA7075 Aluminum Sheets, Under review, International journal of material forming, 2017.

[26] L. Mattei, D. Daniel, G. Guiglionda, H. Kldcker, J. Driver, Strain localization and damage
mechanisms during bending of AA6016 sheet, Materials Science and Engineering: A 559 (2013)
812-821.

[27] M.K.S. Atia, M.K. Jain, B. Selorme, Numerical modeling and experimental studies of
extensible dies based clinching process for AA7075 aluminum sheet, Thin-Walled Structures
Under review (2017).

150



Ph.D. Thesis-Mostafa Khalaf Sabra Atia McMaster University-Mechanical Engineering

Chapter 6

A Study of Hot Die-less Clinching Process for High Strength
AAT7075-T6 Sheets by Electrical Resistance Heating

Mostafa K. Sabra Atia, PhD student, is the first author and main contributor of the work
who conceptualized the topic, interpreted the results and drafted the paper. Mukesh K.
Jain, Professor, is the supervisor who substantially contributed to the work by checking
the experimental results as well as polishing the language of the paper. This paper is

submitted for publications in Materials & Designs.

151



Ph.D. Thesis-Mostafa Khalaf Sabra Atia McMaster University-Mechanical Engineering

A Study of Hot Die-less Clinching Process for High Strength
AAT7075-T6 Sheets by Electrical Resistance Heating

Mostafa K. Sabra Atiaap and Mukesh K. Jaina

a Department of Mechanical Engineering, McMaster University, Hamilton, Ontario, Canada L8S 4L7

b Corresponding author: Tel.: +1 905-920-0398. E-mail address: atiam@mcmaster.ca (M. Atia).

Abstract

High strength 7xxx series aluminum sheet materials offer an opportunity for
further light-weighting compared to other aluminum alloys. AA7075 aluminum alloy in
particular has been in use in the aerospace industry for quite some time. However,
mechanical joining of this alloy in peak-aged tempers, T6 temper, are generally not
possible at room temperature. In this work, high strength AA7075-T6 aluminum sheets
were joined by die-less clinching and rapid application of heat using an electrical
resistance heating (ERH) system to enhance their ductility. ERH system provided a large
current to the clinching region within a short period of less than 3 seconds. In addition, a
new clinching tool design was developed that enabled current transmission from the blank
holder to the anvil through the test sheets. Further, a parametric study of hot die-less
clinching process was carried out by systematically varying the applied current (and thus
the temperature of the clinch region), the period of current application, and the forming
force to achieve outstanding joints with superior interlocking and post-clinch joint
strength. Lastly, microstructure examination of the clinched joint region was conducted to
analyze the material flow and gain an understanding of locking mechanisms at elevated
temperatures in AA7075-T6 sheet. The results showed that the strength of the joint
occurred not only from commonly observed geometrical and force locking mechanisms
but also from a new material bonding (or locking) mechanism due to simultaneous

application of large forming forces and heat.
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Table 6.1. Nomenclature

T6 Artificial peak aged state which represents the hardest temper
N Neck thickness of the joint

U Interlock depth of the joint

Q The amount of heat generated

ty Beginning times of the resistance heating operation
t2 Ending times of the resistance heating operation

I(t) The heating current as function of time t
Re The bulk resistance

Rc The constriction resistance

T Temperature

Re The film resistance

R(t)  The dynamic resistance of the sheet metals as function of time t
The resistivity

The hardness

The area of current path

The length of current path

The tunnel resistivity or the film resistance per unit area

The pressure factor

The contact spot number

F The compressive force

ERH Electrical resistance heating

Tmax  Peak temperature

R(t)  The dynamic resistance of the sheet metals as function of time t
p The resistivity

r>Io

—~

D P D

Keywords: Die-less clinching, resistance heating, AA7075-T6

6.1 Introduction

Conventional clinching is a common method of joining sheet material in which
punch and die are used to locally deform sheet metals in order to form a geometrical
interlock that creates steps on both sides of the jointed surfaces [1]. Die-less clinching, a
more recent development, enables sheet clinching where only one of the surfaces exhibits
a step. This often allows to design die-less clinched components with the step on the blind
side of the component, making die-less clinching a more visually appealing process than
the conventional clinching. However, die-less clinching requires significantly larger

plastic strains than the conventional clinching which makes it especially difficult to apply
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to peak-aged high strength aluminum alloys with much lower ductility compared to the
lower strength aluminum (or softer temper) aluminum alloys. Thus, clinching of very
desirable high strength aluminum alloys from 7xxx series for lightweight weight

aerospace and automotive components remains a challenge.

Some recent attempts have been made to make conventional clinch joining more
suitable for hard-to-clinch sheet materials. Thermal gun has been used to locally heat
higher strength AA6082-T6 sheets to increase its ductility for conventionally clinched
sheet metal by Lambiase et al. [2-4]. Similarly, He et al. [5] have utilized oxyacetylene
torch to preheat the TAL titanium sheets for attaining good conventional clinches.
Neugebauer et al. [6] have utilized an IR source from underneath the anvil to locally heat
magnesium sheets to form die-less clinched joints. While the above mentioned, and quite
recent, hot clinching methods are quite useful advances in clinching technology, they are
too slow for industrial use. Also, they have not been tested for higher strength 7xxx series
aluminum alloys, and for more formidable die-less clinching process where the plastic

strains tend to be much larger compared to conventional clinching.

In the present work, a new die-less hot clinching process has been developed and
studied for joining AA7075-T6 sheet materials by application of high current of short
duration using electrical resistance heating (ERH) to the sheets prior to clinching. The
study includes an investigation of the effect the main forming parameters, namely,
forming force, applied current and time period of application on the integrity and strength
of the die-less clinched joint. The material flow and resulting interlock characteristics

under different ERH cycles are also studied using optical and scanning electron
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microscopy and micro-hardness measurements of the cut cross-sections of the joints.
Lastly, the shear strength and associated failures modes of the joint are assessed by using

a lap shear test.

6.2 Electrical Resistance Heating Characteristics

The generation of Joule heat in the ERH process can be described with the

following expression [7]:

e}

Q :jl(t)z R(t) dt (6.1)

4

where, Q is the amount of heat generated, I(t) and R(t) are the applied current and
dynamic resistance of the system consisting of the two sheet metals and the clinching
tools where the current and resistance are functions of time t, and t; and t> represent the

start and end times of the applied current.

Electric resistivity of sheet metal changes dynamically during electrical heating
process. Dickinson et al. [8] have explained the variation in dynamic resistance based on
competition between bulk and contact surface resistances. At first application of current,
the heat generated is concentrated at the aluminum sheet surface due to the existence of a
thin oxide film as well as contamination. Consequently, film breakdown occurs with
increasing temperature and pressure, and the resistivity starts to sharply decrease, as
shown schematically in Figure 6.1. However, the trend is reversed immediately with
continued increase in temperature with current application time since the bulk electrical

resistivity of most metals increases with increase in temperature. The resistivity starts to
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increase and then saturates as the melting point of the material is reached. In hot
clinching, however, the interest is primarily in the resistance trend prior to approaching

the melting point as no melting of the sheet is involved.

First Melting

SN
/ \

Dynamic Resistance

Heating Time

Figure 6.1. Variation of dynamic resistance with time during electrical resistance heating.

As mentioned earlier, the dynamic resistivity is a function of bulk and contact
resistance. In fact, the effective resistivity, R, is a function of other resistances, and
expressed in an additive form as [9]:

R=R.+R: +R; 6.2)

where Rc, Rr and Rg are referred to as constriction, film and bulk resistances respectively.

The bulk resistance can be calculated from the following expression [9]:

|
Rg = p(_j
A (6.3)
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where p, |, and A are resistivity, length of current path over the sheet thickness, and area
of current path respectively. If the sheet metal has a cleaned surface, the constriction and

contact film resistances are equal and follow the following relation applies [10].

1
)
R.=R. =0.89p| 2— 6.4
c F P[aF (6.4)

where H and F are hardness and compressive force respectively, and ¢ is a pressure factor
with values ranging from about § = 0.2 for a surface with considerable elastic action to &
= 1.0 for a fully plastic contact. The symbol n in egn. (4) is the contact spot number,
where polished, well-rounded crossed cylinders tend towards n = 1, while large,
overlapping, flat, electroplated surfaces have values of n between 10 and 20 [9]. It is to be
noted that if the surface contains a dielectric film, the electrons are unable to pass the
film. However, if the thickness of the film is comparable to the electron mean free path,
the electrons can indeed pass through the film by tunnelling [9]. Therefore, the film

resistance can be calculated from the following relation:

_ pSH
R, = > (6.5)

where p, is the tunnel resistivity or the film resistance per unit area. The tunnelling effect

is sensitive to the film thickness but is independent of temperature [10]. The film can
breakdown electrically by applying a voltage to the film or by mechanically applying a
contact force [9].

In summary, the resistance heating is a complex process that depends upon
aggregate bulk, constriction and film resistances. Each of the resistance components

changes continuously during the heating cycle, i.e., the applied current can increase or

157



Ph.D. Thesis-Mostafa Khalaf Sabra Atia McMaster University-Mechanical Engineering

decrease the amount of heat available at any given time. It is shown that die-less clinching
depends on the amount of plastic deformation required to form the joint which in turn
depends on the amount of heat supplied by the applied current and the forming process
parameters. In the present work, temperature was also measured for each individual

current application cycle as described in Section 6.3.1.

6.3 Experimental procedure

6.3.1 Sheet material, machine set up and tooling

AAT7075-T6 aluminum sheet of 1.27 mm nominal thickness were tested in
uniaxial tension according ASTM standard E8/E8M to obtain its mechanical properties at
room temperature to have an understanding of its initial strength. The tests were
conducted on Instron universal testing machine at a cross-head speed of 1 mm/min using

sub-size samples of dimension 120 mm length and 6 mm width (see Table 6.2).

Table 6.2. Mechanical properties of AA7075-T6 aluminum alloy at room temperature.

Mechanical Properties
Material 0.2% yield || Ultimate strength, Max % K n
strength (MPa) ouit (MPa) Elongation | (MPa)
AAT7075-T6 620 695 12 976.9 | 0.1102

Avrtificially peak-aged T6 temper sheet of high strength and rather low elongation
(see above Table 6.1) could not be die-less clinched at room temperature as discussed
later in this paper. Therefore, an ERH heating step was applied immediately prior to
clinching to enable the formation of the geometrical interlock using a recently developed

integrated resistance heating and mechanical loading (IRHML) system in McMaster
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University. A special die-less clinch tooling was designed and integrated to the above
system as a part of the present research. The IRHML system consisted of two main sub-
systems, a resistance heating system and a mechanical loading system. The resistance
heating system was akin to what is used in spot welding where high currents are applied
over a short duration. However, unlike spot welding, the heated sheets remained in the
solid state. This was achieved using a medium frequency direct current (or MFDC)
transformer, flexible copper shunts, two electrodes and a chiller as shown in Figure 6.2.
The mechanical loading system consisted of a commercially available computer-

controlled servo-hydraulic test machine from Instron.

sl

1 (h)

Figure 6.2. Integrated resistance heating and mechanical loading (IRHML)system, (a)
Instron servo-hydraulic mechanical test frame, (b) mechanical loading controller, (c) data
acquisition box, (d) welder, (e) mid-frequency DC transformer, (f) welder control box, ()

flexible copper shunts, (h) chiller, (i) data acquisition for temperature measurement
system, and (j) K-type thermocouple.
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Clinching tooling was especially designed to allow application of suitable current
for resistance heating to the desired region of the AA7075-T6 sheet. The fabricated tool
set consisted of blank holder, punch made of tungsten carbide and insolated by high
strength Garolite G7, and a compression spring made from urethane-95 polymer in order
to apply the clamping force (see Figure 6.3). Eight sliding electrodes were used to carry
current from the blank holder to the anvil through the two aluminum sheets during the
joining process. The blank holder had a groove diameter of 10 mm and a depth of 0.4 mm
as discussed in previous work of the present authors [1], and the punch had a diameter of
4.6 mm and a draft angle of 2.5°.The temperature was measured using K-type
thermocouple inserted through the punch. A data acquisition system from National
Instruments (NI cDAQ-9174) was used to collect temperature values as a function of

time.

Figure 6.3. A set of photographs of die-less clinch tooling; (a) assembled tool set mounted
on the test machine, (b) bottom view of the tooling showing the eight electrodes, (c)

punch,(d) compression urethane spring, and (e) flat anvil.
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6.3.2 Temperature measurement and current-temperature-time

relationship

Due to difficulty to access the clinched region due to very high forming force in
addition to the closed area, separate experiments were conducted by applying different
levels of current for durations of 2 and 3 seconds and without applying forming force. A

modified tool set was used for this purpose as shown in Figure 6.4.

Garolite G7 Rod to Apply Preload

8 Siiding Electrodes

K-Type Thermocouple

Blank Holder

(b)

Figure 6.4. Modified tooling for temperature measurement, (a) tooling and thermocouple
installation on the machine (b) a drawing of cut section though the tool set.

Figure 6.5 shows the temperature — time history from the thermocouple inserted
into the punch cavity during the current application cycle as well as the off-current heat
dissipation over about 120 second period. The sheet temperature rapidly increases with
increasing applied current over the 2 or 3 second duration, as previously explained in
Section 6.2. Moreover, the heat dissipates rapidly and especially in case of 15 kKA current
application in 3 seconds duration, and the temperature drops from 270°C to 100°C in

about 15 seconds. It can be noted that the initial slope of temperature versus time curves
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increases with the applied current. The current ramp cycles of 2 sec or 3 sec period result
in a temperature increase in the ranges of 80°C - 175°C and 90°C - 270°C respectively. A
prediction of change in the sheet temperature as a function applied current and time based
on physical principles was not easily possible. Therefore, a regression equation based on
experimentally measured peak temperature as a function of applied current and time

period was obtained as follows:

T o = €Xp[2.923+(0.121411) + (0.27241)] (6.6)

Tempreture (°C)
Tempreture (°C)

0 20 40 60 80 100 120 0 20 40 60 80 100 120

Time (sec.) Time (sec.)

(a) (b)

Figure 6.5. Curves show the temperature measurements for different heating cycles: (a) 2

Sec. resistance heating cycle and (b) 3 Sec. resistance heating cycle.

Figure 6.6 shows the measured maximum temperature Tmax for different
applied current values as solid lines. Also, included are dashed regression lines predicted

by regression equation.
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Figure 6.6. Measured and estimated maximum temperature versus applied current curves

for two different time periods.

6.3.3 Hot die-less clinching process

The die-less clinching process can be divided into 5 stages as shown in Figure 6.7.
Stage (i), depicted in Figure 6.7(i), involved installation of the two AA7075-T6 sheets
between the punch and blank holder from the upper side and installation of flat anvil from
the lower side. In stage (ii), the punch was moved downwards causing compression of the
urethane spring which in turn applied a pre-clamping load of about 3 kN to the sheets. In
stage (iii), currents of different magnitudes were applied as a linear ramp for 2 or 3
seconds. The current from the electrodes passed through the blank-holder causing local
resistance heating of the two aluminum sheets. In stage (iv), the punch was moved
downward at a speed of 30 mm/second until the desired maximum applied load was
reached and the joint formation was completed. Finally, in stage (v), punch was moved
upwards causing release of the clinched sheet pair. The loading and heating steps for a

clinch cycle are shown schematically in Figure 6.8.
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The punch moves downwards The punch moves downwards ~ The punch moves upwards

applying pre-load to form joint l l |
v)
Figure 6.7. Schemes demonstrates the die-less clinch joining with application of electrical

(i) (i) (if) (iv)

resistance heating.
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Figure 6.8. A schematic of punch forming force and applied current as a function of time.

In order to study the effect of different current application cycles on the flow of
the material, various forming forces were applied to the two sheets. The clinched joints
were subsequently cut transverse to the thickness at the center of the button and mounted
using conventional optical metallographic methods of cold mounting in a polymeric resin.
The mounts were then polished and etched to clearly reveal the geometry of the die-less
clinches using a high magnification digital optical microscope (KEYENCE VHX-2000).

A caustic etchant was used to reveal the microstructure of the clinched region. The
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etchant consisted of a mixture of 10 gm sodium hydroxide (NaOH) diluted in 90 ml of
distilled water and kept at 60°C in a water bath [1]. In order to obtain a good quality etch,
the samples were subsequently immersed in Nitric acid of 50% concentration and washed
in cold water. Finally, Vickers micro-hardness distribution was obtained to assess the
local strengthening of the formed joint as a result of large plastic flow during die-less
clinching. Optical microscopy (OM) and scanning electron microscopy (SEM) methods

were utilized to study the microstructural characteristics of the clinched region.

6.3.4 Joint assessment using lap shear tests

Strength of the joints were obtained by single lap shear test using triplicate tests.
For this purpose, rectangular strips of dimensions 25 mm width by 75 mm length were cut
from AA7075-T6 aluminum sheet. Two strips were die-less clinched with an overlap of
25 mm to form one lap shear test sample. Mechanical characterization was carried out by
using a computer-controlled universal MTS 100 kN servo-hydraulic testing system with a
cross-head speed of Imm/min until the two sheets were completely separated. The force

and displacement data was continuously recorded during the test.

6.3.5 Design of experiments

The test matrix for design of experiments consisted of fixed parameters such as
tool design parameters, the punch speed of 30 mm/sec, and a linear ramp for the applied
current, whereas, the variable forming parameters were forming force in the range 40 kN
- 70 kN, applied current in the range 7.5 kA - 15 kA, and heating times of either 2 or 3
seconds. The forming force was evaluated at four levels, current was evaluated at five

levels, while the current duration was evaluated at two levels. Therefore, data from a test
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matrix 40 tests in total was obtained in a full factorial orthogonal array as explained in
Table 6.3. The measured data included temperature, interlock depth, neck thickness and

joint shear strength.

Table 6.3. Levels of each factor in the full factorial design of experiments.

Factors Levels Unit
1 |2 |3 4 |5
_g’% Currentl |75 |9 |105 |12 |15 kA
% %) Timet 2 3 - - - Sec.
2o Formi
=5 orming i
§ S| ForceF 40 |50 |60 |70 kN

6.4 Results and discussion

6.4.1 General Joint Characteristics

Figure 6.9 shows photographs of punch and anvil sides of a typical successful die-
less hot clinched joint in AA7075-T6. Figure 6.10 shows a family of forming force versus
punch stroke traces of hot die-less clinching joints for diffrent applied currents of 2 or 3
seconds duration. The traces are compared with the one at room temperature where no
current was applied. It should be noted that the room tempreture clinching did not result
in formation of interlock as discused in more detail later. Figure 6.11 shows a schematic
drawing of a well-formed interlock. It can be noted that the main geometric parameters
include the neck thickness N, the interlock depth U, and the bottom thickness X-
parameter. By increasing the current, the forming curves tended to decrese in term of
forming force. In fact, the combined effect of increassed applied current and current

application period resulted in a significant decrease in the forming force. Similar to the

166



Ph.D. Thesis-Mostafa Khalaf Sabra Atia McMaster University-Mechanical Engineering

earlier die-less clinching work on AA7075-O sheet at room temperature by the present
authors [1], the clinching process can be described in terms of 5 stages as shown
schematically in Figure 6.12. In stage I, as the punch was moved from its stationary
position, an increasing prssure was applied to the compression spring resulting in variable
clamping of the sheet materials between the blank holder and flat anvil as shown in
Figure 6.13. Stage Il started when the punch came in contact with the sheets and exerted a
force on the sheet. The initial punch penetration into the upper sheet was reflected in the
slope of the punch force versus punch stroke curve. At this stage, the material flow
occurred in axial direction (i.e., in the same direction as the punch) as well as in radial
direction by friction. During stage Ill, there was significant increase in the flow of the
material in the radial direction, and a high friction between two sheets and large rotation
in the clinched region resulted in interlock formation. Stage IV started when the top
surface of the punch-sided sheet came in contact with the top of the blank holder groove,
and thus a large restriction in material flow occurred in the axial direction resulting in
further development of the interlock. In stage V, the radial flow of the material increased
significantly that resulted in much increase in geometric interlock. It is to be noted in
Figure 6.10 that stage IV was a transiant stage between stage IlIl and stage V.
Furthermore, the difference between stages Il and V in terms of the slope of punch force
versus punch stroke curve becomes more obvious with increasing current and time due to
increased material flow. Finally, due to retraction of the punch, the forming force started

to decrease. The change in the unloading slope can be attributed to the elastic recovery or
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springback where the punch continued to move while the urethane spring was still in

compression.

Figure 6.9. Photographs of a successful hot clinched joint. The clinching conditions were
7.5 kA, 3 sec, and 60kN.

t=2 sec.
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Figure 6.10. Punch force versus punch stroke curves for different applied current cycles.
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Neck Thickness "N"

Interlock Depth "U" Bottom Thickness "X"

Figure 6.11. A schematic drawing of through-thickness cross-section of a die-less clinch

showing main geometric parameters.
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Figure 6.12. A schematic illustration of material flow during different stages of hot die-

less clinching process from reference [1].
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Figure 6.13. A typical forming curve and associated forming stages (I=12 kA and t=3

Sec).

Figure 6.14(a-c) shows a set of optical images of through-thickness mounted
cross-sections of the die-less clinched joints at different punch strokes. The photographs
have been arranged in three separate columns and four rows for the ease of interpretation.
Each column (from a to c) refers to a certain forming conditions, room temperature, and
two applied current/time histories (12 kA for 2 sec and 12 kA for 3 sec) respectively,
while each row corresponds to a specified forming force utilized in the test. It is to be
noted that the room temperature forming did not lead to formation of interlock at any of
the applied forming forces. In contrast, the use of localized electrical resistance heating
resulted in the typical “S” shape of the wall interface indicative of the formation of

interlock. A lower force was required to apply the same X-parameter as the temperature
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of the sheet increased. Noticeably, at the highest forming force, the radial flow of the
material increased significantly for the 3 sec period compared to 2 sec period which in

turn led to a larger amount of interlock.

(c)
Figure 6.14. Optical images of cut cross-sections through die-less clinched joint for, (a)
room temperature, (b) ERH at 12 kA for 2 Sec., and (c) ERH at 12 kA for 3 Sec.

6.4.2 Microstructure and locking mechanisms

Figure 6.15 shows optical micrographs for undeformed AA7075-T6 sheet, (a)
without application of current (no heating), and (b) after subjecting to an applied current
of 15 kA for 3 sec in 3 repeated cycles. The unheated sample exhibited pancake shaped
grains in the grain size range 38 um- 82 pum. In contrast, the heated sample showed an

average grain size range of 34 um - 94 um. This result as well as the short heating time
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indicated that no recrystallization occurred. For the short times involved, it is more likely

that recovery occurred and the dislocation density was reduced and could be a source of

enhancement in formability.

Figure 6.15. Optical micrographs show (a) the initial unheated AA7075-T6 sheet, and (b)

after subjecting to 3 repeated cycles of an applied current of 15 kA for 3 sec.

Figure 6.16 presents a cross-section through die-less clinched joint. Along the
interface between the two sheets, two locking zones can be identified; the bottom of the
joint or zone A and the wall of the joint or zone B. Also, there are three possible locking
mechanisms. The first mechanism is a force locking mechanism due to application of
force and friction between two sheets. The second mechanism is a form locking
mechanism due to the formed interlock geometry. Final mechanism is material locking.
Cold welding is an example of material locking mechanism. The force as well as the form
locking mechanisms are more likely to be present at zone B. The occurrence of material
locking mechanism is more probable at zone A due exposure of this zone to high forming

force for relatively long time accompanied with an increase in temperature that causes a
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close contact between the combined materials. An indistinguishable boundary exists
between the two sheets in zone A, as shown in the bottom row of Figure 6.14(b,c), which
confirms that material locking mechanism operates in this area due to heating and
relatively high applied force over small area. It is to be noted that the measurement of
neck thickness N and interlock depth U could not be easily made in the hot clinched
samples as shown in Figure 6.16(b). Therefore, to obtain this data, the upper sheet was

mechanically rotated to break the material locking as shown in Figure 6.16(a).

(b)

Figure 6.16. Cross-sections through die-less clinched joint showing; (a) the two zones of

locking mechanisms (b) the unclear interface between the two sheets.

Figure 6.17(a) shows optical micrographs of a through-thickness cross-section of

a fully formed joint. Figure 6.17(b-e) represents higher magnification optical images
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from 4 different sub-regions of the image in Figure 6.17(a). In the upper right sub-region
of Figure 6.17(b,c), the microstructure is changed from pancake grain structure at the top
undeformed region to more equiaxial grains closer to the interface between two sheets.
This grain shape change is likely due to the flow of the material in radial direction when
the top surface of the upper sheet comes in contact with the top surface of the blank
holder groove. The grains of the upper sheet are highly rotated and elongated in the neck
region of Figure 6.17(d) due to deformation to form the wall of the joint but remain less
rotated away from the interface. In contrast, the grain of the lower sheet are highly rotated
near the interlock area and become equaixed grains in the nearby region. However, the
lower region at the bottom of the joint of Figure 6.17(e) shows equiaxed grains at the top
and bottom and a mixture of highly elongated and equiaxed grains at the interface. It is
likely that strain-induced grain recrystallization occurred in this region during hot

clinching.

Figure 6.18(a-d) shows the SEM micrographs from the bottom of a die-less
clinched joint formed by applying 12 kA ramp for 3 sec duration, under the same
conditions as in Figure 6.17. The material locking is clearer at the bottom of the joint and
further confirms the possibility of diffusion bonding between the sheets in zone A due to
a combination of heat and large compressive forces. The darker regions in the SEM
images are likely associated with matrix-precipitate decohesion of the stringer-like grain
boundary precipitates on highly elongated grain boundaries and subsequent linkage of
such voids. There is also evidence of void formation from larger constituent particle

break-up at large strains in other regions.
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Figure 6.17. Optical micrographs from a die-less clinched joint formed by applying a

current of 12 kA for 3 sec.
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Figure 6.18. SEM micrographs showing the microstructure from the cross-section of a
die-less clinched joint formed at12 kA ramp in 3 sec), (a) overall image from the bottom
of the joint, and (b-d) additional larger magnification images from the sheet interface

region (marked with a red ellipse) at the bottom of the joint.
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6.4.3 Micro-hardness measurements

As-received AA7075-T6 sheets showed a relatively large micro-hardness values of
175 VH. However, the sample subjected to a heating cycle of 15 kA for 3 seconds
exhibited a slight drop in the micro-hardness to 165 VH. Figure 6.19 demonstrates a map
of Vickers hardness distribution through cross-section of a die-less clinched specimen
from a forming force of 70 kN and a ramp heating cycle of 12 kA of 3 second duration.
As expected, the micro-hardness in a given region increased with increasing plastic
deformation (or plastic work). The sample exhibited the highest micro-hardness values in
the punch corner radius region as well as at the neck region. The increase in micro-
hardness of the highly deformed region is not as much as expected from the very large
plastic deformation associated with die-less clinching. Overall, the low micro-hardness
values appear to support the existence of a dislocation recovery process from rapid

electrical resistance heating of the AA7075-T6 sheets prior to clinching.

Figure 6.19. An optical image of a hot die-less clinch joint (formed by 60 kN, 15kA, and

3 sec. heating duration) showing superimposed Vickers micro-hardness contours.
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6.4.4 Forming parameters and clinch characteristics

This section presents the effect of various clinch forming process parameters on
geometrical characteristics of the die-less clinches. Figure 6.20 shows the effect of
applied current and time on the bottom thickness of the joint (i.e., X-parameter) versus
forming force curves. In general, there is a progressive decrease in the X vs. forming
force curves with increasing current value and time. This is consistent with increased heat
input and higher sheet temperatures at higher currents and longer duration, and therefore,
improved formability of the sheet metals as mentioned earlier in Section 6.4.2. The flow
of the material, and especially the radial flow at the top surface of the upper sheet,
increases at higher temperatures causing a proportional increase in the interlock depth
versus forming force curves as shown in Figure 6.21. Consequently, a slight reduction in
the neck thickness N vs. forming force curves, occurs as shown in Figure 6.22. Any
reduction in N value can cause premature failure of the joint at the neck during service.
Therefore, an increasing applied current and its duration can also have a deleterious effect
on clinch strength in some cases. In terms of increasing forming force, the geometric

interlock was increased but the bottom and neck thickness values were decreased.
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Figure 6.20. Effect of applied current on the bottom thickness of the joint (X parameter)

for current durations of; (a) 2 sec., and (b) 3 sec.
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Figure 6.21. Effect of applied current value on interlock depth U for durations of; (a) 2

sec., and (b) 3 sec.
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Figure 6.22. Effect of applied current on neck thickness N of the joint for current

durations of; (a) 2 sec., and (b) 3 sec.

6.4.5 Joint strength and failure modes

The strength of the clinched joint is dependent on the cumulative force response
of all locking mechanisms. A hot clinch joint exhibited geometric (form and force) and
material locking, all or some, depending upon the process parameters. Table 6.4
summarizes the results from of the parametric study involving 5 different applied
currents, 2 current durations, and 4 different forming forces in terms of joint strength and
formed locking mechanisms. Note that a zero value for the joint strength refer to failure to
form a successful joint. Figure 6.23 demonstrates the force — displacement traces obtained
from single lap shear tests on various die-less clinched joints formed under different
forming conditions. The traces show a rapid linear increase in force with increasing
displacement followed by a drop in the force. This drop was due to failure of material
locking mechanism at the bottom of the joint. However, the force continued to increase

slowly with increased displacement due to the existence of the geometric interlock. The
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punch-sided sheet tries to pull away from the anvil-sided sheet, and, as a result, the joint
stiffness decreases. Eventually, a crack initiates that results in drop in the force-
displacement curve. As the crack propagates, the force continues to decrease until a
complete separation of the joint occurs. The strength of the joint increase with increasing
the forming conditions (applied current, time, and forming force) due to increased
material flow and material locking. However, for excessive applied current and forming
force values, such as the case of 70 kN forming force with 15 kA heating current for 3
sec, significant reduction in the neck thickness occurred leading to a drop in the joint
strength, as shown in Figure 6.23(b). Three failure modes were observed in single lap
shear tests as shown in Figure 6.24; button failure, unbuttoning failure (after large plastic
deformation) and a combination of unbuttoning failure by plastic deformation and
fracture. Unbuttoning failure occurs mainly on joint with relatively small geometric
interlock that allows easy slip over the internal surface of the anvil-sided sheet casing
failure of the joint. Smaller geometrical interlock formed at lower punch stroke values
(i.e., at lower forming force values). Joints formed under extremely large plastic
deformation (i.e., at very high forming force values) were associated with significant
reduction in the neck thickness N that led to a reduction in load carrying capacity of the
joint and thus neck fracture (i.e., button failure mode). The optimum values of neck
thickness and interlock depth resulted in the highest joint strength. The failure mode in
this case was a combination of plastic deformation and fracture of the button such as for

70 kN forming force with applied current of 12 kA and current duration of 3 seconds.
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Table 6.4. A summary of joint strength, geometrical and material locking mechanisms
from single lap shear as well as cut samples for hot clinch joints obtained using different

applied currents, current durations and forming forces.

2 sec. current duration 3 sec. current duration
(kIA) (kll:\l) S Std. Geom. Mate_rial S Std. Geom. Mate_rial
(kN) | Dev. Interlock | locking | (kN) | Dev. | Interlock | locking
40 0 0 No No 0 0 No No
75 50 0 0 No No 0 0 No No
60 0.85 0.06 Yes No 1.1 | 0.28 Yes No
70 2 0.11 Yes No 2.15 | 0.28 Yes No
40 0 0 No No 0 0 No No
9 50 0 0 No No 0 0 No No
60 0.95 0.3 Yes No 1 0.1 Yes No
70 2.45 0.05 Yes No 2.80 | 0.18 Yes Yes
40 0 0 No No 0 0 No No
105 50 0 0 No No 1 0.1 Yes No
60 1.1 0.03 Yes No 1.98 | 0.05 Yes Yes
70 2.81 0.07 Yes Yes 3.16 | 0.04 Yes Yes
40 0 0 No No 182 | 0.07 Yes No
12 50 0.98 0.1 Yes No 2.6 | 0.08 Yes Yes
60 251 0.06 Yes Yes 3.53 | 0.06 Yes Yes
70 3.17 0.04 Yes Yes 3.8 | 0.04 Yes Yes
40 0.97 0.06 Yes No 2.14 | 0.02 Yes Yes
15 50 2.23 0.15 Yes Yes 2.69 | 0.09 Yes Yes
60 2.67 | 0.061 Yes Yes 3.57 | 0.06 Yes Yes
70 3.18 0.06 Yes Yes 3.58 | 0.09 Yes Yes
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Figure 6.23. Force — displacement traces obtained from single lap shear tests on various

die-less clinched joints formed with 70 kN force using different applied currents for

durations of; (a) 2sec., and (b) 3 sec.

Figure 6.24. Various failure modes exhibited by different lap shear test specimens of die-
less clinched joints, (a) unbuttoning failure, (b) combined unbuttoning and neck failure,
and (c) button failure.

6.5 Summary and Conclusions

The paper presents a new approach for die-less clinching of high strength low-
formability aluminum sheet materials using an electrical resistance heating system to

locally heat the sheets prior to clinching. A new tooling design was developed to rapidly
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heat by applying current over a short 2-3 second period to AA7075-T6 aluminum sheets
prior to clinching. The study includes an investigation of the effect the main clinching
parameters, namely, forming force, applied current and time of the electrical cycle on
material flow and geometric interlock characteristics. The material flow under different
electrical resistance heating cycles as well as the accompanying change in interlock
characteristics has been investigated using optical and scanning electron microscopy and
micro-hardness measurements of the cut cross-sections of the joints. Lastly, the shear
strength and associated failures modes of the joint have been assessed by using in-plane
single lap shear tests. The following conclusions have been drawn from the die-less

clinching study:

1. Die-less clinching of AA7075 aluminum sheet in the peak-aged (T6 temper)
condition has been successfully achieved using a rapid electrical resistance heating
system. Electrical resistance heating can be used to significantly enhance clinch-
formability of AA7075-T6 sheet that is hard to form at room temperature.

2. Three different locking mechanisms in die-less clinching of AA7075-T6 sheet have
been identified, conventional form and force locking mechanisms in the neck region,
as well as a new mechanism of material locking at the bottom region of the joint.

3. The failure modes in hot die-less clinching are affected mainly by the geometric
interlock. However, the material locking affects the force-displacement behavior of
the joint as it offers a resistance to the joint separation by increasing the required

force to fail the joint. However, it also results in secondary yielding.
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4. The strength of the hot die-less clinched joint increased by 16 %, 21%, 11%, 19%,
and 14% respectively when formed by applying a forming force of 70 kN, a current
of 7.5 kA, 9 kA, 10.5 kA, 12 kA, and 15 KA respectively over a period of 3 seconds

compared with period of 2 seconds.

References

[1] M.K.S. Atia, M.K. Jain, Die-less Clinching Process and Joint Strength of AA7075 Aluminum
Joints, Thin-Walled Structures Under Press (2017).

[2] F. Lambiase, A. Di llio, A. Paoletti, Joining aluminium alloys with reduced ductility by
mechanical clinching, The International Journal of Advanced Manufacturing Technology 77(5-8)
(2015) 1295-1304.

[3] F. Lambiase, Clinch joining of heat-treatable aluminum AA6082-T6 alloy under warm
conditions, Journal of Materials Processing Technology 225 (2015) 421-432.

[4] F. Lambiase, A. Di llio, Damage analysis in mechanical clinching: experimental and
numerical study, Journal of Materials Processing Technology 230 (2016) 109-120.

[5] X. He, Y. Zhang, B. Xing, F. Gu, A. Ball, Mechanical properties of extensible die clinched
joints in titanium sheet materials, Materials & Design 71 (2015) 26-35.

[6] R. Neugebauer, C. Kraus, S. Dietrich, Advances in mechanical joining of magnesium, CIRP
Annals-Manufacturing Technology 57(1) (2008) 283-286.

[7] K. Zhou, P. Yao, L. Cai, Constant current vs. constant power control in AC resistance spot
welding, Journal of Materials Processing Technology 223 (2015) 299-304.

[8] D. Dickinson, J. Franklin, A. Stanya, Characterization of spot welding behavior by dynamic
electrical parameter monitoring, Welding Journal 59(6) (1980) 170.

[91 W. Tan, Y. Zhou, H. Kerr, S. Lawson, A study of dynamic resistance during small scale
resistance spot welding of thin Ni sheets, Journal of Physics D: Applied Physics 37(14) (2004)
1998.

[10] R. Holm, Electric Contacts: Theory and Application. 4th, New York: Springer-Verlag.

185



Ph.D. Thesis-Mostafa Khalaf Sabra Atia McMaster University-Mechanical Engineering

Chapter 7

Discussion
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The research presented in this thesis consisted of experimental and numerical
studies of joining of high-strength, precipitation-hardenable aluminum alloy AA7075 in
different temper states by [i] conventional clinching and [ii] die-less clinching, both at room
temperature, and [iii] die-less clinching at higher temperatures. The thesis was prepared in
a ‘sandwich’ format and consistent of 5 separate journal papers in Chapters 2-6. In this
chapter some of the common elements of all the experimental and simulation studies
reported in Chapters 2-6 are discussed first. This is followed by a specific discussion

pertaining to each of studies reported in Chapters 2-6.

7.1 Material anisotropy

In sheet forming, the material hardening behavior as well as the plastic anisotropy
(typically represented by r values) of sheet metals play an important role in determining the
amount of local plastic deformations. While extensive consideration was given to the work
hardening behavior of AA7075 sheets in various tempers, and especially the applicability
of suitable hardening laws from the literature, limited information about plastic anisotropy
of the sheet was provided and discussed in the papers. Further, the deformation behavior of
the sheet was assumed to be isotropic in all of the FE models of conventional and die-less
clinching. It is to be noted that inclusion of plastic anisotropy was indeed considered at the
beginning of the research but the experimental uniaxial stress-strain data that was obtained
from samples tested in 3 different directions with respect to the rolling direction (i.e., RD,
45 and TD) did not support a strong argument for inclusion of anisotropy. Since there were

several hundred FE simulations involved altogether, it was decided to choose an
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axisymmetric model and an isotropic material to save on the computational time, but
without impacting on the general nature of the results. For completeness, and in support of
the choices made regarding plastic anisotropy in the modeling work, this data is present
here as well as information gathered from the literature about the plastic anisotropy of
AAT075 sheet.

Figures 7.1. 7.2, 7.3 and 7.4 show the stress-stain curves in the 3 directions for
AAT075 sheet in the peak aged (T6 temper), partial annealed, fully annealed (O temper),
and solution heat treated (W temper) states respectively. It can be noted that the change in
the flow curve relatively small except in the case of W-temper where there is a considerable

change in the failure strain as shown in Figure 7.4.
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Figure 7.1. Uniaxial true stress-strain curves for AA7075-T6 sheet in different directions.
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Figure 7.2. Uniaxial true stress-strain curves for partially annealed AA7075 sheet in

different directions.
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Figure 7.3. Uniaxial true stress-strain curves for fully annealed AA7075 sheet in different

directions.
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Figure 7.4. Curves show stress-strain curves for water-quenched AA7075-W sheet in

different directions.

As per the review of the literature, Rahmaan et. al. have characterized the anisotropy
behaviour of AA7075-T6 sheet in terms of different r values in shear as well as in tensile
tests [1]. The results showed that AA7075-T6 sheet exhibited minimal anisotropy in the
stress response (see Figure 7.5 below). The r-values in the RD, 45° and TD directions were
0.78, 0.95, and 1.34 respectively with a normal anisotropy (T) of 1.005. Esmaeilpour et.
al. [2] presented the normalized flow stress and r-value data for annealed AA7075-0 sheet.
Both the normalized flow stress and r-values varied marginally in the range 0.98-1 and 0.75
- 0.98, as shown in Figures 7.6 (a) and 7.6 (b) respectively. Both these papers suggested
that isotropic assumption can be considered satisfactory, if not perfect, for FE simulation

of conventional and die-less clinching.
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Figure 7.5. Normalized shear stress versus plastic work curves for AA7075-T6
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Figure 7.6. Uniaxial tensile test data for AA7075-0 sheet as a function of test
orientation; show (a) the normalized stress, and (b) r-values [2].

In addition to the above work largely supporting the present isotropic material
assumption, some effort was made towards analyzing the role of plastic anisotropy on
clinch forming force and material flow behavior from Axisymmetric models of
conventional clinching of AA7075-O sheet based on the r-value data provided in

Esmaeilpour et al. [2]. For this purpose, the directional r-value data was converted into a

single value normal anisotropy parameter data and then Hill quadratic normal anisotropy
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model was utilized in Abaqus-Explicit FE code. Figure 7.7 shows a comparison of the
punch forming force versus punch stroke predicted by the FE model assuming isotropic
and Hill quadratic normal anisotropic material (single r value) and the experimental
measurements. It can be noted that there is a negligible difference between the two material
models and both follow the experimental curve closely. Also, the final predicted shape of
the clinched joint, as shown in Figure 7.8, revealed very similar shapes from the two yield

criteria.
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Figure 7.7. A comparison of the punch forming force versus punch stroke from
conventional clinching simulations using isotropic Mises and normal anisotropic
quadratic Hill yield criteria and experiments for AA7075-0 sheet.
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Figure 7.8. A comparison of geometrical clinched shapes from conventional clinching
simulations using isotropic Mises and normal anisotropic quadratic Hill yield criteria for
AAT7075-0 sheet.

Lastly, Figure 7.9(a,b) shows the equivalent plastic strain distribution from FE
simulation of conventional clinching of AA7075-O sheet using isotropic and normal
anisotropic Hill yield criteria. The Hill criterion did indeed result in slightly higher plastic

strain values in the clinched region compared to the Mises criterion.
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Figure 7.9. Equivalent plastic strain distributions in the clinched region from FE
simulations of conventional clinching of AA7075-0 sheet using (a) isotropic Mises
criterion, and (b) normal anisotropic Hill criterion.
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In conclusion, the isotropic assumption is reasonable for clinching of AA7075 sheet
materials, in general. However, results from 3D models of clinching with planar anisotropic
yield criterion of Hill (with 3 r-values) should be evaluated and compared with those from

normal anisotropic Hill and isotropic Mises criteria in the future.

7.2 Material strain rate

Another assumption made in the FE simulations presented in Chapters 2-5 of this thesis
involved selection of a rate-independent material hardening law for AA7075 sheet for
simulations of conventional and die-less clinching at room temperature. The AA7075 sheet
is relatively strain rate insensitive at room temperature and under quasi-static forming
conditions [3]. This was verified in a limited manner by carrying out uniaxial tensile tests
at 1 mm/min and 10 mm/min. There was not a large difference in the stress-strain curves
at the above 2 test speeds. Also, recent results of Rahmaan et. al. [1], as shown in Figure
7.10, clearly reveal very little effect of strain rate on room temperature stress-strain
behavior of AA7075-T6 sheet over a very wide range of strain rates. The same rate-

independence can be assumed for other temper states of AA7075 sheet.
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Figure 7.10. Average flow stress of AA7075-T6 sheet at room temperature and strain
rates from 0.001 to 1000 s™* [1].
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7.3 Selection of plane of observation of the cut clinched specimens

The clinched specimens were cut through the sheet thickness on a plane that passed
through the mid-diameter position of the clinch protrusion. This was done to analyze the
experimental geometric shape and interlocking characteristics of the joint and compare it
with the model results of the FE simulation. For such a comparison, all samples were cut
in the long transverse (or LT) plane. No effort was made to assess the difference between
the shapes resulting from a similar cut along the short transverse (or ST) plane. This
approach was consistent with the assumption of material isotropy and the supporting data
in sub-section 7.1. In retrospect, however, it may have been beneficial to at least compare
geometrical shapes and interlocking characteristics resulting from cuts in LT and ST planes

to re-confirm the validity of the isotropic assumption in the clinching simulations.

7.4 Consideration of springback

It is to be noted that the springback was analyzed in numerical studies reported in
Chapter 4 only when dealing with die-less clinching. The samples were loaded to the
desired forming force and then unloaded to analyze the changes in strain distribution and
clinched geometrical parameters. However, the numerical results of conventional clinching
in Chapter 2 and die-less clinching in Chapter 5 involved only the loading step to the desired
forming force and all stress and strains reported in these chapters correspond to the end of

the forming step only. No unloading was simulated.
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7.5 Force-controlled versus displacement-controlled clinching experiments

and simulations

It is to be noted that all of the experiments and corresponding FE simulations were
carried out by applying specific applied forces. This was done with understanding that
many of the clinching presses in industrial use operate under force-controlled conditions.
In fact, for all conventional clinching, Norlok press (Model LL4000) was utilized for the
present study and it did operate only under force-control conditions with force being
measured with a load cell aligned to the direction of the punch movement. It is our
understanding that the results and conclusions from this study are equally valid for tests
conducted under displacement-control conditions. However, this should be explored in a

separate study.

7.6 Significance of results and conclusions to the other formable sheet

materials

It is believed that much of the new understanding of the effect of experimental and
numerical process parameters on clinching characteristics of AA7075 sheets could be
transferred to the other high strength aluminum or non-aluminum sheet materials. On the
other hand, the effect of the material parameters on clinching characteristics of 7075 will
need to be assessed carefully for its relevance to other sheet materials. For example, the use
of mixed Swift-Voce hardening law with a weight function or the use of extended Voce
law to represent material hardening behaviour must be assessed any new material for the
clinch study. A similar comment can be made with regard to the need for assessment of the
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effect of material anisotropy and strain rate on clinched characteristics of other materials

when applying the results of this study.

7.7 Discussion on conventional clinching

Conventional clinching of AA7075-0 sheets was studied experimentally as well as
via FE simulations. The study included an investigation of the effect of the tool geometric
parameters including different die depths as well as different forming forces and the results
were used to validate the various FE models. Increasing die depth or forming force resulted
in an increase of the material flow which in turn increased the interlock depth and decreased
the neck thickness. However, further increase in both of them can result in weakening of
the formed joint. The FE simulation covered many tool parameters such as the punch and
die corner radii in addition to the clearance between punch and die. Clinch joining is a
complex process and its simulation is greatly dependent on the material model. Use of a
weight function between Swift and Voce constitutive models provided a better material
hardening law up to large strains that resulted in better agreement between experimental
and FE model results for AA7075-O aluminum sheet. The forming process could be
divided into three forming stages, in addition to the initial stage of applying the blank holder
force. During the first stage of forming (see Figure 2.11), a large reduction in the thickness
of the die-sided sheet occurred and it remained constant with further punch movement.
Also, the clearance between punch and die affected the reduction in the total thickness of
the sheet metals. In contrast, punch and die corner radii affected the ratio of thickness

reduction in punch and die-sided sheets respectively.
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7.8 Discussion on die-less clinching

The room temperature die-less clinches were obtained using new tooling design
(see Figure 3.5). The new design included punch, flat anvil, and blank holder with designed
groove in order to control the material flow. Various blank holders of differed groove
shapes were used in the study as shown in Figure 3.6. The most interesting blank holder
shape was the one that had a groove with stepped edge. The main tool parameters of the
stepped edge blank holder were the groove depth t and groove diameter d. Five different
stages could be distinguished during die-less clinching process as shown in Figure 3.8. The
material flow restriction in the axial direction in the fifth stage was found to be critical to
increase in the interlock depth. The groove depth t has an influence effect on the material
flow and directly affects the interlock formation (i.e., the U value). A very small groove
depth could result in blocking of the material flow in the axial direction at early stages that
resulted in failure of interlock formation. However, reasonable decrease of the groove depth
t could enhance the interlocking by restricting the axial flow of the material at later stages
and in turn increase the material to flow in radial direction. A blank holder of groove depth
greater than 20% of sheet thickness is recommended for interlock formation with
reasonable joint strength of 3.2 kN. In contrast, the groove diameter had a considerable
influence on the neck reduction (i.e., the N value). Neck thickness N and interlock depth U
together controlled the joint shear strength and associated failure mode as shown in Figure
3.18. Joint with small interlock U failed by plastic deformation of the interlock. On the
other hand, formation of a joint with large interlock was associated with reduced neck

thickness, which resulted in failure by neck fracture. Unlike lap shear strength, the peel
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strength of the die-less clinched joint was largely affected by the interlock depth. The neck

thickness, however, had a marginal effect on the peel strength.

7.9 Discussion on simulation of die-less clinching

In general, severe conditions of the clinch joining such as very small clinching area,
the failure of camera monitoring, and the high speed of the process makes the experimental
study of the clinching process quite difficult. FE modeling allows a simulation of not only
for the clinch formation process but also of post-forming joint loading and deformation
process. The cumulative errors of the FE simulation can be reduced by proper selection of
numerical, material, and process parameters. It is shown that accuracy of simulation
depends critically on the numerical parameters. However, computation time is another
important factor which should be taken into consideration. The size of the element is a
critical parameter for prediction of geometrical interlock shape as well as the computation
time as in Figure 4.9 and Figure 4.10 respectively. Adaptive re-meshing technique is
required to avoid excessive element distortion. However, the relocating algorithm as well
as the frequency of re-meshing has almost no effect on the results (see Figure 4.11). Mass
scaling factor is yet another key parameter to decrease the computational time. However,
large mass scaling factor values can induce an inertial effect that can reduce the accuracy
of predictions. A mass scaling factor of less than 150 is suggested for acceptable accuracy
from the model. Also, the material model is a critical factor for the simulation and should
be selected carefully because the die-less clinching process involves very large plastic

strains. Further, assuming the tool set as a rigid body is a common assumption and can be
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used in the simulation. Lastly, proper choice of friction coefficient is important factor for

accurate prediction of geometrical interlock as well as spring-back.

7.10 Discussion on hot die-less clinching

The elevated temperature clinching operation has been studied by locally heating the
sheet materials using a novel rapid electrical resistance heating (ERH) method. The blank
holder and flat anvil were used as upper and lower electrodes respectively. A new tool set
developed in the present research enabled the current to pass from the upper electrode to
the lower electrode through two sheets as shown in Figure 6.3. The main studied process
parameters were forming force, heating current, and current duration. The range of
parameter values where good quality clinch could be achieved for AA7075-T6 aluminum
sheet were established. The applied current and its duration were also correlated to peak
temperature achieved in the clinch region via a new tool design where a thermocouple was
inserted in the clinch region of the die to capture temperature data. A new material locking
mechanism was also identified for hot clinching. This type of locking arises from large
forming forces and increased temperature in the contact region between the two sheets at

the bottom of the punch.
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8 Conclusions and Future Work

8.1 Conclusions:

Joining of AA7075 aluminum sheets in different tempers has been studied
experimentally as well as numerically by using two different forming techniques,
conventional and die-less clinching. For each objective, the following conclusions can be

drawn from the studies described in Chapters 2-6 of the thesis:

Objective 1: Study of room temperature clinch-ability of AA7075 aluminum alloy under

different temper states and assessment of joint strength:

1. Clinch joining process depends greatly on the ability of the sheet metal to undergo large
plastic deformation.

2. The new toolset design of the die-less clinching was effective to form a geometric
interlock. The blank holder groove plays an important role in controlling the flow of the
material and formation of interlock.

3. The main geometric parameters of the stepped edge blank holder include depth t and
diameter d. The depth of the groove had considerable influence on the interlock
formation, while its diameter had a stronger influence on the reduction in the neck
thickness.

4. Shear strength of the die-less clinched joints depended largely on neck thickness and
the interlock depth. In contrast, the joint peel strength depended solely on the neck

thickness.
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5. Die-less clinch-ability is strongly affected by the sheet material temper state where the
ability of the material to flow in the direction opposite to the punch movement is critical
to the clinching process. Annealed temper states resulted in better quality clinches in
terms of interlock depth. Conversely, room temperature clinching of the 7075-T6 was
considerably more difficult due to its higher strength and low ductility.

6. Die-less clinching of AA7075-W produced a much smaller interlock depth compared to
the annealed state and resulted in poor joint strength. However, natural aging of this
metastable state resulted in an improvement of the joint strength due to precipitation

hardening.

Obijective 2: Numerical modeling of material flow during room temperature die-less

clinching of AA7075 sheet materials and post-clinch performance of the joints:

1. The material model is a critical factor of the simulation and should be selected carefully.
Use of a 0.5 weight function between commonly used Swift and Voce constitutive
models was found to yield good prediction of the final shape of conventionally clinched
joints. However, weight function range of 0.2-0.9 did not show good agreement with
experiments of die-less clinching. That is due to very large plastic deformation
associated with die-less clinching compared with conventional clinching. Extended-

Voce material model was effective in predicting the shape of the die-less clinched joint.

2. An adaptive re-meshing technique is required to avoid excessive element distortion in

the simulation of die-less clinching.
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3.

A mass scaling factor is a key parameter to decrease the computational time of
simulation of the die-less clinching process. However, large values can induce an inertial
effect that can influence the accuracy of the results. A mass scaling factor of less than

150 is suggested for acceptable accuracy from the model.

FE simulation of the die-less clinching showed that the interlock forms from large
material flow in the axial direction. It can be maximized by controlling the material flow
at the later stage in radial direction instead of the axial flow by decreasing the blank
holder depth.

The bottom thickness should be higher than 10% of the total sheet thickness to avoid
distortion of the bottom of the die-less clinched joint.

In-plane shear strength, as well as peel strength of the joint, can be accurately estimated
from a 3D FE model taking into consideration the average change in stress state after

joint formation.

Objective 3: High temperature die-less clinching of AA7075 aluminum alloy by rapid

local electrical resistance heating:

1. Die-less clinching of AA7075-T6 aluminum sheet is difficult to realize at room

temperature. However, a rapid electrical resistance heating system was an effective tool
to successfully obtain die-less joints.

Three different locking mechanisms in die-less clinching of AA7075-T6 sheet have
been identified, conventional form and force locking mechanisms in the neck region,

as well as a new material locking mechanism at the bottom region of the joint.
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3. The failure modes in hot die-less clinching are affected mainly by the geometric
interlock. However, the material locking affects the force-displacement behavior of the
joint as it offers a resistance to the joint separation by increasing the required force to

fail the joint. However, it also results in secondary yielding.

8.2 Future work

The following research topics are suggested as a future study:

1. FE model of clinching process could be further investigated by including the effect of
the anisotropy of aluminum sheet for a better prediction of the interlock.

2. FE model of die-less clinching process could be further investigated by including the
effect of stiffness (or rigidity) of the C-frame.

3. The proposed 3D FE model of joint loading and deformation process could be further
developed to include a fracture criterion in it.

4. Lastly, experimental work involving the electrical resistance heating and subsequent
die-less clinching should be extended to include FE simulations. The FE simulation will
need to include electro-thermal and thermo-mechanical models to suitably characterize

the electrical resistance heating process.
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End
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