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Abstract

To address the pressing need for reducing CO2 emissions and energy consumption, the
weight reduction of transportation equipment has become a pivotal objective. This
necessitates the adoption of multi-material structures, with bonding dissimilar materials
emerging as a crucial aspect of this endeavor. Adhesion, as a versatile method for joining
various dissimilar materials, holds promise for constructing multi-material structures.
Moreover, there is a noticeable trend towards the substantial utilization of metal laminates
in body construction. This not only facilitates diverse designs for automobile frames but
also opens the door to significant weight reduction through the incorporation of bonded
metal laminates made of multiple materials.

In the initial phase of this study, a co-design process was delved, optimizing the shapes
of adhesive-bonded structures based on a failure criterion derived from experiments using
pipe specimens with inclining surface realizing multi-axial stress states by only uniaxial
stress states that considered both material and structural factors. The optimized shapes
achieved a significant reduction in applied stress levels, emphasizing a notable
enhancement in the mechanical integrity of the adhesive layer. The initial shape of
adhesive layer was proved as a valuable indicator, shedding light on the suitability of the
initial model for multi-material design endeavors.

In the latter segment of this study, a pioneering approach involving multi-layered
laminates bonded by adhesive, coupled with specialized conical cup testing experiments
and FEM simulation, was implemented encompassing unitary and single/multi-layered
configurations of different materials. The comparative analysis as well as the further
analysis of the stress states in adhesive layer provided robust evidence of the adhesive's
impact in amplifying the formability of bonded laminates offering promise for weight

reduction across diverse applications without compromising structural integrity.
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1. Introduction

1.1. Research background

In recent years, the imperative of reducing CO> emissions has evolved into an
increasingly prominent international concern. This shift is exemplified by the momentous
adoption of the Paris Agreement during the 2015 Conference of Parties (COP) 21, aimed
at addressing global warming on a global scale [1]. An illustration of the prevailing
challenge is gleaned from the International Energy Agency's (IEA) analysis of CO:
emissions in 2022. It reveals a disconcerting growth of 0.9%, equivalent to 321 million
tons, in global energy-related CO; emissions, reaching an unprecedented pinnacle of over
36.8 gigatons (see Fig. 1.1) [2]. This escalation is in stark contrast to the objectives
outlined in the Paris Agreement.

Against this backdrop, Japan has committed itself to a substantial target, pledging to
reduce greenhouse gas emissions by 26% relative to 2013 levels by 2030, as stipulated in
the Paris Agreement. Of particular relevance, the Ministry of Land, Infrastructure,
Transport, and Tourism has reported that Japan's total CO; emissions for Fiscal Year 2021
amounted to 1.064 billion tons. A notable proportion, specifically 185 million tons, or
17.4%, is attributed to the transportation sector, encompassing various modes of
conveyance such as automobiles and ships [3]. Delving further into the context, the
automotive segment stands out as a major contributor, accounting for a substantial 86.8%
of emissions within the transportation sector. This translates to a noteworthy 15.1% of
Japan's overall CO2 emissions, as illustrated in Fig. 1.2.

This intensified focus on emissions reduction stems from the progressively stringent
regulations governing CO> emissions from automobiles worldwide [4]. Consequently,
automobile manufacturers find themselves obliged to navigate these evolving regulations,
necessitating the development and design of vehicles with significantly reduced CO>

emissions.
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1.1.1. Multi-material design

As elucidated in "Fuel Economy and CO> Emissions of Passenger Cars" [5], a
comprehensive publication from the Ministry of Land, Infrastructure, Transport, and
Tourism, it is evident that an automobile's weight exerts a direct influence on both its CO»
emissions and fuel efficiency. The fundamental principle underlying this relationship
posits that the reduction of an automobile's weight contributes to a concurrent decrease
in CO2 emissions and an enhancement in fuel economy. As a result, one strategic avenue
for achieving weight reduction in automotive structures involves the adoption of a multi-
material design approach. This innovative paradigm involves the judicious combination
of diverse materials, each possessing specific attributes of strength and stiffness, and has
been the focal point of extensive research efforts [6]-[9].

Multi-material structures, marked by their amalgamation of materials boasting diverse
attributes, necessitate the adept technique of joining dissimilar materials. The realm of
research has explored various methods aimed at facilitating the fusion of these dissimilar
materials [10] [11]. As depicted in Fig. 1.3, these methods can be broadly classified into
three overarching categories: welding, chemical bonding, and mechanical fastening [10],
[12].

The realm of welding techniques spans a diverse array of methods, each tailored to
specific applications and materials. These methods include laser welding [13]-[16],
resistance spot welding (RSW) [17], [18], friction stir spot welding (FSSW) [19]-[22],
friction stir welding (FSW) [23], [24], friction element welding (FEW), Friction Stir
Welding (FSSW) [23], [24], Friction Element Welding (FEW) [25], and Resistance
Element Welding (REW) [26], as well as Laser Brazing [27],[28], among others. Notably,
friction stir welding (FSSW, FSW) has found prominence in the welding of steel and
aluminum materials [29]. However, it is essential to recognize that welding processes are
not without their drawbacks. Traditional welding procedures have the potential to
compromise the material's strength, both at the micro and macro levels, thereby impacting
structural integrity [30]. Furthermore, manual welding techniques, particularly in small-
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scale industries, often yield suboptimal surface finishes and a diminished quality in the
welded components [31]. An additional limitation of conventional welding practices is
their restriction to materials with similar properties, rendering them unsuitable for
applications requiring the joining of dissimilar materials. This constraint impedes their
feasibility in the context of multi-material design, a crucial consideration in contemporary
engineering and manufacturing.

The domain of mechanical fastening encompasses a wide spectrum of methodologies,
each meticulously tailored to meet the demands of specific applications and materials.
These methodologies include Self-Pierce Riveting (SPR) [32],[33], traditional bolting
[34], mechanical clinching [35],[36], Flow Drill Screws (FDS) [37], Impulse Accelerated
Tacking (ImpAcT) [38], blind rivets [39], [40], and hemming techniques [41], among
others. Self-Pierce Riveting (SPR) finds its forte in fastening steel and aluminum
materials, while blind rivets are particularly well-suited for joining composite materials
and metals [29]. Nevertheless, it is imperative to recognize a salient drawback associated
with mechanical fastening methodologies. The act of drilling holes for bolts or rivets, an
inherent necessity in mechanical fastening, has the potential to yield stress concentrations
and inflict damage upon composite materials. This concern is compounded by the fact
that drilling these holes may inadvertently sever fibers or other reinforcement elements,
thereby creating pronounced stress concentrations at each discrete fastener location [42].
Additionally, the introduction of such fasteners results in an incremental increase in the
overall weight of the structures. This counteracts the overarching objective of weight
reduction, which stands as a pivotal consideration in contemporary engineering and
design paradigms.

The domain of chemical joining encompasses various methodologies, including
adhesion [42]-[46], gas adsorption joining (GAJ) [47], and surface-activated joining [48].
Additionally, it encompasses hybrid techniques like weld bonding [49], which combines
elements of both welding and bonding, and the fusion of Self-Pierce Riveting (SPR) with
adhesive bonding [50]. Within this spectrum, adhesive bonding stands out due to its array
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of merits. Notably, it exhibits the following advantages:

(a) Versatility in material compatibility: Adhesive bonding is adaptable to a wide range
of dissimilar materials.

(b) Galvanic corrosion prevention: It effectively mitigates the risk of galvanic corrosion.

(c) Inherent lightweight nature: Adhesives themselves are lightweight, contributing to
overall structural weight reduction.

(d) Enhanced surface-to-surface bonding: It facilitates surface-to-surface bonding,
resulting in joints with superior strength when compared to point bonding achieved
through welding or mechanical fastening.

These attributes position adhesive bonding as a highly promising technique within the

realm of multi-material structure joining [51].

1.1.2. Epoxy and acrylic adhesives

There are many kinds of adhesives while two major groups are most widely used in
many industries; epoxy and acrylic adhesives. The former is a typical and major one of
structural adhesive, which can provide a high-performance for bonding large areas of
sheet materials and produce a better finished appearance than the other joint methods such
as welding or screws [52]. Epoxy adhesives are widely used in various industries
especially for large size products such as wind energy blade structures [53], aviation fuel
resistant joints, and bonding parts of wind turbine blades, marine vessels, or civil
engineering structures [54] where higher strength is required and epoxy adhesives are
also extensively used in structural bonding, particularly in aerospace, electronics, and
medical devices, due to their versatility and ability to meet specific mechanical and
environmental requirements [55]. While Acrylic adhesive used in the construction sector
is an adhesive bond that comprises a denatured acrylic-based structural adhesive of 2-
component type and is commonly used in the production of flexible laminates [55]. As
the molecular structures of these two adhesives are different, so too are their physical and

mechanical properties [56], [57].
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Fig. 1.3 Three distinct categories encompass the gamut of methodologies employed for

joining dissimilar materials: welding, chemical bonding, and mechanical fastening.

1.2. Failure Criterion and shape optimization of different adhesives
1.2.1. Strength evaluation of adhesive joints

In the design of multi-material structures utilizing adhesion, a crucial initial step entails
the development of a methodology for assessing the strength of adhesive joints.
Traditional approaches for evaluating adhesive strength have relied on tensile shear tests
[58]-[61] (Fig. 1.4(a)) and debonding tests [62]-[64] (Fig. 1.4(b)) of overlapped joints.
These methods have conventionally served to gauge the robustness of adhesion. However,
they come with inherent limitations, as highlighted below. In Fig. 1.5, we can observe the
average critical shear stress 7. obtained from tensile shear tests conducted on

representative market adhesives, alongside the critical load F. per unit length of the
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adhesive layer derived from peel tests. This approach yields a relative evaluation marked
by considerable variation, making it challenging to directly incorporate the limit load F,
garnered from debonding tests into the design process.

Tensile shear tests on overlapped joints engender not only shear forces but also bending
moments at the adhesive joints. Therefore, for a more precise determination of the tensile
shear strength of adhesives, innovative methods have been introduced. This includes
tensile shear tests [65] and the Thick Adherend Shear Test (TAST) [66], specifically
devised for double-overlap joints. Moreover, an array of peel test methodologies has been
developed, encompassing the 90° peel test [67], the 180° peel test [68][69], and the T-
shaped peel test [69][70]. These advancements offer a comprehensive toolkit for
evaluating adhesive joint performance in a variety of scenarios, ensuring a more robust
and accurate assessment of adhesion strength in multi-material structures. Nevertheless,
it's important to note that these test methods are primarily designed to assess adhesive
bond strength under specific loading conditions. While they offer a convenient
benchmark for selecting adhesives and making strength comparisons, they may not
directly translate to evaluating the adhesive joint strength within the multiaxial stress field
experienced in real-world equipment applications.

Hence, the design of multi-material structures necessitates the establishment of a
methodology to assess adhesive strength within the context of a multiaxial stress field.
Currently, there exist strength evaluation methods grounded in the stress components
within the adhesive layer. These methods encompass the Quadratic stress criterion [71],
which leverages vertical and shear stresses at the interface, the Tsai-Wu rule [72], the
utilization of Mises' condition involving stress invariants, and Drucker-Prager's condition
[73]. Additionally, there's the evaluation method reliant on a failure criterion [74] that
incorporates these criteria. However, these strength evaluation criteria involve material-
specific parameters closely linked to the adhesive in use. The identification of these
parameters necessitates experimental determination before the evaluation function can be
effectively employed for strength prediction.
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To assess material properties, it is reasonable to identify the material parameters of the
strength evaluation criterion using a test method that does not cause stress concentration
in the adhesive. An alternative approach involves the utilization of a napkin-ring
specimen [75]-[78] along with a modified tensile/torque test method employing a napkin-
ring specimen to mitigate stress concentration effects [74],[79]-[81]. However, this
technique necessitates a precise biaxial testing apparatus, which is available only in a
limited number of research institutions. An adapted Arcan test methodology has been
devised to probe the strength of bonded assemblies subjected to multiaxial stress states
[82]-[84]. Therefore, a simplified evaluation approach permits the application of varied
multiaxial ratios of tensile and shear stresses solely through only uniaxial tensile testing
on bonded pipe specimens and the parameters for the acrylic adhesive have been
experimentally determined using pipe specimens which can tune the ratio of applied mean
stress and shear stress to realize multiaxial stress state in the previous research [85]. While
parameters for other kinds of adhesives have been established, there remains an
unaddressed gap in understanding how variations in these parameters impact the failure

criterion.

(a) (b) j

Fig. 1.4 Test methods of adhesive strength: (a) Single lap shear test, (b) T-peel test.
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1.2.2. Shape optimization based on the failure criterion

As elaborated in Sec. 1.2.1, the evaluation of adhesive joint strength can be conducted
through failure criteria, with material parameters identified via simplified assessments
using pipe specimens. However, the strength of adhesive structures is not solely
contingent upon material properties; it is significantly influenced by various other factors,
including adhesive thickness and the properties of the parent materials to which the
adhesive adheres. These intricate and interdependent variables underscore the need for a
comprehensive assessment of the mechanical integrity of bonded structures.

Structural optimization, a powerful technique for designing structures, relies on a
specified evaluation function. This methodology falls into two primary categories:
dimensional optimization [86], which is a parametric optimization approach, and
nonparametric optimization methods, including shape optimization [87], [88] and
topology optimization [89]. In parametric optimization, the number of design variables
determines the degrees of freedom for shape modifications. In contrast, nonparametric
optimization is executed in a functional space, where the shape is represented by a region

9



Q, facilitating a nearly infinite range of degrees of freedom due to the absence of
discretization. Consequently, nonparametric optimization methods provide greater
flexibility in altering the initial structure shape and enhancing structural strength
compared to parametric optimization. In a prior study, an optimization method was
proposed for the adhesive interface, seeking to enhance the strength of bonded structures
based on the established failure criteria [90]. However, this previous work focused solely
on shape optimizations of acrylic adhesive layers, and the disparities in optimization
outcomes have yet to be explored.

Hence, the present research extends the prior findings by applying and refining the
failure criteria and optimization techniques to assess the strength of adhesive structures
bonded with epoxy adhesives. The outcomes are compared with those obtained using
acrylic adhesives to scrutinize distinctions in failure behaviors within multiaxial stress
states and to assess the influence of adhesive layer shapes on structural strength

enhancement.

1.3. Bonded metal laminates and proper formability test method
1.3.1. Plastic formability of metal laminates bonded by adhesives

Multi-material design is generally applied to the frame of structures where the strength
of the bonded parts is crucial. In the automotive sector, a substantial utilization of metal
laminates in body construction is evident [91]-[93]. This practice not only facilitates
diverse designs of automobile frames but also introduces the potential for significant
weight reduction through the incorporation of metal laminates. To ascertain the viability
of implementing multi-layered configurations and to facilitate their integration into
industrial production processes, a comprehensive evaluation of the plastic formability of
bonded multi-layered metal sheets is imperative. This evaluation necessitates a
comparative analysis with unitary sheet, thereby contributing to a judicious assessment
of the feasibility of adopting the adhered sheet within a multi-layered paradigm.

10



The assessments discussed in Sec. 1.2.1 have predominantly focused on the failure
criterion of adhesive's material. However, for an exhaustive evaluation of adhesive
laminates, it becomes imperative to consider their plastic formability. Several testing and
simulation have also been introduced to exam the deformation characteristics of the
adhesive bonded metal sheet and the multi-material specimens by V-bending testing
[94],[95]. Nevertheless, previous research primarily concentrated on bending
deformation for evaluation of delamination strength, not mainly focusing on the practical
deformation such as shrinkage and elongation which are crucial in real manufacturing
process. Consequently, the integrated formability of adhesively bonded sheets under a
variety of deformations remains unexplored. Additionally, the application of adhesive
bonding introduces complexity, with the overall structural strength being influenced not
only by adhesive properties but also by the combined structural factors and the plastic
formability will also be influenced by structural factors such as thickness of adhered
materials and the adhesive layer [96]. Consequently, a testing methodology capable of
gauging the integrated plastic formability of multi-layered metal sheets has to encompass

both material and structural factors.

1.3.2.  Proper test method to evaluate plastic formability.

The primary objective of the plastic formability test lies in the estimation and
comparison of forming force and forming limits. Given that even the slightest distinctions
in forming limits hold significant implications for operational efficacy, a meticulous
comparison of material forming limits becomes imperative. Commonly employed
formability tests predominantly serve the purpose of estimating or comparing these
forming limits. Furthermore, in press forming, materials are classified based on the
interplay between primary deformation and the controlling factors governing forming
limits. This classification gives rise to distinct categories of press forming, deep drawing,
stretching, elongation flange, and bending. As a result, direct formability assessments
must be conducted considering combinations of deformations, as illustrated in Table 1.1

11



[97]. However, it's noteworthy that, beyond the discrete categories of deep drawing,
stretching, elongation flange, and bending, practical applications often involve intricate
combinations of these forming methods. Particularly, bending deformation stands as a
fundamental element intrinsic to all press forming processes. In order to conduct a precise
assessment of laminate formability, it becomes essential to select a testing methodology
that aptly captures the complexities of plastic formability.

Several existing testing methods have been developed to assess fundamental forming
behaviors and formability characteristics [98]. Noteworthy among these are the Erichsen
Deep Drawing Cup Test [99], Sweden Deep Drawing Test [100], and Swift Cup-forming
Test [101], all tailored to gauge deep drawing capabilities. Additionally, the Erichsen
Cupping Test [99], Olsen Cup Test [102], and Erichsen Bore Expanding Test [103] have
been formulated to measure stretchability and elongation flange performance,
respectively. Nevertheless, these testing methodologies are not devoid of specific
challenges that necessitate resolution. For instance, the Erichsen Deep Drawing Cup Test
faces practicality concerns related to determining the increment in plate diameter for
establishing deep drawing limits and the number of plates of identical diameter to be
concurrently drawn to ascertain these limits. Furthermore, these existing testing
techniques primarily focus on evaluating individual basic formability aspects, often
overlooking the complexities inherent in plastic formability evaluation.

In light of these limitations, the Conical cup testing method, introduced by Fukui [104],
has garnered attention. This approach constitutes a direct and plastic formability testing
method that employs a tapered die to provoke shrinkage flange deformation, elongation
flange deformation, and punch bottom rupture. Unlike its predecessors, the Conical cup
testing method holds promise in providing a more comprehensive evaluation of material
behavior by considering an amalgamation of deformation modes. This methodology has
been selected to assess the forming force and forming limits of metal laminates in this
research.

Table 1.1 Complex plastic formability of the press deformation and deformation limit
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factors.

Deformation Shrinkage Elongation '
o Bending
Limit factors flange flange
o rupture Deep N
. Stretchability -
(Lack of strength) drawability
B rupture Elongation
(Lack of elongation) frangibility
Bending rupture - - Bendability

1.4. Purpose of the research

The primary objective of this research is twofold. Firstly, it aims to assess the strength
of adhesive structures in a multi-material context under multiaxial stress conditions,
considering various adhesives with diverse strength properties. Additionally, it endeavors
to enhance the plastic formability of multi-layer metal laminates bonded by adhesives,
with the overarching goal of bolstering the strength and expanding the utility of adhesives
within the domain of multi-material design in real-world industrial applications.

In the initial phase of this study, the focus lies in discerning distinctions in failure
criteria under multiaxial stress states, thereby shedding light on the material attributes of
the adhesives in use. Furthermore, an investigation is conducted to unravel the disparities
in shape optimization for different adhesives employing the failure criteria. This endeavor
explores the structural dimension of the adhesive's impact.

In the latter segment of this research, the primary aim is to conduct a comprehensive
evaluation of the plastic formability of multi-layered metal structures, referencing unitary
metal sheets as a benchmark. The goal is to gauge the influence of adhesives in this
context, ascertain the viability of implementing multi-layered configurations, and pave

the way for their seamless integration into industrial production processes.
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1.5. Organization of this paper

This paper comprises six chapters. In Chapter 1, the imperative need for weight
reduction in transportation equipment, with a specific emphasis on multi-material
structures in automobiles, is elucidated. Adhesion is introduced as a vital joining
technology for diverse materials, crucial in the design of multi-material structures. A
comparative analysis of two adhesive materials, epoxy, and acrylic, is presented,
encompassing their properties and applications. The co-design process of adhesive-
bonded structures, inclusive of testing methods for adhesive strength evaluation and the
methodology for shape optimization of bonded interfaces, is comprehensively reviewed.
Additionally, the advantages of bonded metal laminates and the significance of evaluating
the plastic formability of such laminates are discussed. The chapter delves into the
limitations of conventional testing methods and outlines the requisites for establishing
proper testing methodologies. Finally, the chapter elucidates the objectives and purposes
of the study.

Chapter 2 introduces a method for evaluating the strength of adhesive materials under
multi-axial stress states and applies it to establish the failure criterion of epoxy adhesives
based on mean stress and octahedral shear stress. The results are meticulously discussed
and compared with those of acrylic adhesives from ref. [85], considering failure behavior
and thickness dependencies.

In Chapter 3, the derived failure criterion of epoxy adhesive is applied to shape
optimization methods. The methodology, encompassing the theory of shape optimization
and the construction of FEM models with boundary conditions, is presented. Results from
the optimization process are compared with those of acrylic adhesive from reference [90],
exploring the influence of material properties and initial conditions on the shape
optimization of bonded structures.

Chapter 4 introduces the conical cup testing method for evaluating the plastic
formability of bonded metal laminates, covering the design of the testing machine and the
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manufacturing process of specimens. Testing results for various specimen types are
discussed based on load-displacement relations. Further exploration involves post-testing
and on-testing specimens through the conical cup value (C.C.V.) and observation from
the see-through aperture. A comprehensive comparison of different specimen types is
conducted to verify the adhesive's effect in enhancing the formability of metal laminates.

In Chapter 5, FEM simulation of conical cup testing using bonded metal laminates is
performed to unveil features unobservable in real testing. FEM models are constructed
based on real testing parameters, including material properties obtained from tensile
testing using specimens identical to those used in real conical cup testing. The results are
discussed and compared with real testing outcomes. A specific focused discussion on the
stress states of the adhesive layer concerning mean stress and octahedral shear stress is
conducted to identify the adhesive's effects established from testing.

Chapter 6 serves as the concluding chapter, summarizing the results obtained in each

preceding chapter and providing a comprehensive conclusion to the paper.
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2. Evaluation of Adhesive Strength in Multiaxial Stress

Fields

For the design of multi-material adhesive structures, it is necessary to consider designs
that improve strength in the multiaxial stress field that occurs in the actual operation of
the structures. For this purpose, it is essential to properly evaluate the adhesive strength
in multiaxial stress fields. In previous research, the failure criterion based on the first
invariant of stress tensor I; and the second invariant of deviatoric stress tensor J, was
established and the parameters for the acrylic adhesive have been experimentally
determined using pipe specimens which can tune the ratio of applied mean stress and

shear stress to realize multiaxial stress state [85].

In this chapter, the failure criterion was reconstructed with mean stress g,,( = %Il )

and octahedral shear stress 7, ( = g J» ) instead of I; and J, for the practical usage

because both scalar stress parameters are the representative values in the principal stress
space (called Haigh-Westergard space). The parameters of the failure criterion for epoxy
adhesives were determined using the same methods proposed in ref. [85] and the result
was discussed and compared with that of acrylic adhesives. The thickness dependence of
adhesive layer was then discussed and the failure criterion for adhesive layers with

different thickness were also obtained.
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2.1. Failure criterion of adhesives under multiaxial stress state

In the present section, two cylindrical coordinate systems are established with two
kinds of loadings, uniaxial tension and torque, but only the former is applied for the
experiments to get the failure function and the obtained criteria are extended to the shape
optimization of adhesives under the two kinds of loadings, which will be discussed in
Chapter 3.. The cylindrical coordinate system (r, 8, z) are transformed into (', ', z') in
terms of the angle ¢ between the horizontal plane 8 and the inclined plane 1’60’ parallel

to the adhesive surface as shown in Fig. 2.1.

Parent
material

N Adhesive

AN layer

C‘l?r

Fig. 2.1 Coordinate transformation of the cylindrical coordinate system from (r, 6, z) to

(7', @', 2') in terms of angle ¢.

Because the thickness of adhesive layer is small enough and the stiffness of adhesive
i1s much smaller than that of the parent material, the deformation of adhesive is assumed
to be strongly restricted by the more rigid parent material. Then, the normal strains acting

in the radial and circumferential directions along the cutting surface can be assumed that:

STI ~
Z~0, (2.1)
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2~ 0. (2.2)

This assumption has been certified using finite element simulations for Poisson’s ratio
with a range from 0.2 to 0.4. Constitutive equations are then derived from Egs. (2.1) and

(2.2):

B Ev _ E(1-v)
T+ -207" YT arvna-n

O, = Oy (2.3)

where 0,+, 04 and g, are the normal stresses in radial, circumferential and direction
along the cutting surface, and E is Young’s modulus and v is Poisson’s ratio. According

to Eq. (2.3), g, and o4 are expressed as a function of g,,.

v
1—v

Oy = 0gr = O, (2.4)

The first invariant of stress tensor I; and the second invariant of deviatoric stress tensor

J, can be calculated as:

1+v
Iy =0, +0g +0, =1—_VO'ZI, (2.5)

1 1
]2 = E{(Ofl + 0'921 + O'ZZI + 2‘[12,/9/ + 2‘[;/2/ + 2T§1r1) - 5112}

_1(1—21/

2
= 3 > O'Zzl + T;’Z" (26)

1—v

Here, in Eq. (2.6), 7,74’ and 7/, are assumed to be infinitesimally small compared with
Tgr,r and o,r.

According to the coordinate transformation in Fig. 2.1, the normal stress o, and shear
stress Tg7,s acting in the adhesive layer can be expressed by the tensor transformation as:

O-Z O-Z
— _|_ J—

> T cos 2¢ — Tsin2¢, (2.7)

O, =
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o
Tory! = —?Zsin 2¢ —TCOS2¢. (2.8)

For a uniaxial tensile test mentioned in the following section 2.2, only the tensile stress

o, exists. Thus, according to Egs. (2.7) and (2.8), o,/ and 74/, can be calculated as:
o, =0,c08% @, (2.9)
Tgr,’ = 0, SINY COS Q. (2.10)

From Egs. (2.5) and (2.6), I; and J, are reduced to be the following linear relation:

1—v [1/1=2n? ,
V=115 §(1—v) +tan® ol = kipv)h, (2.11)

where k(¢,v) is the coefficient which can be calculated from angle ¢ and Poisson’s ratio

v. In the following results, mean stress o, ( = §11 ) and octahedral shear stress 7,.( =

% J» ) are employed instead of I; and J, for the practical usage in the following sections.

The failure function proposed by Mahnken and Schlimmer [74] is

1 1
f = 60]2 + 561]1 + 562112 + C3. (212)

If the parameters are taken as C; = 0 and (> # 0, the obtained failure criterion is the
same as the one proposed by Green [105] which can be considered as equivalent to the
quadratic delamination criterion proposed by Brewer and Lagace [71]. If C1 = C> =0, the
failure function is equivalent to the conventional von Mises failure criteria.

From Egs. (2.5) and (2.6), it is clearly shown that the failure function can be estimated
with three parameters of v, ¢ and oz, which are determined by the results of tensile tests
using the pipe specimens bonded by different adhesives. Poisson’s ratios v of the

adhesives are taken into the present research as 0.35 for epoxy adhesive and 0.4 for acrylic
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adhesive, respectively. As the failure criterion differs only by the parameters, the numbers
of 1/3 before the coefficients of C; and C, in Eq. (2.12) do not have any meaning. As a

result, the failure criterion can be simplified as:
f = C0]2 + C111 + C2112 + C3. (213)

1 1
where ¢y = Co, ¢ =Gy, ¢, =5 C; and ¢3 = C3.

2.2. Experiments using pipe specimens
2.2.1. Specimens using in the experiments

As depicted in Fig. 2.1, a cylindrical aluminium specimen was meticulously crafted
using a laser cutting machine, 3D FABRI GEAR 220 II, boasting a rated output of 4 kW,
manufactured by Yamazaki Mazak Corporation. The specimen's preparation was
orchestrated to induce both vertical stress and shear stress within the adhesive layer,
contingent upon the chosen inclination angle ¢, all under the influence of uniaxial tension.

To delve deeper, Fig. 2.2(a) provides an insight into the specimen's formation through
the use of a laser beam machine. These specimens were meticulously crafted at varying
inclination angles (¢ = 0°, 20°, 45°, and 75°). Figure 2.2(b) reveals the circumferential
development of the cut surface, where the inclination angle exhibits two cycles, and the
curvature bend (convexity) associated with the inclination possesses a radius of curvature
measuring 2 units.

For the subsequent step in the experimentation, cylindrical specimens, each sharing the
same inclination angle, were bonded together employing epoxy adhesive (EP-171,
CEMEDINE Co., Ltd.), following a rigorous curing regimen at 120°C for a duration of
20 minutes.

In an effort to provide precise data, the thickness of the adhesive layer was meticulously

measured at eight distinct points, duly indicated by the red circles in Fig. 2.2(b),
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employing microscopic imagery. Subsequently, the average adhesive layer thickness (hg)
was diligently computed for each individual specimen. The recorded measurements of
adhesive layer thickness are cataloged in Tables 2.1 and 2.2. To ensure the accuracy of
the calculated average thickness, measures were taken to exclude data points where
adhesive removal by sandpaper was incomplete. This process involved computing the
standard deviation (o), and data points deviating more than 2¢ from h, were eliminated.
Subsequently, the average thickness of the adhesive layer (h) was recalculated using the

refined dataset.

! 457

Fig. 2.2 (a) Example of a test specimen before adhesive bonding; the tilted cutting surface
have inclination angles ¢ of 20°, 45° and 75°. (b) Development of the cutting surface.

Red circles represent measurement points of the adhesive thickness.
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Table 2.1 Thicknesses of the epoxy adhesive layers of (a) 0° and (b) 20° pipe specimens

(@)
0°
pipe specimen No. 1 2 3 4 S
1 368.1 | 523.7 | 133.8 | 2404 | 524.0
2 267.8 | 365.4 86.6 2109 | 4827
3 305.3 | 2086 | 1299 | 732.2 | 506.6
Thickness 4 456.6 | 3009 | 167.3 | 775.8 | 4859
(] 5 240.0 | 297.2 | 250.0 | 486.1 | 364.2
6 420.6 | 4295 | 1161 | 492.2 | 3877
7 254.9 | 250.0 69.1 537.4 | 456.8
8 359.2 | 2834 | 1654 | 559.5 | 435.0
Mean value 334 | 332 | 140 | 504 | 455
ho [pm]
Standard deviation 798 102.7 562 202.1 56.5
o [pm]
Mean thickness
h [um] 334 332 140 504 455
(ho — 20 t0 ho + 20)
(b)
o200 1 2 3 4 5 6
pipe specimen No.
1 587.6 | 162.3 | 362.6 | 769.8 | 290.0 | 411.4
2 452.2 | 366.7 | 433.1 | 798.0 | 304.3 | 419.8
3 379.9 | 194.2 | 343.4 | 7655 | 1145 | 502.3
Thickness 4 274.1 | 1458 | 144.7 | 776.1 | 71.6 | 520.4
[m] 5 468.3 | 200.5 | 353.1 | 592.1 | 287.7 | 508.2
6 358.6 | 156.3 | 423.6 | 558.9 | 285.1 | 499.3
7 290.3 | 186.4 | 150.6 | 727.4 | 108.3 | 493.7
8 554.6 | 342.6 | 358.7 | 739.5 | 128.3 | 489.7
Mean value 421 219 321 716 199 481
ho [pm]
Standard deviation 1153 | 859 | 112.1 | 89.8 | 100.9 | 41.2
o [pm]
Mean thickness
h [um] 421 219 321 716 199 481

(ho — 20 10 ho + 20)
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Table 2.2 Thicknesses of the epoxy adhesive layers of (a) 20° and (b) 75° pipe specimens.

Bold numbers are outliers that are more than 2o from ho.

(a)
o 1 2 3 4 5 6
plpe SpeCImen No.
1 | 2933 | 3865 | 1700.0 | 478.8 | 1179.0 | 671.3
2 167.0 | 2816 | 1033.0 | 499.0 | 1233.0 | 662.1
3 | 214.3 | 4745 | 4619 | 276.2 | 600.2 | 697.1
. 4 | 484.7 | 203.9 | 353.3 | 249.2 | 569.7 | 726.7
ThECfrrl‘]eSS 5 300.5 | 286.7 | 9154 | 311.9 | 4885 | 4314
W 6 | 2059 | 352.3 | 2963.0 | 300.6 | 419.4 | 341.1
7 1453 | 410.9 | 310.6 | 283.9 | 393.8 | 784.4
8 | 473.6 | 345.9 | 244.0 | 266.5 | 424.7 | 798.8
Mean value 286 | 343 | 998 | 333 | 664 | 639
ho [um]
Standard deviation 131.2 | 84.7 | 934.0 | 98.1 | 3429 | 1653
o [um]
Mean thickness 286 | 343 | 717 | 333 | 664 | 639
h [um]
(ho — 20 to ho + 20)
(b)

75°
pipe specimen No.

1 7500 | 596.8 | 12530 | 2922 | 366.1
2 4501 | 410.8 | 3273 | 262.8 | 3435
3 6019 | 910.2 | 4811 | 620.0 | 2368
. 4 3123 | 7275 | 1567 | 6189 | 2558
Thickness 5 6128 | 906.3 | 1724 | 2669 | 2158
[wm] 6 3310 | 7965 | 3186 | 3052 | 109.2
7 4293 | 4820 | 4693 | 339.0 | 4788
8 3123 | 6085 | 887.1 | 3423 | 4737
Mean value 475 680 508 381 321
ho [pm]
Standard deviation 1635 | 186.6 379.0 150.0 | 1121
o [pm]
Mean thickness
h [um] 475 680 508 381 321

(ho — 250 ho + 20)
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2.2.2. Tensile testing and test results

Tensile tests were meticulously carried out utilizing a precision tensile testing machine,
specifically AG-50kNX (Shimadzu Co., Ltd.), as shown in Fig. 2.3(a). The tests were
conducted under ambient temperature conditions, maintaining a room temperature of
296.1 £ 5.7 K, while employing a crosshead speed (V) of 0.1 mm/min.

To further investigate the behavior of the cylindrical specimens during the tensile tests,
strain gauges were thoughtfully affixed to the specimen's surface, as illustrated in Fig.
2.3(b). The test protocol dictated that the experiment be concluded when the applied load
had subsided to a satisfactory degree. Notably, the number of specimens employed in this
phase of the study amounted to 3, 6, 6, and 4 for inclination angles of ¢ = 0°, 20°, 45°,
and 75°, respectively.

The ensuing load-displacement curves stemming from each tensile test are presented
in Fig. 2.4. The horizontal axis quantifies the crosshead displacement of the tensile testing
machine, while the legend identifier '4' designates the average adhesive layer thickness
for each specimen. Notably, for ¢ = 0°, 20°, and 45° (Fig. 2.4 (a), (b), and (c),
respectively), a discernible and abrupt decline in load transpires once the proportional
limit is exceeded. Conversely, for ¢ = 75° (Fig. 2.4 (d)), a non-linear deformation profile
emerges beyond the proportional limit.

The failure of adhesive layers, in general, constitutes a multifaceted and nonlinear
phenomenon profoundly influenced by the adhesive's viscoelastic and plastic properties,
which are contingent upon hydrostatic pressure. This is attributed to the formation and
expansion of vacancies within the adhesive layer. In this study, the evaluation protocol
defines the proportional limit, which signifies the demarcation point between the linear
elastic and nonlinear regions, as the pivotal point of adhesive failure strength, rather than

the tensile strength at which adhesive failure occurs.
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Fig. 2.3 (a) Tensile tests machine
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Fig 2.4 Load-displacement curves obtained from experiments; (a) ¢ = 0°, (b) ¢ = 20°,

(c) ¢ = 45°,

(d) ¢ = 75°.
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2.3. Identification and comparison of failure criterion

I; and J, are calculated by the results of experiments according to Egs. (2.5), (2.6), (2.7)
and (2.8). The parameters c;, ¢;, and c3 are estimated by the least squares fit as it is a
quadratic function. According to the fitting, the parameters for the epoxy adhesive are
newly obtained; c; is -9.03 [MPa], ¢, is 0.199 and c5 is -11.5 [MPa?] under c=1.00. The
failure curve is obtained by f = 0, as shown in Fig. 2.5(a) with Poisson’s ratio v of 0.35
and the reference thickness because each sample has a different thickness in the
manufacturing process. The previous result for acrylic adhesive with v= 0.4 [85] is drawn
in Fig. 2.5(b) as a reference with ¢; = —0.200 [MPa], ¢, = 0.0590 and c; = —14.0
[MPa?] under ¢, = 1.00. The failure criteria were established only from the experimental
data collected from single-material pipes. In present research, the failure function is also
established from multi-material pipe specimens and compared with the previous results
to check if the failure function established from single-material pipes is also applicable.

Fig. 2.5 is denoted using a,, and 7, instead of I; and J, due to easier understanding of

their magnitudes. The relationships between both quantities are expressed as g,, = %Il

,z
and Tyer = 5]2.

Then, the comparison of adhesive materials between acrylic and epoxy adhesive
materials is performed to identify the difference on the failure behaviors in multiaxial
stress states. The overall strength of epoxy adhesive is larger than that of acrylic. More
specifically, when a,, is small, in other words, the degree of the adhesive surface of the
pipe specimen is large, which means that the stress applied to the adhesive layer is almost
shear only in acrylic adhesive and epoxy adhesive don’t have much difference, while
when g,,, increases, which means the stress applied to the adhesive layer changes from
pure shear to the combination of shear force and the hydrostatic pressure acting on the
adhesive layer getting large, the difference between .. of acrylic adhesive and epoxy
adhesive also increases. As a result, the strength against shear stress for both epoxy and

acrylic adhesives are similar but the strength to hydrostatic pressure of epoxy adhesive is
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much higher than that of acrylic adhesive. Considering the reason for the difference in
the hydrostatic pressure strength, the void nucleation and growth behaviors should be
discussed. The void nucleation and growth behaviors in the adhesive layer are an
important reason of the mean pressure dependence. During the tensile testing, the changes
of adhesive layer are observed. For acrylic adhesive layer, the voids growth is obvious.
While for epoxy adhesives, the change of adhesive layer is so minor that almost no voids
appear in the adhesive layer. As a result, the effect of void nucleation and growth
behaviors is major for acrylic adhesive but minor for epoxy adhesive. As hydrostatic
pressure has similar meaning with mean pressure, it can deduce that the strength to
hydrostatic pressure of epoxy adhesive is higher than that of acrylic adhesive. As a result,

the failure function can be rewritten as:

— Al 2 I 1 2 /

f = coToet + c2(0m —c1) ~ +c3, (2.14)
; _ 3 I Cq r I C%

Where ¢, = 5€0, €1 = — 72—, C = 9¢y and c3 = ¢3 — e The new parameters are
2 2

c; = 7.56 [MPa], c;, = 1.79 and c5 = —114 [MPa?] under ¢, = 1.5 for the epoxy, while
on the other hand, ¢; = 0.56 [MPa], c; = 0.531 and c; = —14.2 [MPa?] under ¢j = 1.5
for the acrylic using the data obtained in ref. [85]. ¢; suggests how large the hydrostatic
pressure (mean stress) affects the maximum distorsional strength of adhesive material.
The former is much larger than the latter and thus the epoxy adhesive can provide the
maximum strength under dilatation circumstance of around 7.6 [MPa]. Recall that some

linear dashed lines in Fig. 2.5 show the relationship of Eq. (2.11). Each slope equals to

6k, where k(¢, v) is in Eq. (2.11) and determined only by the different angle ¢ for the

same Poisson’s ratio.

27



140 AQ°
120 | B029 x20°
/ a 045°
=100 | . = 034
= " AT
2, 50 | 0.38 e 03} 022 .-
— A L7 0.72 X’
5 . P 048 0.42
= 60 [047 7066 x 04
0.68 . -0:72 ;
/ -7 0.64 \ 0.1
40 L . ,, ”’,“ ﬂ,-‘ﬂ'-'ﬁ
K L7 T -7 046 033
20 T N2 Aot
00 ":-:"“‘| 1 1 1 1 1 1
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0
0, [MPa]
(a) Epoxy adhesive
6.0 J -
,' , A 0°
! X 20°
5.0
O 45°
A 750
4.0
= A 0°(Fe-Al)
A
23_0 | x 20°(Fe-Al)
§ O 45°(Fe-Al)
o
2.0
o -A0s3
© 061
1.0
0.0 -
8.0 10.0

(b) Acrylic adhesive

Fig. 2.5 Failure criterion estimated from experiment results. The number beside the data
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point shows the average thickness of the adhesive layer of the pipe specimen. (a) Epoxy
adhesive (EP-171) (b) Acrylic adhesive (M-600-08), the red data points indicate the

experience data collected from pipes with different materials.

2.4. Thickness dependence of the adhesive layer

Whenever the failure of materials is discussed, it is usually determined only by the
intrinsic strength of materials such as yield stress. However, in the adhesive problem, the
factors affecting the strength are not only properties of adhesive materials but also the
other geometric factors of structure. Among those factors, thickness of adhesive layer has
the most significant effect. As a result, the failure function should be reconsidered as it is
not applicable to adhesive layers with different thickness [ 106]. A scale function, §, which
extends the failure criterion of Eq. (2.13) to different adhesive layer thickness, has been

formulated based on the reference thickness A*[107]:

( - xo) Toctz
bz’

1 12
where |a| = 3 12~ | | =

& was set to 1 when a point (g, Toct) 1S located on the curve of failure function. All

(2.15)

the failure magnitude (g,,, Toct) Of pipe specimen with different thicknesses h have been
substituted into Eq. (2.15) to get the §. And then, the power law of § < h™9%2° for the
epoxy adhesive is obtained in reference to § < h™9%° for the acrylic adhesive [85], as
shown in Fig. 2.6, by a least square fitting between log § and log 4. The reference
thickness was found when log § = 0 because the parameters in Eq. (2.13) are fitted under
f = 0. The reference thickness h* is 0.3 mm for epoxy and 0.4 mm for acrylic. The
absolute value of the power exponent of epoxy adhesive is much smaller than that of

acrylic adhesive. This result suggests that thickness dependence to the failure of epoxy
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adhesive is much weaker than that of acrylic adhesive. A new coefficient c3 of the failure
function which indicates the dependence to the thickness was finally calculated according

to Eq. (2.15) as:

¢; = b? {Z_é - (;)p} (2.16)

where p is the power exponent which is -0.20 with ~* = 0.30 [mm] for epoxy and -0.60
with h* = 0.40 [mm] for acrylic. By modifying the new coefficient c;, the failure
function could be applied to adhesive layer with various thicknesses as shown in Fig. 2.7.
Comparing the results here, for epoxy adhesive, the curves separate in a relatively small
range. While for acrylic adhesive, the curves changed rapidly and separate in a relatively
large range. Considering the reason of the difference on the thickness dependence of two
adhesives, like mentioned before, the strength against the hydro static pressure of epoxy
adhesive is much higher than that of acrylic adhesive, as mentioned before. Also, as
hydrostatic pressure was the main factor which caused the voids occurred in the adhesive
layer, it is easier for the void to occur for acrylic adhesive layer. If the thickness of layer
differ a lot, the effect of the voids will also be obvious, as a result for acrylic adhesive,
the strength will differ a lot according to the differences on thickness, in other words. The
thickness dependence of acrylic is stronger than that of epoxy adhesive.

While the thickness dependence is one of the most important structural factors, the
material properties of adhered materials are also the other important factor which affects
the strength of the adhesive structure. The red curve shown in Fig. 2.5 (b) is established
from the experimental data of multi-material pipes jointed by acrylic adhesive, which
consist of SS400 steel pipe and A5052 aluminum pipe with the outer radius of 45 mm and
the thickness of 3 mm. As the numbers of samples are limited, c; is set to 0 in the least
square fit because the previous result for the single-material pipes [85] gives us the ¢,
close to 0. The parameters are finally obtained as c¢; = 0 [MPa], ¢, = 0.0515 and ¢; =
—19.8 [MPa?] under ¢, = 1.00 for the multi-material curve and as ¢c; = —0.200 [MPa],
c; = 0.0590 and c3 = —14.0 [MPa?] under c, = 1.00 for the single-material.
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Comparing the quantities of the parameters, c;s for both is almost zero and c,s for both
also has similar value with the difference for just 10%. This result shows that the overall
shapes of the single-material failure function and the multi-material failure function are
almost the same and the only difference is the coefficient c;. In other words, this
difference can be treated as the failure function for adhesive layer with different thickness.
As a result, the function can be modified to make them applicable to each other just by
changing a new coefficient ¢z which is modified by h* according to Eq. (2.16). If the
appropriate h* is chosen, the multi-material failure curve can be transferred to keep

identical with the single-material one which means they have the same property.
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Fig. 2.6 Power law of the relation between the scale function § and thickness 4. (a) Epoxy

adhesive and (b) acrylic adhesive.
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Fig. 2.7 The failure criterion dependent to the various thickness 4. (a) epoxy adhesive,

(b) acrylic adhesive [85]

2.5. Conclusion

The failure function of the epoxy adhesive was obtained from the tensile testing using
pipe specimens with inclined cutting surface as there exists a multiaxial stress state at the
adhesive interface.

The obtained failure function of epoxy adhesive was compared with the failure function
of acrylic adhesives obtained in ref. [85]. Both adhesives have a strong mean stress
dependence. The epoxy adhesive has relatively larger strength and the strength to
hydrostatic pressure is much larger than epoxy adhesive. As there is a non-zero peak
points for epoxy adhesive, the failure function was rewritten as Eq. (2.14) suggesting the

place where the hydrostatic pressure affects the maximum distortional strength of
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adhesive material.

The power law for epoxy adhesive was obtained and compared with that for acrylic
adhesive to exam the thickness dependence of the adhesives and the failure criterion for
different mean thickness 4 were obtained that . According to the comparison, Thickness
dependence is weaker in the epoxy adhesive layer than that in the acrylic adhesive layer.
According to the thickness dependence and the results of multi-material specimens shown
in Fig. 2.5 (b), the function can be modified to make them applicable to each other just
by changing a new coefficient c; which is modified by h* according to Eq. (2.16). If the
appropriate h* is chosen, the multi-material failure curve can be transferred to keep

identical with the single-material one which means they have the same property.
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3. Shape Optimization of Adhesive Layer

To successfully engineer a multi-material bonded structure, it is imperative to conduct
a comprehensive assessment of the structural integrity of the bonded components under
multi-axial stress conditions. Equally critical thing is the provision of clear design
guidelines that delineate the appropriate structural configurations to be employed based
on the outcomes of strength evaluations.

As elaborated in Ch. 2, the strength evaluation methodologies for multi-axial stress
conditions encompasses failure functions, quadratic stress criteria, and various other
relevant approaches. In the pursuit of identifying the material parameters necessary for
these evaluations, several test methodologies are at our disposal. These include the
Napkin ring test method, wherein both tensile loads and torque are applied to test
specimens, as well as the Arcan and Arcan tests, all of which are elaborated upon in
Chapter 2. Furthermore, the innovative approach of subjecting cylindrical specimens with
inclined adhesive layers to tensile tests, as expounded in Ch. 2, offers a valuable avenue
for material parameter identification. The insights garnered through these testing methods
enable the evaluation of the structural strength of multi-material adhesive structures,
ultimately facilitating informed and effective design decisions.

As highlighted in the preceding section, it is evident that structural factors exert a
substantial influence on the strength of adhesive structures. Consequently, to enhance the
strength of adhesive structures, it is imperative to consider not only the inherent material
properties of the adhesive but also to delve into the realm of optimal structural design.
This chapter embarks on the journey of shape optimization for the bonding interface, a
pivotal undertaking aimed at fortifying bond strength, grounded in the failure function
gleaned from the experimental outcomes presented in Chapter 2. To obviate stress
concentration vulnerabilities at the open ends, a thin-walled cylindrical butt-bonded

structure is employed as the analytical model for the shape optimization exercise. This
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analytical model is subjected to a combined load consisting of tensile stress and torque
applied at the terminal end. To impart a comparative dimension to the study, two distinct
adhesive materials, namely epoxy and acrylic, are deployed and juxtaposed against each
other. This comparative approach seeks to elucidate how the optimal design

configurations may vary concomitantly upon the specific adhesive material utilized.

3.1. Shape optimization problem for multi-material bonding interface
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In order to perform the shape optimal design of adhesive structures which is induced
to minimize the stress operated in the adhesive layer under the multiaxial stress state, the
objective function should be formulated [90]. The multi-material region with the adhesive

layer is shown in Fig. 3.1.

Adhesive B

Fig. 3.1 Multi-material model consisting of two materials of A; and A, bonded by
adhesion of B; suppose that traction p is applied at boundary I, and body force f acts in

Q. The region is kinematically supported at boundary I3.

The following governing equations including equilibrium equation, boundary
conditions and continuity conditions at the interface hold in the region 0,,(m =

A4, A,, B) with the boundary region of I3, I, and I,,5 (m = A4, A,) in Fig. 3.4.

u; =0onlj, (3.2)
oy = pyon Ty, (23)
O'ir]nnm = —O'.B.n.B on FmB (m = Al'AZ)- (34)

] o

Here, p is the surface traction vector, f is the body force vector and n is the normal
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vector of the boundary. The linear and bilinear functions are defined as following:

am(u: v) = f O-Z;'l(u)gln]'l(v)d'g (m = All AZI B)F (35)
l(v) :f pividf+f fivi dn, (36)
L Q
him(u,v) = f o (Wn/"v;dl' (m = A4, B), (3.7)
FA]_B
hym(u,v) = f o/ (Wn"vdl' (m = Ay, B), (3.8)
T'a,B

where v is an adjoint variable of the function space U expressed by the following

equation:
U={veH(2; R)|v=0o0onT}. (3.9

The governing Egs. (3.1) to (3.3) can be expressed using Egs. (3.5) to (3.8) based on

the principal of virtual work.

ag(u,v) — hyg(u,v) — h,g(u,v) —l(v) = 0,vVv € U. (3.10)

The displacement u required to calculate the objective function must always satisfy the
above governing Eq. (3.10).

It is assumed that v is a continuous function on the interface I, g and I g as follows:
v =vBonl,z (m=A,A)). (3.11)

Then, according to Egs. (3.4) and (3.11), governing Eq. (3.10) can be simplified as:
as,(w,v) + ap,(w,v) + ag(u,v) —l(v) = 0,vv € U. (3.12)

The failure function f based on Eq. (2.13) has a different value dependent to the
stresses occurring in the adhesive layer and the failure happens when f = 0. In order to
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enhance the strength of the adhesive structure, the values of failure function f are
supposed to become uniform throughout the adhesive layer for the applied stress to be
minimized as much as possible. Therefore, the object function is to minimize it in the
adhesive layer region (2 as the sum of squares of failure function f occurring in the whole

adhesive layer as follows [90].

f_QB(f - CB)ZdQ
Find 25 : min F,where F = .
8 [, do
B

(3.13)

In order to avoid diminishment and disappearance of the adhesive layer region 2z, the
constant volume constraint on (25 is imposed. As a result, the shape optimization problem

of the adhesive interface for the multi-material region becomes the following formulas.
min F(Iy,]3),
2B

subject to Boundary — value problem and (3.14)

Vg = Vg where Vg = dQ.
2B
where Vj is the initial volume of the adhesive layer.
The traction method [108] is used to calculate the adjoint velocity field V. For this
purpose, it is necessary to derive the shape gradient function that acts as an external force
term in the traction method. According to the optimization problem set in Eq. (3.14), a

Lagrange functional is defined as:

- ng(f — ¢3)?dQ _[aa, (W, v) — hya, (U, 0) + aa, (W, V) — hyp, (u,v)
J,. dQ +ap(u,v) — hip(u,v) — hyp(u,v) — (V)

+A(Vg — ). (3.15)
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Here, A is the undetermined multiplier of Lagrange. Then, the time derivative of the

Lagrange functional L for the domain variation according to the velocity field V becomes

the following formula:

L =—[as,(wv") +ap,(u,v') + ag(u,v') — 1(v')]

2 [y f'(f = )20

—|aa, (', v) + ay, (W', v) + ag(u’,v) —

f, 4
+A'(Vg — Vg) + L (V), (3.16)
lG(V) = -]- GAanVdI"-i-f GAan'VdF, (317)
T'aB I'a,B

(f —c)®  Jo,f —)%dQ

= 2
faB dQ (fﬂs dQ)
+aing (v — vii)ng + A (m = Ay, Ay), (3.18)

mB — [ai el () — off (We} (v)]

where it recalls that ()" denotes the partial derivative for region variation. From Eq.
(3.16), the term of the velocity field V can be expressed by the shape gradient function
Ga,s and G, g on the adhesive interface I g and Ij,g. According to Eq. (3.16), the

optimal condition for u, v and A of the Lagrange functional L is

ap,(w,v') + a,,(w,v') + ag(u,v') — I(v') = 0,Vv' €U, (3.19)

2 [, f'(f = c)2d0

[, do

ap, (W', v) +ap, (W, v) + ag(u',v) — =0,vu' €U, (3.20)

Here Eq. (3.19) has the same meaning with the governing equation (3.12) calculating
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the displacement # by FEM analysis. Eq. (3.20) is the adjoint equation of the adjoint
variable vector v and Eq. (3.21) is the constraint condition of the volume. According to
the symmetry of a,, (m = A4, A,) and the chain rule of partial derivative, Eq. (3.20) can

be written as:

as, (v, u') +ap,(w,u) + ag(w,u’) — [,(u') =0, (3.22)

Zf_QBf’(f_CS)ZdQ af adij
f-QB da aa'ij duy,

where [,(u") = fﬂs u', dQ,vu' € U.

According to Eq. (3.22), the term of the external force / is replaced by [, and the adjoint
variable vector v can be calculated by FEM analysis.

Finally, the velocity field V is calculated, which is used to update the shape of the

adhesive layer according to the traction method as
aW,w) = =1;(w),V € Cg, VW E (. (3.23)

Here, a(V,w) is the property value of adhesives, [;(w) is obtained according to Eq.
(3.17) and Cg is the allowable function space that satisfies the constraint condition of
region variation.

The flowchart of the numerical analysis for optimization is shown in Fig. 3.2 [85]. The
displacement field u satisfying Eq. (3.19) is calculated by FEM analysis. The values of
stress calculated from the FEM analysis are input into the failure function f of Eq. (2.13)
and the objective function F is calculated. The result is then compared with the value of
F in the previous step. If the difference of the values between the two steps is larger than
1073, the analysis keeps going. The vector field v which satisfies the adjoint equation
(3.22) is calculated by FEM analysis. The obtained displacement field u and vector field
v are used to calculate the shape gradient function according to Eq. (3.18). The velocity
field V is then obtained from Eq. (3.23) by the traction method and is used to update the
shape of the interface. The iteration keeps going until the change rate of objective function
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is less than 1073, Finally, the output result is the optimal design of the adhesive interface.

Optimal design

Boundary-value problem

Convergence

No

Adjoint equation

'

Calculate shape
gradient function

v

Traction method

'

—  Updating the interface

Fig. 3.2 The flowchart of the shape optimization process. The iteration will keep going

on until the change rate of F is less than 1073

3.2. Model and conditions of optimization

A thin-wall pipe joint model which has the thickness of the adhesive with 0.13a, where
a is the diameter of pipe (a =20 mm), is used in the optimization calculation as shown in
Fig. 3.3. The elastic properties of adhered materials as well as adhesives are shown in
Table 3.1 and the parameters of failure criterion are shown in Table 3.2. In order to

simulate the stress state of the bonding between different materials, the upper (A in Fig.
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3.3) and lower (A2 in Fig. 3.3) pipes are made of steel and aluminum, respectively. As
mentioned in the previous section, there always exists a multiaxial stress state in the
adhesive layer so that combined loading conditions should be considered in optimal
design of the adhesive layer as shown in Fig. 3.4. Let @ (= o /7) be aratio of tensile stress
o by tension to shear stress T by torsion, which are applied at both ends of the pipe far
from the adhesive region. Three loading conditions are set as shown in Fig. 3.5. When a
= 0, there is only torsion 7. When a = 2, a combined loading with both torsion 7" and

tension F applied. When a — oo, there is only tension F.

0.015a
1.5a A;; Steel
0.13a B; Adhesive
(Epoxy or Acrylic)
1.5a A, ; Aluminum

Fig. 3.3 Dimension of the thin-wall pipe model used in the optimization analysis. Two

halves are made of different materials and bonded by the adhesives.
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Fig. 3.5 Three different loading conditions of the optimization.
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Table 3.1 Material properties of FEM model

Material Young’s modulus [GPa] Poisson’s ratio
Steel (A7) 210 0.3
Aluminum (A,) 70 0.3
Epoxy adhesive (B) 1.2 0.35
Acrylic adhesive (B) 0.35 0.4

Table 3.2 Material parameters of failure functions for adhesives (B)

Material Co c1 Cy C3
Epoxy adhesive 1.00 -9.03 0.199 -11.5
Acrylic
. 1.00 -0.200 0.0590 -14.0
adhesive

3.3. Shape optimization results and comparison

The optimization calculations using epoxy adhesives are obtained under three different
loading conditions. These results are compared with the optimization results of acrylic
adhesive in ref. [85]. The objective function and volume curves under three loading
conditions are shown in Fig. 3.6. These data are normalized by the initial values of
objective function and the volume of the adhesive layer. In most situations, the values of
objective functions decrease as the number of iterations increases, which implies the
reasonable success of the minimization. For the cases of epoxy with a = 0 and acrylic
with @ — oo, the objective functions slightly increase or don’t change at all because the

original shapes are optimal and thus the initial value of objective function is minimal.

45



@a=0

1.4 12
Acrylic, a=0
12 1 e,
1 0.8 ——Objective
Epoxy, 0 =0
0.8 —Volume
0.6
0.6
——Objective 0.4
0.4
—Volume
02 0.2
0 0
0 10 20 30 40 50 60 0 40 60 80 100
Iteration Number Iteration Number
(b)a=2
1.2 1.2 "
Epoxy, a =2 Acrylic, a =2
1 1
—Objective
08 08
—Volume
0.6 0.6
—Objective
04 04 —Volume
0.2 02
0 0
0 50 100 150 200 10 15 20 25
[teration Number [teration Number
(c)a -
12 1.2 -
Epoxy, a = o Acrylic, ¢ = o
1 1
0.8
08 —QObjective
0.6
0.6 —Volume
0.4 —Objective 0.4
02 —Volume 02
0 0
0 50 100 150 200 5 10 15 20
Iteration Number Iteration Number

Fig 3.6 The objective functions according to the iteration number of optimizations under

three different loading conditions. (a) @« =0, (b) @ =2 and (c) a — 0.

The final shapes of the optimized interfaces of adhesive layers for epoxy and acrylic

[85] adhesives are shown in Fig. 10 under the ratios of @ = 0 (only torsion), 2 and oo
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(only tension). The color map in Fig. 3.7 gives us equivalent stress (von Mises stress)
distribution. From them, the averaged stress of 4.22 [MPa] is rather uniform in most parts
of the adhesive layer and this value is much smaller than the averaged stress of 6.67 [MPa]
in adhered material A and 6.56 [MPa] in A». For different adhesives and different loading
conditions, it is found that the optimization of adhesive structure has a strong dependence

on the failure function of the employed adhesive material.

Epoxy Acrylic

1.000E+01 1.000E+01

[ 8.889E+00 [ 8.889E+00

7.778E+00 7.778E+00

— B.667E+00 — B.667E+00

a=0 — 5.556E+00 ‘ - — 5.556E+00

(Torsion only) = 4.445E+00 —— 4.445E+00

3.334E+00 3.334E+00

2.223E+00 2.223E+00

1.112E+00 1.112E+00

1.000E-03 1.000E-03

1.000E+01 1.000E+01

[ 8.889E+00 [ 8.889E+00

7.778E+00 7.778E+00

— B.BB7E+00 — 6.667E+00

a=2 — 5.556E+00 7 5556E+00

= 4.445E+00 T 4.445E400

3.334E+00 3.334E+00

2.223E+00 2.223E+00

1.112E+00 1.112E+00

1.000E-03 1.000E-03

1.000E+01 1.000E+01

[ 8.889E+00 [ 8.889E+00

7.778E+00 7.778E+00

a - o — B.667E+00 — B.667E+00
: — 55566400 — 5.556E400 L 1

(Tension only) = 4.445E+400 —— 4.445E+00

3.334E+00 3.334E+00

2.223E+00 2.223E+00

1.112E+00 1.112E+00

1.000E-03 1.000E-03

Fig. 3.7 Optimal design of the adhesive layer for epoxy and acrylic adhesives under

three different loading conditions.

3.4. Discussion on the optimization process
3.4.1. Optimization process on the failure curve

In order to examine the optimization process in failure space, each step of the
optimization is traced. According to Eq. (2.14), the failure happens when f = 0 and
therefore any point (g, Tocr) On the curve indicates the failure state of adhesive. In order
to compare the results of optimization with those of experiments, the starting data points
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of the optimization could be scaled onto the failure curve obtained by experiment data
because all the calculations were performed within the linear elasticity. As a result, the
initial data points (.2, 73.) can be transformed to the modified data points (0,,, Tocr) ON

the failure function curve by a multiplier 4 as follows:

0. T
= =—S=4, (3.24)
Um TOCt

where 4 can be calculated by the initial value of (62, 73.) and the parameters of the

failure function as follows:

_ Al -0 r 0y2 __ ! [] 1 02
c10m+J(clam) 4cy (COToct+CZGm )

2
2 (c(’)rgct + cy0, )

A= , (3.25)

On the second issue, optimization is to minimize the objective function in order to
increase the strength of the adhesive structure to the failure. The distance of the design
data point of the optimization from the origin in the failure space should be shortened so
that the data points will get sufficiently inside from the failure curve. According to Fig.
2.5, the distance to the origin § in the failure plane of o, and 7, can be calculated as

follows because o, is orthogonal to 7, in Haigh—Westergard principal stress space.

5= /a,%l + 12 (3.26)

The data points of optimization results were multiplied by 4 and transformed to put the
initial point (n=0) onto the failure curve. The modified data points through the
optimization processes under three different loading conditions are plotted in the failure
space, as shown in Fig. 3.8. The enlarged views of the optimization processes, (I), (II)
and (III), are shown in Fig. 3.9; (a) region (I) of @ = 0, (b) region (II) of @ = 2 and (c)
region (III) of @ — oo. The data points for each 10 steps through the optimization iteration
were all multiplied by 4 and the direction of the optimization is shown along arrows. In

48



order to check whether the optimization process minimizes the object function, the
distances & normalized by the initial value of §, are calculated as shown in Fig 3.10. It is
obvious that § is decreasing as the iteration number n and the process improves the
structural integrity of the adhesive layer. The same results for acrylic adhesive in ref. [90]
are shown in Fig 3.11, 3.12 and 3.13, respectively. From Figs. 3.10 and 3.13 the
optimization can reduce the applied stress level for less than 30% from initial shape for

the epoxy adhesive and up to 50% for the acrylic adhesive.

12.0
— Failure function
® a = 0 multiplied by 4
11
10.0 L‘ ( ) @ ¢ = 2 multiplied by 4
n =10 ® a — co multiplied by 4
=200 4=
E 8.0 nl= 20 =
=R
E
-
4.0
W
20 Fnrn=0ton=100
0.0 1 1 1
0.00 5.00 10.00 15.00
o, |[MPa]

Fig. 3.8 The results of the optimization process on the failure function curve for the epoxy
adhesive. The blue dots, red dots and green dots are the results fora = 0, = 2 and a —

oo, respectively. n is the iteration number of the optimization.
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(b) Region (II) in Fig. 11
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Fig. 3.9 The enlarged view of the optimization results of the epoxy adhesive multiplied

by A. (a) Region (I) of @ =0, (b) Region (II) of @ = 2 and (c) Region (III) of & — co.

1.2

50 100

[teration number »n

Fig. 3.10 The distance between the data points and the origin for the epoxy adhesive.
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Fig. 3.11 The results of the optimization process on the failure function curve for the
acrylic adhesive. The blue dots, red dots and green dots are the results fora = 0, a = 2

and a — oo, respectively. n is the iteration number of the optimization.

30 tp=0 *e S —
*
L]
25 + *
< 4
(=9
= 8
d
‘g, 2.0
=
= Failure function F §
15
® @ = 0 multiplied by 4 ¥
¢
¢
n=100 "
1.0 L
0.0 0.5 1.0 1.5
0,, [MPa]

(a) Region (I) in Fig. 14

52



29 F
n=20 ‘.
'S
fant 28 .
=] -
E
B 27 b
[ s
°
26 b 4 — Failure function
n=25 e « = 2 multiplied by 4
2.5
20 21 22 23 24 25
0,, [MPa
(b) Region (II) 9n Fig. 14
3.2
— Failure function
30 F
@ @ — co multiplied by 4
28
[+ =
a " 1.5‘ N
2 26 F n=0 I —
—
S
=
24 F
22 F
2.0 .
3.0 3.1 32 33
0,, [MPa]

Fig. 3.12 The enlarged view of the optimization results of the acrylic adhesive multiplied

(c) Region (III) in Fig. 14

by A.(I) a =0, (II) a =2 and (II) a — oo.
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Fig. 3.13 The distance between the data points and the origin for the acrylic adhesive.

3.4.2. Shape gradient function and initial condition

Comparing the optimization process of epoxy and acrylic adhesives according to Figs.
3.9 and 3.12, the trends of the data points under loading conditions of @ = 0 and @ = o
have the most obvious difference. Specifically, for « = 0 (only torsion), the data points
of epoxy adhesive stay at the original position while those of acrylic adhesive move
through the optimization process. For @ — oo (only tension), the results are totally
opposite. The movement of the data points indicates the change of ratio between g,,, and
Toct 1n the adhesive layer. As the loading applied to the model is kept constant, the ratio
of o, to T, observed in the adhesive layer can only be changed by the shape change of
the adhesive layer. Looking back in Fig. 3.7, the shape of layer for the epoxy adhesive
stays the original shape under « = 0 and the shape of that for the acrylic adhesive keeps
the original shape under ¢ — oo. Considering the reason for these optimized behaviors,
the shape gradient function of Eq. (3.17), has been investigated. According to Eq. (3.17),
lg, which is calculated by the shape gradient function, indicates the change rate of the
work done by the driving force on the adhesive interface which causes the shape change
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of the adhesive layer. The values of [; through the first several steps of the optimization
process for epoxy and acrylic adhesives are obtained, as shown in Fig. 3.14 for « = 0 and
Fig. 3.15 for & — oo, respectively. The red line shows the result of epoxy adhesive and
the blue line shows that of acrylic adhesive. For ¢ = 0, the value of shape gradient
function for acrylic adhesive is positive so that the driving force causes the shape change
along the positive direction and then the angle of the adhesive layer gets larger. However,
for epoxy adhesive, the value of shape gradient function is negative so that this
optimization is impossible. As a result, the shape of the adhesive layer only stays at the
initial one. For @ — oo, the value of shape gradient function is positive for epoxy adhesive
but negative for acrylic adhesive so that the shape change has an opposite pattern with
that of @ = 0. This fact concludes that the initial shape for optimization is strongly
affected to the final shape and the shape gradient function is the definite indicator

wherever the present initial model is appropriate or not for the multi-material design.

0.5

—e—Epoxy

e S—

_01 1 T
1to2 2to3 3to4 4to5

Iteration Step

Fig 3.14 The shape gradient function of epoxy and acrylic adhesives for the first 5 steps

of optimization under the loading condition & = 0.
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Fig. 3.15 The shape gradient function of epoxy and acrylic adhesives for the first 5 steps

of optimization under the loading condition a — co.

3.5. Conclusion

To address the challenge of enhancing the strength of adhesive structures under
multiaxial stress conditions, a shape optimization problem was formulated, taking into
account the contrasting characteristics of failure functions for different adhesive materials.
Throughout the optimization process for both adhesives, it is notable that the distances of
the design data points from the origin within the failure plane defined by a,, and 7,
progressively diminish. This observation underscores the effectiveness of the
optimization procedure in terms of objective function minimization.

Upon achieving optimal configurations, it was evident that the application of these
refined shapes could lead to a notable reduction in applied stress levels. Specifically, for
the epoxy adhesive, the optimized shape resulted in a stress reduction of approximately
30% compared to the initial configuration, while for acrylic, this reduction amounted to
an impressive 50%. This outcome underscores the capacity of these final shapes to
significantly enhance the mechanical integrity of the adhesive layer.
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The driving force behind the geometric transformations of the adhesive layer is
encapsulated by the shape gradient function. This function plays a pivotal role in
governing the response of the adhesive layer under the influence of mean stress and shear
stress. Notably, the shapes of the adhesive layers remain unaltered for the epoxy adhesive
when a = 0 and for the acrylic adhesive when a approaches infinity. This characteristic
serves as a valuable indicator, shedding light on the suitability of the initial model for

multi-material design endeavors.
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4. Evaluation of Plastic Formability of Metal Laminates

Bonded by Adhesives

The advantage of adhesive bonding lies in the lightweight nature of the adhesive
materials, setting it apart from traditional mechanical fastenings. This attribute makes
adhesive bonding an appealing choice for achieving cohesive bonds between dissimilar
materials. Multi-material design is generally applied to the frame of structures where the
strength of the bonded parts is crucial. In the automotive sector, a substantial utilization
of metal laminates in body construction is evident. This practice not only facilitates
diverse designs of automobile frames but also introduces the potential for significant
weight reduction through the incorporation of metal laminates. To ascertain the viability
of implementing multi-material configurations with laminates and to facilitate their
integration into industrial production processes, a comprehensive evaluation of the plastic
formability of bonded multi-material metal laminates is imperative.

Conical cup testing method, a comprehensive approach that amalgamates direct and
composite assessment techniques to evaluate plastic formability, was employed in this
research. The method employs a tapered die to induce a spectrum of deformations,
including shrinkage flange deformation, elongation flange deformation, and rupture at the
punch's base. This procedure serves to evaluate both the forming force and forming limits
of metal laminates. The evaluation is carried out using a conical cup testing apparatus that
has been developed based on the specifications outlined in JIS Z 2249, enhanced with
upgraded observation features.

The investigation encompasses the evaluation of multi-layer specimens composed of
aluminum and SPCC materials bonded by epoxy and acrylic adhesives. By comparing
load-displacement relationships and post-testing specimen characteristics with those of
single-layer specimens of varying thicknesses, fashioned from the same materials, the
study assesses the formability of these multi-layer specimens. This comprehensive
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evaluation takes into account not only material properties but also the influence of

structural factors, providing insights into the formability of multi-layer laminates.
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4.1. Preparation of conical cup testing
4.1.1. Design of testing machine

A conical cup test apparatus was meticulously engineered in strict accordance with the
specifications delineated in JIS Z 2249. The comprehensive design and assembly of this
specialized equipment are visually presented in Fig. 4.1. The apparatus features a
meticulously crafted spherical ball, boasting a diameter of 20.64 mm, which is diligently
propelled by a cylindrical punch. The primary objective here is to apply precisely
controlled axisymmetric pressure to the specimens, thereby inducing deformation within
specially designed jigs. These specimens undergo the deformation process within conical
dies, characterized by a 60-degree angle. Notably, the jigs are equipped with a central
aperture at their base, measuring 24.4 mm in diameter.

In the initial design of the standard conical cup test, the examination of specimens was
limited to post-testing observations, as the jig functioned as a self-contained system with
the lower sections of the specimens remaining concealed. Recognizing the need for
enhanced visibility, a novel see-through aperture was introduced. This enhanced design
incorporates a mirror system within the lower section of the jig, as visually depicted in
Figure 2. This ingenious addition facilitates a clear view of the lower aspects of the
specimens, as exemplified in Fig. 4.2(a) and (b). To further augment the real-time
observational capabilities, a camera, complemented by LED illumination, was integrated
to capture dynamic alterations in the bottom view, as illustrated in Fig. 2(c).

Throughout the testing process, the punch was methodically set to operate at a
controlled speed of 0.5 mm/min. Testing persisted until a noticeable reduction in the

reaction load became evident, at which juncture the test was duly concluded.
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Fig. 4.1 Conceptual diagram and assembled view of conical cup testing.
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Fig. 4.2 Newly designed see-through aperture designed to observe specimens during the
testing; (a) viewing port, (b) mirror inside the base jigs, and (c) recording system

consisting of camera and LED.
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4.1.2. Manufacturing process of specimens

The test specimens are circular sheets, each featuring a diameter of 50 mm. An integral
component of evaluating the formability of both multi-layered and single-layered
specimens bonded with adhesives involves a comprehensive comparative analysis with
their unitary counterparts. This investigation is further designed to unravel the distinctive
effects arising from varying materials and specimen thicknesses. The laminated metal
sheets in this study were composed of A1050 (pure aluminum with a purity exceeding
99.50%), A5052 (an Al-Mg aluminum alloy with a magnesium content ranging from 0.5%
to 5.6%), and SPCC (Steel Plate Cold Commercial with a carbon content not exceeding
0.15%). A detailed breakdown of the materials, adhesives, and thicknesses pertaining to
the unitary specimen and layered specimens are presented in Table 4.1 and Table 4.2,
respectively.

The manufacturing process for the layered specimens is listed as follow and visually
delineated in Fig 4.3.

(@) This process commences with the uniform application of adhesives onto
rectangular metal plates, measuring 220 mm x 120 mm, with meticulous attention
to achieving uniformity and eliminating any visible air bubbles, as depicted in Fig
4.3(a).

(b) Acrylic adhesive (HardlocTM: M-600-08, Denka Co., Ltd.) was formulated by
blending two distinct resins, while epoxy adhesive (EP-171, CEMEDINE Co.,
Ltd.) constituted a single-component resin. Subsequently, an identically sized
metal plate is placed over the adhesive-coated surface, firmly secured using
substantial steel plates and clamps, as exemplified in Fig. 4.3(b).

(c) In the case of acrylic-bonded specimens, complete curing was achieved within 20
minutes at room temperature. Conversely, specimens bonded with epoxy adhesive
necessitated a heat treatment process at 130°C for a duration of 30 minutes,
facilitated by a heating furnace, as illustrated in Fig. 4.3(¢).

(d) Following the curing phase, any excess adhesive was meticulously removed,

63



culminating in the fabrication of three circular specimens, each featuring a 50 mm
diameter, via a punching operation, as portrayed in Fig 4.3(d).

It is worth noting that for the single-layered specimens of A5052 and SPCC, as well as
the multi-layered specimens bonded with epoxy, the adhesive layers were delaminated
during the punching operation as shown in Fig. 4.4. This occurred due to the limited
ductility of epoxy adhesives in contrast to acrylic adhesives, resulting in the absence of a
significant plastic as shown in Ch. 2. Consequently, epoxy-bonded specimens were more
susceptible to shear forces during the punching manufacturing process, leading to
delamination. Given this consideration, the subsequent testing and comparative analysis

primarily relied on data obtained from specimens bonded with acrylic adhesives.

Table 4.1 Material and thickness of unitary specimens.

. Thickness
Type Material
[mm]
Unitary A1050 1.6
Unitary A5052 0.61.2
Unitary SPCC 0.6,1.2

Table 4.2 Material and thickness of layered specimens.

Thickness

Type Material Adhesive
[mm]

Single-layered | A1050&A1050 Epoxy 0.8+0.8+a
Single-layered | A5052&A5052 Acrylic 0.6+0.6+a
Single-layered | SPCC&SPCC Acrylic 0.6+0.6+a
Multi-layered | A5052&SPCC Acrylic 0.6+0.6+ a
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Fig. 4.3 Manufacturing process of bonded specimens; (a) pouring adhesives, (b) fixed by
clamps and steel plates, (c) curing in the heating furnace, and (d) punched to circular

plates.

Fig. 4.4 Multi-layered specimens bonded by epoxy adhesives delaminated during the
punching manufacturing process.

4.2. Testing results of conical cup testing
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4.2.1. Load-displacement curves of unitary specimens

The unitary specimens, which were not layered with adhesive, were subjected to the
initial testing procedures, serving as the fundamental benchmark dataset for subsequent
evaluations encompassing both multi-layered and single-layered specimens. The
prescribed test protocol involved the application of a controlled punch speed set at 0.5
mm/min, with the test concluding upon the distinct and sharp decline in load, signifying
the point of failure.

The unitary specimen category encompassed three distinct types. These included pure
aluminum (A1050) specimens with a thickness of 1.6 mm, aluminum alloy (A5052)
specimens with thicknesses of 0.6 mm and 1.2 mm, and SPCC specimens with
thicknesses of 0.6 mm and 1.2 mm. The load-displacement curves, derived from the
outcomes of the testing of A1050 and A5052 specimens, are presented in Fig 4.5(a), while
those pertaining to SPCC specimens are depicted in Fig. 4.5(b). Recall that the
abbreviation of specimens in Fig. 4 denotes the kind of material, thickness and No. of test
specimen such as “AL16-2” which is No.2 specimen of “AL”uminum (A1050 or A5052)
with a 16 mm thickness. On these plots, the horizontal axis represents the stroke
displacement, while the vertical axis signifies the load exerted by the punch. These load-
displacement curves serve as pivotal indicators of the overall performance of the conical
cup testing methodology.

The assessment of the testing process can be delineated into two distinctive phases. In
the initial phase, spanning from 0 mm to approximately 15 mm, the metal sheet
experiences elongation as the drawing forces progressively increase due to the punch,
marking the initiation of plate deformation. Subsequently, in the second phase,
commencing at approximately 15 mm, a notable transition unfolds. As the stroke reaches
this pivotal point, the fundamental drawing force begins to decline, a consequence of the
diminishing flange area. However, a noteworthy phenomenon occurs: as more material is
drawn into the die cavity, the contact area between the shell and the die undergoes
significant expansion. This amplified contact area gives rise to an augmented reaction
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force from the die, consequently heightening the frictional resistance to drawing and, in
turn, amplifying the draw force. Consequently, the total force escalates rapidly as the
stroke progresses, culminating in its ultimate value upon the completion of drawing,
immediately preceding the failure event marked by a sharp and abrupt decline in punch
forces.

This discernible behavior in conical cup testing, characterized by two distinct phases,
is a recurring pattern. However, it is essential to note that the specific transition point
within these phases may exhibit variations contingent upon the materials and thicknesses

being considered.
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Fig. 4.5 Load-displacement curves of unitary specimens with different thickness; (a)

A1050 and A5052, (b) SPCC.

4.2.2. Load-displacement curves of single material-layered specimens

Single (material)-layered specimens, comprising pure aluminum (A1050), aluminum
alloy (A5052), or SPCC, were subjected to testing, and their resulting data were
meticulously collected. These specimens encompassed pure aluminum (A1050) bonded
with epoxy adhesive, featuring a thickness of 1.6 mm in addition to the adhesive layer
thickness as indicated in Table 4.2. Similarly, aluminum alloy (A5052) specimens were
adhered using acrylic adhesive, boasting a thickness of 1.2 mm plus the adhesive layer
thickness. Additionally, SPCC specimens were bonded with acrylic adhesives and
possessed a thickness of 1.2 mm, inclusive of the adhesive layer thickness.

The load-displacement curves stemming from the testing data for A1050 are visually
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presented in Fig 4.6(a), while the curves for A5052 are illustrated in Fig 4.6(b), and those
pertaining to SPCC specimens are exhibited in Fig 4.6(c). Recall that the abbreviation of
specimens in Fig. 5 denotes the kinds of material and adhesive, and No. of test specimen
such as “AEA-4" which is No.4 specimen of “A”’luminum (A1050 or A5052) bonded
with “E”poxy adhesive and “SAS-3” No.3 specimen of “S’teel (SPCC) bonded with
“A”crylic adhesive. In these figures, the horizontal axis denotes strokes, whereas the
vertical axis signifies the load applied by the punch. As expounded in Section 3.1, the
outcomes align with the typical behavior observed in conical cup testing. Initially, the
reaction forces exhibit a gentle increase, subsequently transitioning into a rapid ascent
after reaching the 15 mm mark.

The dataset comprises five A1050 samples showcased in Fig. 4.6(a), three A5052
specimens displayed in Fig 4.6(b), and an additional three SPCC samples depicted in Fig.
4.6(c). Notably, samples of the same material consistently exhibit remarkably consistent
performance. Although the failure points exhibit variations due to disparities in adhesive
conditions and the manufacturing process, they consistently cluster within proximity,
differing by less than 10%. Consequently, it is evident that the specimens exhibit
trustworthy reproducibility, with the single SPCC-layered specimens particularly
demonstrating high reliability. It is worth mentioning that the load drops differ between
aluminum and SPCC, with the former exhibiting a sharp drop, and the latter displaying a
milder descent. This disparity may be linked to the development of surface roughness
characteristics and subsequent plastic instability in thickness. The former experiences a
rapid strain gradient and strain concentration, swiftly reaching the final failure point

immediately after the maximum point.
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Fig. 4.6 Load-displacement curves of single material-layered specimens; (a) A1050

bonded by epoxy, (b) A5052 bonded by acrylic and (¢) SPCC bonded by acrylic.

4.2.3. Load-displacement curves of multi materials-layered specimens

Multi (materials)-layered specimens, comprising aluminum alloy (A5052) and SPCC,
were subjected to testing, which data were meticulously collected. These specimens were
securely bonded using acrylic adhesive, with a uniform thickness of 1.2 mm (0.6 mm +
0.6 mm) plus the adhesive thickness (see Table 1). Four samples were subjected to testing,
with three of them arranged such that the Al face was oriented upward (denoting as AAS-
1 to AAS-3 in Fig. 4.8), while the fourth had the SPCC face positioned upward (denoting
as SAA-1 in Fig. 4.8), as visually represented in Figs. 4.7 (a) and (b).

The ensuing load-displacement curves are illustrated in Fig. 4.8. The captions of both
axes are the same as the previous. Consistent with Sec. 4.2.2, the results align closely
with the typical characteristics of conical cup testing for both materials, as shown in Fig.
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5. Initially, the reaction forces exhibit a gentle increase, followed by a notable acceleration
after reaching the 15 mm threshold. Until this stage, the behavior is governed by that of
SPCC because it is close to that in Fig. 4.6(c). However, the final rupture feature of sudden
drop in load is similar to that of Al in Figs. 4.6 (a) and (b). Therefore, the process of
deformation is dependent on the material with higher stiffness (SPCC in this case) and
the final fracture dominantly happens in material side with the larger surface roughness
which might induce the localized necking (Al in this case).

It is notable that the performance of the two testing orientations, with either the Al face
or the SPCC face oriented upward, demonstrates remarkable similarity. This observation
suggests that the orientation of the multi-material configuration has minimal influence on
the formability of the multi-layered metal sheet. Furthermore, the congruence observed

across the four curves underscores the reproducibility and reliability of the testing

procedure.
AAS: A5052-Acrylic-SPCC SAA: SPCC-Acrylic-A5052
F F
A5052 SPCC
SPCC (@)  A5052 (b)

Fig. 4.7 The orientation of multi-material specimens (a) A5052 over SPCC, (b) SPCC
over A5052.
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Fig 4.8 Load-displacement curves of single material-layered specimens; AAS-1 to AAS-

2 representing Al face-up and SAA-1 representing SPCC face-up.

4.3. Considerations and discussions
4.3.1. Post-testing specimens and C.C.V.

In Fig. 4.9, we present typical visual post-testing representations with the Conical Cup
Value (C.C.V.) [97] averaged using all the corresponding samples in Table 4.3, which is
calculated as the average of the maximum and minimum outer edge diameters of

specimens:

Dax + Do
C. c.v.=w. (4.1)

In the context of unitary plates, it is notable that the C.C.V. tends to be more substantial
for thinner plates, particularly those with a thickness of 0.6 mm. This observed trend is

indicative of the diminished formability associated with these specimens, which becomes
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evident when analyzing the load-displacement curves illustrated in Fig. 4.5. For single
aluminum-layered specimens, both A1050 and A5052, the C.C.V. values are quite similar
to those of the unitary plates with the same thickness, reflecting a similar level of
formability. However, in the case of single-layered SPCC specimens, the C.C.V. is
notably smaller than that of the unitary plates, indicating a lower level of plastic
formability. This discrepancy suggests that SPCC is less formable in comparison to
aluminum when it comes to single-layered configurations.

In contrast, for the multi-layered specimens composed of A5052 and SPCC (or SPCC
and A5052), the C.C.V. represents an intermediate value when compared to single-layered
plates made from the same materials and featuring identical thicknesses. This observation
suggests that the combination of materials and layering does not significantly alter the
formability compared to single-layered configurations with the same materials and
thickness.

Furthermore, it is important to highlight that discernible instances of local buckling are
observable in the outer edges of plates with smaller thickness, particularly in the unitary
plates. However, such phenomena are absent in thicker plates and those that have been
adhesively bonded. This local asymmetrical deformation in the thinner unitary plates
leads to structural instability during the testing process, which is not observed in thicker

plates and multi-material layered specimens.
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Fig. 4.9 Post-testing specimens of all types with details shown in Table 2. (a) to (e)

Unitary, (f) to (h) single-layered and (i) to (j) Multi-layered specimens.
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Table 4.3 Average Conical Cup Value (C.C.V.) for all types of specimens.

Specimens Specimens type (thickness
P P ype C.C.V [mm]
No. [mm)])
Unitary A5052
a v 45.8
(0.6)
Unitary SPCC
b N 42.1
(0.6)
Unitary A1050
C v 39.6
(1.6)
Unitary A5052
d v 41.2
(1.2)
Unitary SPCC
e Y 40.1
(1.2)
Single-layered A1050
f s 39.8
(0.8 +0.8)
Single-layered A5052
g 41.0
(0.6 +0.6)
Single-layered SPCC
h 33.5
(0.6 +0.6)
Multi-layered A5052-SPCC
1 37.3
(0.6 +0 .6)
Multi-layered SPCC-A5052
] 37.3
(0.6 +0 .6)
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4.3.2. Specimens during the testing process

As illustrated in Fig. 4.5(a) and Fig. 4.9(a), the unitary aluminum plates with a
thickness of 0.6 mm exhibit structural instability at approximately 12 mm of stroke during
testing. However, when these same 0.6 mm aluminum plates are effectively bonded with
adhesive (as single A5052-layered specimens), they remain stable at the 12 mm stroke,
as depicted in Fig. 4.6(b) and Fig. 4.9(g). Remarkably, they are capable of achieving a
fracture point equivalent to that of thicker unitary plates in Fig. 4.5(a).

To investigate the root cause of this phenomenon, we selected four types of samples
for further examination. These included unitary A5052 specimens with thicknesses of 0.6
mm and 1.2 mm, a single A5052-layered specimen with a thickness of 1.2 mm
(comprising two 0.6 mm layers bonded together with adhesive), and another single
AS5052-layered specimen without any adhesive, effectively representing two simply
stacked single-layered specimens. Testing was carried out, and the specimens were
extracted from the jigs when the stroke reached 12 mm.

Visual inspection of the specimens at this 12 mm stroke juncture provided valuable
insights. For the unitary specimens with 0.6 mm (Fig. 4.10(a)) and the single-layered
specimens simply stacked without any adhesive (Fig. 4.10(b)), evident signs of
asymmetrical deformation patterns and local buckling were observed at an early stage. In
contrast, the single-layered bonded specimens (Fig. 4.10(c)) displayed symmetrical
deformation without any indications of local buckling. This behavior closely resembled
that of the unitary specimen with a thickness of 1.2 mm (Fig. 4.10(d)). Consequently, it
can be inferred that the adhesive layer serves to enhance the stability of bonded thin plates,
preventing asymmetrical deformation and averting local buckling. This transformation
effectively enables the two bonded plates to function cohesively as a single thicker plate,

thus contributing to the observed structural stability.
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Fig. 4.10 Specimens during the testing at 12 mm stroke; (a) unitary Al plate with
thickness of 0.6 mm, (b) Simply stacked two Al plates (0.6 mm, 0.6 mm), (c) single
AS5052-layered plate bonded by acrylic adhesive (0.6 + 0.6 mm), and (d) unitary Al. plate

with thickness of 1.2 mm.

4.3.3. See-through aperture for in-situ observation

As elucidated in Section 4.1.1, conventional enclosures in the experimental setup
cannot directly observe the evolving states of the specimens during testing. However,
gaining insights into the behavior of specimens, particularly in their final stages of testing,
is pivotal for a comprehensive understanding of their exact forming limit. To address this
issue, a purposefully designed veining port featuring a mirror system was meticulously
developed to facilitate the observation of the bottom of the specimens, as showcased in
Fig. 4.11.

The results presented in Section 3 underscore the shared characteristics of conical cup
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testing across various specimen types. In this context, we provide an illustrative example
of observation findings from single A5052-layered specimen (denoting as AAA-2 in Fig.
5(b)), which are correlated with corresponding points on the load-displacement curves
(Fig. 4.12).

Let AD be the distance between the instant stroke and the load dropping stroke as:
AD = Dinstant — Ddropping- (4.2)

Notably, at a juncture situated approximately 0.1 mm, several snapshots just before and
after the point of load drop in the load-displacement curve, ranging from -0.1 to 0.1 mm,
are taken in Fig. 4.12. And a conspicuous localized necking manifests along the
circumferential direction around the central bottom of the specimens. This necking along
thickness exhibits rapid growth, as depicted in Fig. 4.12 (a) to (b). Subsequently, it
transforms into a fracture in close proximity to the load-drop points, as illustrated in Fig.
4.12 (c). The fracture expands outward, coinciding with a rapid reduction in load as shown
in Fig. 4.12 (d) to (e). Based on these observations, it is apparent that the discernible
necking happens nearly close to the load peek in the curves. Even if the forming limit
estimated from the load-displacement curves, the error is negligibly small.

Images of other types of specimens (multi-layered and unitary specimens) at the same
stage (AD ranging from -0.1 to 0.1) are presented in Figure 4.13. It is evident that
specimens of different types at the same stage share similar characteristics in terms of the
fracture growth process. Necking occurs and progresses close to the points where the load
starts to drop, and it grows rapidly, nearly simultaneously with the reduction in load. This
observation underscores the functionality of the see-through aperture in allowing for the
in-situ observation of specimen behavior.

While in this study, the growth of necking and fracture aligns closely with the load
drop, it is plausible that in other cases, the behavior of necking growth might precede or
follow the load drop points. Therefore, the see-through aperture serves as a valuable tool

for researchers, facilitating a better understanding of the precise timing and characteristics
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of necking and fracture in various scenarios.

Specimen

Mirror with the base

Fig. 4.11 Conceptual diagram of the see-through aperture and the example image

observed from the viewing port.
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Fig. 4.12 Different stages of specimens observed from the see-through aperture during
juncture situated approximately 0.1 mm before and after the point of load drop with the

corresponding points in load-displacement curve.
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(©)

Fig. 4.13 Different types of specimens observed from the see-through aperture at the
same stage of AD ranging from -0.1 to 0.1. (a) single-layered A5052 specimen, (b) multi-
layered A5052-SPCC specimen and (c) unitary A5052 specimen.
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4.3.4. Comparison among different types of specimens

Figure 4.14 provides an insightful comparison between single (material)-layered
specimens and their unitary counterparts. It is worth noting that the data in Fig. 9 suggests
that the adhesive's influence enables a material with half the plate thickness to exhibit
equivalent or even superior plastic formability in comparison to a material with twice the
plate thickness. As discussed in Section 4.3.2, the layered material by the adhesive
appears to play a pivotal role in enhancing the stability of bonded thin plates, ensuring
more uniform deformation while inhibiting local buckling. Consequently, this
augmentation of formability effectively elevates the half-thickness plates to a level of
performance comparable to that of a material with double the thickness, particularly in
the context of aluminum. For SAS (single SPCC-layered specimen bonded by acrylic
adhesive) in Fig. 4.14, a substantial increase in forming limits for 40% is discernible,
underscoring the formability enhancements enabled by the adhesive. This observation
highlights the critical role played by the properties of the parent material in determining
the efficacy of adhesive interventions.

The outcomes from multi-layered specimens are then compared with those of unitary
and single-layered specimens, as illustrated in Fig. 4.15. Strikingly, the multi-layered
specimen (AAS; “A”luminum alloy 5052 and “S”PCC bonded by “A”crylic adhesive)
exhibits a significantly expanded forming limit, marked by an approximate 40% increase
when contrasted with the unitary A5052 (denoting as AL12 in Fig. 4.15), and by 35%
increase when done with the unitary SPCC (SP12). This remarkable enhancement in
formability can be attributed to the adhesive's capacity to augment stability, as discussed
in Section 4.3.2. In comparison to the single SPCC-layered specimen (SAS), it's evident
that the form limiting has a slight decrease with a remarkable reduction of weight.
Specifically, there's only a mere 5% reduction in the forming limit. This signifies
commendable performance, especially when considering that the total weight of the
structure experiences a reduction of approximately 33% compared with unitary (SP12)
and single-layered specimens (SAS). Conversely, when compared to the unitary (AL12)
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and single A5052-layered specimen (AAA), the multi-material specimen (AAS)
showcases a substantial improvement that the forming limit increases a commendable 40%
expansion. The results discussed in this section underscore the positive influence of
bonded multi-layer structures on enhancing the formability of single-layered specimens.

In reference to Fig. 4.14, it is also noteworthy that the forming limits observed in the
cases of single A1050-layered specimens bonded by epoxy adhesive (AEA) and single
AS5052-layered specimens bonded by acrylic adhesive (AAA) closely align with those of
unitary specimens (AL12 and AL16), respectively, which are composed of identical
materials and maintains a consistent total thickness. Conversely, the forming limit for
SPCC exhibits a big improvement, as it can accommodate larger deformations with longer
strokes in comparison to its unitary counterpart (SP12 and SAS). To elucidate the
rationale behind this phenomenon, it is imperative to consider the contribution of the
adhesive to the growth of surface roughness of metals, as schematically shown in Figs.
4.16 and 4.17.

During the plastic deformation of plate, the microscopic surface roughness is, generally,
linked mainly to the rotation of crystalline grains faced to the surface due to the less
constraint. The abrupt localized growth of surface roughness leads the local necking in
the plate thickness direction, which can be recognized as the forming limit. Consequently,
the delay in localization due to some constraint facilitates uniform deformation and
increases the plastic formability [110], [111]. If the surface roughness in SPCC could be
smaller than that of aluminum under the same loading state, the forming limits are
expanded due to the adhered effect, as shown in Fig. 4.16. Conversely, for aluminum as
shown in Fig. 4.17, the surface exhibits larger roughness than SPCC [112], probably
resulting in interface local delamination between the adhesive layer and the surface of
adhered metal during deformation and inducing the earlier necking. However, it should
be noted that the layered material with two unitary ones with half thickness guarantees
the same performance as the unitary material with double thickness due to the adhered
effect, as shown in Fig. 4.14.
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Fig. 4.14 Comparison between single-layered specimens of A1050 (denoting as AEA),
A5052 (AAA) and SPCC (SAS) and their unitary counterparts with the same thickness
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Fig. 4.15 Comparison between multi-layered specimens (AAS) and single-layered (AAA

and SAS) as well as unitary specimens (AL12 and SP12).
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4.4. Conclusion

This chapter introduces a novel approach utilizing multi-layered plates bonded by
adhesive, complemented by a specialized testing methodology based on conical cup
testing. Unitary specimens of aluminum A1050, A5052, and steel SPCC, single
(material)-layered specimens of A1050 bonded by epoxy adhesive, A5052 by acrylic, and
SPCC by acrylic, and multi (materials)-layered specimens of A5052 and SPCC by acrylic
were produced and tested. The examination of post-testing specimens, conducted at a 12
mm stroke, provides compelling evidence for the adhesive layer's role in augmenting the
stability of bonded thin plates. This adhesive intervention effectively curtails
asymmetrical deformation and forestalls the onset of local buckling.

Comparative analyses encompassing unitary specimens and single-layered specimens
reveal an intriguing trend. In the scenario involving unitary specimens and single-layered
specimens, each possessing an identical thickness of 1.2 mm and 1.6mm, the formability
of the bonded specimens witnessed substantial enhancements. The inhibitory effect on
surface roughness is considered to attribute the phenomenon of that the abrupt localized
growth of surface roughness leads the local necking in the plate thickness direction. That
1s, it can facilitate the uniform deformation and increase the plastic formability due to the
adhesive effect. Specifically, the forming limit reached a similar level with unitary
specimens and had a slight increase of 4% exhibited for aluminum of A1050 and A5052
but exhibited a remarkable 40% increase for SPCC. This observed disparity in formability
can be attributed to disparities in surface roughness characteristics between the materials.
The influence of the adhesive is contingent upon the surface roughness of the adhered
materials. Specifically, it is observed that delamination tends to manifest more readily on
surfaces characterized by rougher textures. This propensity for delamination on rough
surfaces exerts a pronounced impact on the efficacy of the adhesive interaction, marking
a critical consideration in assessing adhesive performance. Furthermore, when examining
the adhered specimens and the unitary ones sharing the same thickness of 0.6 mm, the
transformative impact on formability becomes particularly pronounced. Here, the
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forming limit witnessed a striking increase, becoming 217% for A5052 and 176% for
SPCC. This result suggests that the adhesive bonding factor manifests a formability akin
to that of materials with double the thickness. This outcome signifies a remarkable
enhancement in formability, chiefly attributed to the utilization of bonded multi-layer
structures.

The comparative analyses of multi-layered specimens of A5052 and SPCC against the
unitary specimens of A5052 or SPCC and the single-layered specimens using A5052 or
SPCC serves as a poignant illustration of the significant influence exerted by adhesives
on the endeavor of weight reduction through multi-materialization. The formability of the
multi-layered specimens exhibited substantial enhancements, resulting in a notable 40%
and 35% increase in the forming limit for A5052 and SPCC, respectively. Remarkably,
this enhancement in formability was achieved concurrently with a commendable 33%
reduction in weight compared with the unitary SPCC of the same thickness, underscoring
the efficacy of the adhesive's role in this deformation process. These findings pertaining
to multi materials-layer plates suggest that the adoption of adhesive bonding in plate
materialization yields acceptable performance metrics, particularly in terms of achieving
substantial weight reduction without compromising structural integrity. These results
underscore the constructive influence of bonded multi-layer structures in enhancing the
formability of single-layer specimens, and they hold significant promise in advancing

materials engineering for weight reduction in various applications.
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5. FEM Simulation of Conical Cup Testing

In Chapter 4, we employed the conical cup testing method that assesses the combined
plastic formability of layered metal laminates bonded by adhesives. We conducted a
detailed examination and comparison of the results obtained from three types of
specimens. The conventional conical cup testing functions as an enclosed system, making
it possible to gather and observe specimens only after testing has been completed. On the
other hand, the original inclusion of a see-through aperture enhances the in-situ
observation of the bottom of the specimens. Furthermore, the deformation process in
conical cup testing encompasses a wide range of changes, including shrinkage flange
deformation, elongation flange deformation, and rupture at the base of the punch.
Consequently, the data collected from the testing is limited to load-displacement relations
for the entire specimens quantitatively during the deformation, leaving critical details
such as how the stress within the adhesive layer evolves during the deformation process
unattainable through experimental means.

To gain a more comprehensive understanding of these crucial factors during testing,
finite element analyses (FEM) were conducted using the same conical cup testing models.
The FEM analyses allowed us to examine the performance of the concealed aspects of
the specimens.

In this chapter, conical testing jig models were constructed and explored their use in
FEM. We designed various patterns for the FEM models of specimens and thoroughly
discussed their applicability. To ensure the accuracy of our analyses, we collected material
properties for the same metals (Aluminum and SPCC) used in the FEM analyses by the
uniaxial tension tests. These material properties were also compared with data obtained
from the other reference sources.

An extensive comparative FEM analysis for different specimen types was constructed,

including unitary, single(material)-layered, and multi(materials)-layered specimens. The
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findings from these analyses were further compared with the results of the experiments
discussed in Chapter 4. A specific focus of our investigation was on the stress state within
the adhesive layer. To gain deeper insights into the behavior of the adhesive layer during
conical cup testing, we plotted the stress data onto the failure criterion curves, as detailed
in Chapter 2. These analyses allowed us to examine the intricate behavior of the adhesive
layer during the testing process, which can be challenging to assess through real

experiments alone.
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5.1. FEM models of conical cup testing
5.1.1. Models of conical cup testing jigs

To facilitate a direct comparison with the experimental results of the conical cup testing,
the finite element analysis (FEM) model of the dies (illustrated in Fig. 5.1) was
meticulously constructed to replicate the dimensions of the actual experimental jigs, as
depicted in Fig. 4.1(a). A semispherical punch was incorporated into the model to simulate
the metal used for pressing the specimens during testing. Both components were modeled
using shell elements and designated as rigid bodies [113].

The jigs were assigned with the boundary conditions restricting all degrees of freedom,
ensuring constriction in all directions. Meanwhile, the punch was subjected to the
boundary conditions permitting movement exclusively along the z-axis. The coefficient
of friction between the jig or punch and the specimen was set to be 0, considering the
numerical stability and effectiveness. This comprehensive modeling aimed to closely
emulate the experimental setup and conditions of the conical cup testing, facilitating a
robust and meaningful comparative analysis between the FEM results and the actual
experimental outcomes.

All the FEM analyses were performed by the commercial software HyperWorks (Ver.
2017.2, Altair Engineering, Inc.) which was installed into the self-constructed PC with
CPU Intel® Core™ [9-10980XE which has 18 cores and 36 logical processors.

5.1.2.  Models of specimens

The FEM models of specimens correspond to the three kinds of distinct specimen types
introduced in Chapter 4 (the unitary, the single-layered, and the multi-layered) to assess
the plastic formability of laminates bonded by adhesives. The material properties used for
the validity of modeling are summarized in Table 5.1. Especially, the net area and length
per beam element determines its tensile rigidity, bending rigidity and torsional rigidity, as
shown in Table 5.1.

For the unitary specimen model, a plate composed of simple shell elements (as depicted
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in Fig. 5.2) was meticulously constructed, which has the total number of elements and
nodes of 1404 and 1457, respectively. This model is well-suited for representing
straightforward metal plates. The dimensions and kinds of materials as the unitary
specimens are presented in Table 5.2, aligning with those employed in the actual conical

cup testing.

Punch

Dies

Fig 5.1 The models of dies and punch using in the FEM analysis

Table 5.1 The material properties used for the validity of modeling

_ Young’s Poisson’s
Component Property Material
modulus [GPa] ratio
Dies Rigid body Steel - -
Punch Rigid body Steel - -
Plates Shell Steel/Aluminum 210/70 0.3/0.35
Adhesive Solid/Beam Acrylic 0.35 0.4
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Fig 5.2 The FEM model for unitary specimens made of shell elements

Table 5.2 Dimensions and materials of the unitary specimen model

Specimens ) Radius Thickness
Property Material
Type [mm] [mm]
Unitary Elasto-plastic A5052 50 1.2
Unitary Elasto-plastic A5052 50 0.6
Unitary Elasto-plastic SPCC 50 1.2

Creating models for the single-layered and multi-layered specimens presents a more
intricate challenge due to the composite nature involving three components: top metal
layer, adhesive layer, and bottom metal layer. Initially, a model consisting of three
laminated solid plates using solid element was considered with the top and bottom
representing metal layers and the middle one representing the adhesive layer. However,

when applied to the loading, as illustrated in Fig. 5.3, the solid elements failed to deform
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accurately, reflecting the disparity between the model and real conical cup testing. The
inadequacy stemmed from each component having only a single layer, insufficient for
simulating specimen deformation effectively due to the less mesh partition. To address
this, the layer for each component was doubled (as depicted in Fig. 5.4), augmenting the

element count in the thickness direction for smoother deformation.

Fig 5.3 Deformation of one layer of the layered specimens model of solid elements.
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Fig 5.4 Model of layered specimens model of solid elements with two layers in thickness

direction.

However, doubling the elements for all three layers resulted in a twofold increase in
overall elements up to the number of elements and nodes with 8424 and 10199,
respectively, significantly prolonging the analysis time. The computational time exceeded
500 hours, equivalent to approximately 20 days per analysis run. This extended duration
was deemed unacceptable, given the multitude of specimens requiring analysis.
Consequently, a more efficient approach was sought.

As previously discussed, establishing a connection between the top and bottom metal
layers with an acceptable analysis time is crucial. To achieve this, the top and bottom
plates, were replaced with shell elements, similar to the unitary models. The middle
adhesive layer retained solid elements to simulate the bonding effect of the adhesive layer,
as depicted in Fig. 5.5. This adjustment facilitated the overall behavior comparable to the
solid models, with the output of the shell plates aligning with that of the solid ones, while
the adhesive layer remained unchanged. The total number of elements decreased to about
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2/3 of the former solid model, and the running time was reduced to approximately 190
hours. They are deemed acceptable. The dimensions and properties of the single-layered

and multi-layered models are detailed in Table 5.3.

Table 5.3 Dimensions and materials of singe- and multi-layered specimen model

. . Thickness
Specimens Laminate Adhesive . Radius _
Material (Adhesive)
Type property property [mm]
[mm]
Single- 0.6+0.6
elasto-plastic elastic A5052-A5052 50
layered (+0.4)
Single- . _ 0.6+0.6
elasto-plastic elastic SPCC-SPCC 50
layered (+0.4)
Multi- . 0.6+0.6
elasto-plastic elastic A5052-SPCC 50
layered (+0.4)

Fig. 5.5 Model of layered specimens model of shell and solid elements with two layers

in adhesive layer.
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While the shell-solid model yielded results and reduced running time to about one week,
it was still relatively long considering the volume of samples requiring analysis. Referring
to Table 5.3, the metal plates were assumed to be elasto-plastic bodies, and the adhesive
layer was considered an elastic body. This allowed for the replacement of solid elements
in the adhesive layer with beam elements, connecting corresponding nodes of the two
shell plates. This led to a more simplified model comprising only shell and beam elements,
as illustrated in Fig. 5.6. The total number of elements decreased to about 1/2 and 3/4 of
the former solid model and shell model, respectively, and the running time was reduced
to approximately 140 hours.

In the comparison of load-displacement curves between the “shell-solid-shell” and
“shell-beam-shell” models for single-layered aluminum specimen, shown in Fig. 5.7, it is
evident that as the stroke deepens, the load for the shell-solid-shell model exceeds that of
the shell-beam-shell model. This discrepancy arises because the beam elements, serving
to connect the nodes of metal shell elements, lose effectiveness to represent the
deformation of adhesive layer as deformation increases. Consequently, the total stiffness
of the adhesive layer diminishes, resulting in a smaller reaction force receiving in the
punch. Despite this, both models exhibit similar overall performance within the same
magnitude. Therefore, the simplified shell-beam-shell model can be still employed,
saving the running time for the model with the much larger number of degree of freedom.
It's important to note that stress state data for the adhesive layer cannot be output for the
beam elements in the current commercial-based software. Hence, for a comprehensive
understanding of the adhesive's effect during deformation, the shell-solid-shell model

remains essential.
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Plate Shell

Plate Shell

Fig 5.6 Model of layered specimens model of shell and beam elements

12

Shell-Solid-Shell

10 F = Shell-Beam-Shell

Load [kN]

0 5 10 15 20 25 30 35
Displacement [mm]

Fig 5.7 Load-displacement curves between shell-solid-shell and shell-beam-shell models

for a single-layered Aluminum specimen.
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5.2. Material properties applied to FEM analysis.

In the pursuit of comprehending the hidden phenomena and behaviors inherent in real
conical cup testing, it becomes imperative to harmonize the material properties of the
FEM model with those of the actual materials utilized in the experiments. This alignment
is particularly crucial for the metal laminates, given that the overarching objective of the
research is to assess the formability of bonded layered laminates.

Additionally, our analysis assumes an elasto-plastic behavior for the metal plates. It
delves into the realm of plastic properties, specifically the n-value and C-value in the

following n-power law hardening model [114]:

og=Ce" (5.1)

Evaluating these aspects is paramount for ensuring a comprehensive and accurate
representation of material behavior in the FEM analyses, thereby facilitating a deeper

understanding of the concealed plastic deformation in conical cup testing.

5.2.1. Tensile testing

To ascertain the material properties of the metals employed in specimen fabrication, a
conventional flat tensile testing specimen was utilized, featuring dimensions outlined in
Fig. 5.8. Each specimen was equipped with a bi-axial strain gauge, meticulously
positioned to capture strain in both the z-axis and x-axis as shown in Fig. 5.9 (a). This
setup facilitated the precise determination of Young's modulus and Poisson's ratio,
ensuring accuracy through the deployment of the AG-50kNX tensile testing machine
from Shimadzu Co., Ltd., as illustrated in Fig. 5.9 (b). The specifics of the materials and

the respective specimens are comprehensively detailed in Table 5.4.
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Fig. 5.8 The dimensions of flat tensile testing specimen used to evaluate material

properties.

Fig. 5.9 The specimens with stain gage attached used in the tensile testing. (a) Bi-axial
strain gage attached to specimens in z-axis and x-axis. (b) Specimens set to the tensile

testing machine AG-50kN.
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Table 5.4 The details of the specimens made from different materials

(a) A5052
Specimens Parallel section Length | Parallel section | Thickness
Material '
No [mm] Width [mm] [mm]
1 A5052 249 10.1 2.98
2 A5052 24.9 10.1 2.96
3 A5052 25.1 10.1 2.95
4 A5052 25.0 10.1 2.94
(b) A1050
Specimens Parallel section Length | Parallel section | Thickness
Material
No [mm] Width [mm] [mm]
1 A1050 25.0 10.2 3.02
2 A1050 24.0 10.1 3.03
3 A1050 25.1 10.1 3.02
4 A1050 24.8 10.1 3.05
(c) SPCC
Specimens Parallel section Length | Parallel section | Thickness
Material
No [mm] Width [mm] [mm]
1 SPCC 23.8 9.96 3.16
2 SPCC 239 9.96 3.15
3 SPCC 24.1 9.97 3.15
4 SPCC 23.8 9.95 3.15
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5.2.2. Estimation of hardening and material properties

The tensile testing was performed for all the three kinds of specimens listed in Table
5.4 with a strain rate of 6.67 X 10™* [/s], which is satisfied with the requirement of quasi-
static process. The nominal stress and strain were estimated according to the load-

displacement relations collected from experiments:

: (5.2)

) (5.3)

where 4 is the cross-section area and L, is the original length of the parallel section
shown in Table 5.4. An exemplary A5052 specimen is depicted in Fig. 5.10. The
unloading and reloading process was iteratively conducted twice for one of the four
specimens, ensuring a comprehensive strain collection to derive an accurate estimate of
Young's modulus. Further illustrating the process, Fig. 5.11 showcases an example of
specimen A5052-3.

Poisson's ratio was determined by computing the average of results from all specimens,

accounting for the strains in both tensile and lateral directions:

S.X'
== 5.4
v=- (5:4)

with the example of specimens A5052-1 shown in Fig. 5.12. The processes above were
performed for three specimens made from the three kinds of materials and the averaged
Young’s modulus and Poisson’s ratio are shown in Table. 5.5. The material property of
the adhesive layer is the same as the acrylic adhesive used in the optimization simulation
of pipe specimens discussed in Chapter 3 with Young’s modulus of 0.35 GPa and

Poisson’s ratio of 0.4.

102



200

Nominal stress [MPa]

200

Nominal stress [MPa]

A5052-1

0.1 0.15 02 025
Nominal Strain
A5052-3

0.05 0.1 0.15 02 025

Nominal Strain

A5052-2
250
200
i
=5
2
150
3
=
Z
S 100
E
(=]
Z
50 b
0
0.05 0.1 0.15 02 025
Nominal Strain
A5052-4
250
200
=
[
=
o 150
2
=
Z
E 100
‘g
<
Z
50
0
0 0.05 0.1 0.15 02 0.25

Nominal Strain

Fig. 5.10 The nominal stress and strain curves for the four specimens made of A5052
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Fig. 5.11 The unloading and reload process of specimen A5052-3

103

0.01



A5052-3
0.004

0.0035
0.003 F
0.0025 f AO.BS
= 0.002 F ; 1
0.0015
0.001

0.0005

0 1 1 1 1 1
0 0.002 0.004 0.006 0.008 0.01 0.012

&:

Fig. 5.12 The horizontal strain —¢, versus the vertical strain €, for the specimen

A5052-3. The slope expresses the Poisson’s ratio.

Table 5.5 The material properties estimated from the experiments

‘ Young’s modulus ‘ ‘
Material Poisson ratio
[GPa]
A1050 56.6 0.30
A5052 59.8 0.35
SPCC 150 0.32

In order to get the n-value and C-value in Eq. (5.1) which should be applied into the
elasto-plastic analyses of metal laminates, it is necessary to obtain the true stress and true

strain. The plastic nominal strain is first estimated as:

On

& =g, —n (5.5)



where o,, and ¢, are nominal stress and total strain obtained form Egs. (5.2) and (5.3). E
is Young's modulus including errors obtained from original experiment data. Then, the
total nominal strain could be adjusted with the correction:

Gn
E'

g, = &b —

(5.6)

where E' is the accurate Young’s modulus obtained according to Fig. 5.11. Thus, the true

stress and true strain could be estimated from the adjusted nominal strain as:

o; = gpeft = a,(1 + &), (5.7)

&=In(1+¢,). (5.8)

Subsequently, the n-value and C-value in Eq. (5.1) were deduced by fitting the curve
of true stress and true strain. Fig. 5.13 illustrates this fitting process using A5052
specimens. The black line represents the curve of nominal stress and adjusted nominal
strain, the blue line delineates the curve of true stress and true strain, and the red line
signifies the fitting curve in accordance with the hardening law presented in Eq. (5.1).
The averages of the n-value and C-value were calculated from all specimens with curves
of nm-power law shown in Fig. 5.14. The acquired data for the three materials are

documented in Table 5.6 alongside reference data [115]-[117].

Table 5.6 The n-value and C-value obtained from fitting with the reference data

n-value in C-value in
Material n-value | C-value [MPa]
reference reference [MPa]
A1050 0.0381 132 0.24 155
A5052 0.193 391 0.29 400
SPCC 0.26 540 0.19 505
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Fig 5.13 The fitting curve in accordance with the hardening law with the curve of true-
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Fig 5.14 The n-power hardening law curves obtained from the fitting.
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5.3. Results and discussions
5.3.1.  General performance of FEM analysis

The simulations were executed with a punch velocity of 0.3 mm/min, considering the
simulation time constraints. To maintain symmetry in the deformation process, a constrict
boundary condition was applied to the four elements at the center of the circular specimen,
allowing movement only along the z-axis. The specimens, as listed in Tables 5.2 and 5.3,
were incorporated into the simulation.

As discussed in Section 4.2, the specimens of different materials in conical cup testing
exhibit uniform deformation characteristics. The simulation mirrors these characteristics,
with distinct magnitudes for the same type of specimens made of different materials, yet
sharing identical deformation patterns. Consequently, the deformation of each specimen
type is considered as a general performance in conical cup testing. In this section,
specimens made of A5052 are chosen as typical features. The primary objective of the
simulation is to comprehend the deformation process, unobservable during conical cup
testing, and to verify the adhesive's effect. The simulation primarily focuses on the press
deformation, employing displacement control without failure analysis. The selected
simulation range spans from 0 mm to 30 mm, aligning with the experimental results in
Section 4.2, where the load-dropping points consistently fall below 30 mm stroke.

The representative deformation patterns for unitary 0.6 mm, unitary 1.2 mm, and single
(material)-layered specimens made of A5052 at 3 mm intervals from 0 mm to 30 mm are
illustrated in Fig. 5.15 to Fig. 5.19.

In the initial phase, ranging from 0 mm to 12 mm, all three specimens exhibit uniform
and symmetric deformation. Within the stroke range of 12 mm to 15 mm, single-layered
and unitary 1.2 mm specimens continue to deform uniformly and symmetrically, while
the deformation of unitary 0.6 mm specimens becomes asymmetric, with localized
deformation occurring at the circumferential edge.

From 15 mm to 24 mm, the asymmetric deformation of unitary 0.6 mm becomes more
pronounced, leading to complete shape collapse. Unitary 1.2 mm and single-layered
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specimens maintain symmetric deformation, although localized deformation at the
circumferential edge also appears for unitary 1.2 mm specimens. In the final stage, from
24 mm to 40 mm, unitary 1.2 mm and single-layered specimens undergo significant
deformation while remaining symmetric.

In the final stage, from 24 mm to 30 mm, unitary 1.2 mm and single-layered specimens
undergo significant deformation while still remaining almost symmetric. However,
localized deformation around the edge along the circumferential direction occurs for both
specimens, but it is more apparent for the unitary 1.2 mm specimen. From this fact, it is
important to note that, despite the much smaller Young’s modulus of adhesive layer than
the metal layers, the performance of single-layered specimen consisting of two A5052
unitary 0.6 mm layers and the adhesive layer is almost equivalent to that of A5052 unitary
1.2 mm regardless of the introduction of interface of adhesive layer. As long as no defect
nucleation such as delamination or void occurs in the interface, the constraint due to the
adhesive layer effectively delays the buckling of structure and plastic instability of

localization.
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Fig 5.15 Deformation of unitary 0.6 mm, unitary 1.2 mm and Single-layered specimens

at the strokes of 3 mm and 6 mm.
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Fig 5.16 Deformation of unitary 0.6 mm, unitary 1.2 mm and Single-layered specimens

at the strokes of 9 mm and 12 mm.
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Fig 5.17 Deformation of unitary 0.6 mm, unitary 1.2 mm and Single-layered specimens

at the strokes of 15 mm and 18 mm.
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Fig 5.18 Deformation of unitary 0.6 mm, unitary 1.2 mm and Single-layered specimens

at the strokes of 21 mm and 24 mm.
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Fig 5.19 Deformation of unitary 1.2 mm and Single-layered specimens at the strokes of

27 mm and 30 mm.
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5.3.2. Comparison between FEM and experiment results

To comprehend the deformation behavior discussed previously and compare with the
experiment results of the specimens made of single kind of material, load-displacement
curves for unitary 0.6 mm, unitary 1.2 mm, and single-layered specimens are presented
in Fig. 5.20 with the results of real conical cup testing discussed in Chapter 4. First, the
curves obtained from the FEM results for unitary 1.2 mm and single-layered specimens
closely align, reflecting their uniform deformation process observed in Fig. 5.15 to Fig.
5.19.

Both curves between the FEM and experiment results generally agree well for all three
specimen types. This congruence arises from the consistent geometry and boundary
conditions set in both the simulation and real testing. Additionally, the material properties
applied in the simulation were derived from the tensile testing results outlined in Section
5.2, ensuring identical representation with the actual specimens.

Remind that the curve of FEM in the unitary 0.6 mm continues because of no fracture
while the experimental result stopped at around 13 mm due to the breaking. However,
even the FEM solution becomes serrate after around 15mm due to the buckling and the

severe antisymmetric deformation, as shown in Figs. 5.17, 5.18 and 5.19.
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Fig. 5.20 The load-displacement curves of unitary 0.6 mm, unitary 1.2 mm and single-
layered specimens. The red lines represent the simulation results and the blue lines

represent the experiment results.

Subsequently, a comparison was conducted between the simulation results of multi-
layered models and the actual multi-layered specimen made from A5052 and SPCC,
bonded by acrylic adhesives. This comparison aimed to validate the appropriateness of
the experimental results. Fig. 5.21, corresponding to Fig. 4.15, displays the load-
displacement curves of the multi-layered specimens, alongside those of the experimental
and simulated unitary specimens made from A5052 and SPCC. It's important to note that
since the simulation did not include failure analysis, the load-drop points of the simulation
cannot be identified. Therefore, the simulation range was chosen based on the
experimental results in Fig. 4.15 to ensure a relatively accurate comparison.

The load-displacement curves of the simulated multi-layered specimens align
uniformly with those of the real multi-layered specimens, similar to the behavior observed
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in the single-layered and unitary specimens. These results reaffirm the conclusion drawn
from Fig. 4.15 that adhesive-bonded multi-layered specimens exhibit a significantly
expanded forming limit with a notable reduction in weight. This marked enhancement in

formability can be attributed to the adhesive's capacity to augment stability.
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Fig. 5.21 The load-displacement curves of multi-layered specimens and the unitary
specimens made of A5052 and SPCC. The solid lines represent the simulation results and

the dotted lines represent the experiment results.

Furthermore, the assessment of the deformation simulation can be divided into two
distinct phases, paralleling the real conical cup testing in Section 4.2. In the initial phase,
spanning from 0 mm to approximately 15 mm, the metal sheet experiences elongation as
drawing forces progressively increase due to the punch, signifying the initiation of plate

deformation (Fig. 5.22 (a)). The second phase, commencing at approximately 15 mm,
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involves a notable transition where the fundamental drawing force begins to decline due
to the diminishing flange area. As the material is more drawn into the die cavity, the
contact area between the shell and the die undergoes significant expansion (Fig. 5.22 (b)).
This amplified contact area results in an augmented reaction force from the die,
heightening frictional resistance to drawing and increasing the draw force. This
simulation allows examination of the specimens inside the jigs, providing insights into
their deformation features, which are challenging to observe in real conical cup testing.

Significantly, in the case of unitary 0.6 mm, both experimental and simulation results
indicate an early onset of load instability. In Section 4.3.2, when the unitary 0.6 mm
specimens were extracted from the jigs for observation, their deformation was
asymmetric, and a localized substantial deformation occurred on one side, as depicted in
Fig. 4.10. However, pinpointing the exact stroke where the loss of symmetry began seems
to be difficult in the experiments. The simulation aids in identifying such elusive features
that are almost impossible to observe or pinpoint accurately in real testing. The simulated
deformation of unitary 0.6 mm specimens in Fig. 5.17 and 5.18 reveals the loss of
symmetry and the localization of deformation at the edge in the early stages of the
deformation process at around 15 mm, as mentioned before. In contrast, the thicker
unitary specimens and the bonded layered specimens maintain symmetric deformation
and stability until the final stages, aligning with the observations in Section 4.3. Thus, the
simulation can be considered an accurate analysis, suitable for examining the features of
real testing that are otherwise challenging to approach.

Consequently, the simulation results and comparisons validate the conclusion that
asymmetric deformation contributes to the loss of stability. With the influence of the
adhesive layer, the top and bottom metal sheets can deform uniformly, eliminating the
localization of local deformation. Thus, their formability is enhanced to the same level as

thicker plates with twice their thickness because of the adhesive.
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(b)

Fig. 5.22 The section view of deformation process during different stages of conical cup

testing. (a) Phase 1 from 0 mm to about 15 mm and (b) Phase 2 after 15 mm.
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5.4. Discussion on the adhesive layer during the deformation process
5.4.1. Line-wise stress distribution of adhesive layer

The discussion on the conical cup testing in Section 4.3 and the simulation results in
Section 5.3 has emphasized the positive impact of the adhesive layer on enhancing the
formability of layered specimens. The adhesive layer facilitates uniform deformation of
the two thin plates, preventing localized deformation. Consequently, a thorough
examination of the adhesive's behavior during testing becomes essential to comprehend
the bonding mechanism of layered laminates and substantiate the adhesive's efficacy in
improving formability. As outlined in Chapter 4, no information on the stress states in the
real conical cup testing is expected due to the lack of measurement way. Thus, the
simulation results of the adhesive layer, where the stress state can be extracted, prove
invaluable in scrutinizing the adhesive's performance.

Given the symmetrical deformation of circular specimens within the adhesive layer
before reaching instability, the stress states among elements along the circumference at
the same radius exhibit uniformity. Consequently, the sequence of elements along the
radial direction serves as representative indicators. To comprehensively grasp the stress
state distribution across each part of the entire specimen and to discern the evolving
patterns during the process, elements adjacent to the centerline were selected, spanning
along one diameter line from -a to a with the center of the specimens presumed as the
origin where a is the initial length from the origin to the outer edge, as depicted in Fig.
5.23

As elucidated in Chapter 2, the adhesive undergoes a complex stress state in real
manufacturing or industrial processes. To assess the elastic limits of the adhesive material
under multi-axial stress conditions, failure criterion curves were plotted in the mean stress
(0, and octahedral shear stress (7o) plane. Since the adhesive layer in the simulation
is also assumed to be elastic, the failure criterion curve of the acrylic adhesive in the g,,
and 7, plane of Fig. 2.5 (b), can be employed to evaluate the stress state of the adhesive
layer in the conical cup testing simulation. The mean stress g,, and octahedral shear stress
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Toct Of the elements in the model of single-layered A5052 specimens bonded by acrylic

adhesive were calculated according to the first invariant of stress tensor I; and the second

invariant of deviatoric stress tensor J, by Egs. (2.5) and (2.6) with the relations a,,, = %Il

,2 . . . . S
and T = 3 J>. In contrast to the tensile testing of pipe specimens, which involves only

a positive mean stress, the adhesive layer in conical cup testing may undergo compression,
resulting in a negative mean stress. Consequently, the failure criterion discussed in
Section 2.3 was extended to the negative direction in the g, axis, indicated by the red-
colored curves in the following figures. In general, the adhesive shows the strong
anisotropy in strength, which means that the strength for compression is much larger than
that of expansion. Thus, this assumption may be in the safe side in the structural analyses.
It is crucial to note that the failure criterion curve was derived from the elastic limits,
implying that exceeding the boundary of the curves signifies deformation beyond the

elastic limits.

Fig. 5.23 Elements adjacent to the centerline spanning from -a to a in radial direction,
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with the center of the specimens presumed as the origin.

Four significant stages were examined at strokes of 0 mm, 6 mm, 18 mm, and 27 mm,
as illustrated in Fig. 5.24. Remind that the horizontal axis indicates a mean stress and the
vertical one does an octahedral shear stress. All the obtained stress set of the mean stress
and octahedral shear stress along the prescribed line in the plate are plotted in Fig. 5.24,
which are averaged toward thickness. At the 0 mm stroke in Fig. 5.24 (a), no load was
applied, resulting in a stress state of zero. For the 6 mm stroke in Fig. 5.24 (b),
corresponding to phase 1 of the conical cup testing (as discussed in Section 4.2 and
Section 5.3), the specimen undergoes elongation due to the drawing force applied by the
punch, and most elements remain within the failure curve. This suggests that the majority
of the adhesive layer was still under elastic deformation. The distribution of elements was
relatively stable, indicating a steady stress state for the adhesive layer.

At the 18 mm stroke (considered as phase 2) in Fig. 5.24 (c), where deep drawing
effects intensified with the increasing contact area between the specimens and dies, both
the magnitudes of o0, and T, experienced a rapid increase. This aligns with the
discussion on the load-displacement curve, signifying a notable transition after
approximately 15 mm. All elements had crossed the failure curve, indicating that the
deformation of the adhesive layer becomes plastic, consistent with the high level of
deformation observed at this stage of the testing process.

At the 27 mm stroke in Fig. 5.24 (d), representing the final stage according to the
experimental results where failure occurred at the specimen's bottom, the stress state
reaches a considerable level, and the distribution of elements becomes highly

decentralized.
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Fig 5.24 Stress states of the elements adjacent to the centerline in the g, and 7, plane
with the failure criterion curve of acrylic adhesive at different strokes during the conical

cup testing simulation. (a) 0 mm, (b) 6 mm, (¢) 18 mm and (d) 27 mm.

Furthermore, to elucidate the symmetry of the specimens during testing, the mean
stress and octahedral shear stress of selected alonglements in Fig. 5.23 were individually
plotted against their distance from the center of the circular specimens. These plots were
generated for four distinct stages at strokes of 0 mm, 6 mm, 18 mm, and 27 mm, as
illustrated in Fig. 5.25 for the mean stress and Fig. 5.26 for the octahedral shear stress. In

this representation, the origin is fixed at 0, with the minus quadrant (depicted in red)
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denoting elements in the left half of the specimen, and the plus quadrant representing
elements in the other half.

At a stroke of 0 mm, both mean stress and octahedral shear stress were uniformly zero
for all elements, indicating an absence of applied load. As evident in Figs. 5.25 (b) and
Fig: 5.26 (b), the plots exhibited nearly perfect symmetry against the vertical axis,
signifying that symmetric deformation persisted at any stage. Notably, large octahedral
shear stress coincided with substantial mean stress, particularly at the center of the
specimens directly pressed by the punch. Thus, both contributions to the damage
nucleation mechanism warranted consideration. The mean stress consistently decreased
as elements moved away from the center, and the outer region has the minus sign denoting
compressional mean stress. Regardless of the sign of mean stress, the octahedral shear
stress is much affected by the magnitude of mean stress. These plots offer a clear depiction
of the stress states in various parts of the specimens, to be explored in greater detail in
Section 1.4.2.

At a stroke of 18 mm, the overall stress states remained symmetric, albeit with some
singularity points. The magnitudes of mean stress and octahedral shear stress remained
significant, especially around the center, indicating concentrated stress. Conversely, at the
specimen's edge, the magnitudes of mean stress and octahedral shear stress increased
rapidly due to the expanding contacting area between the specimens and dies, a result of
the heightened reaction force from the drawing effect.

In the final stage at a stroke of 27 mm, it became evident that areas with both large
mean stress and octahedral shear stress, such as elements around the center and those near
the edge, lost their symmetry, indicating non-uniform deformation. This observation
aligns with findings from experiments and simulations, confirming that, at this stage,
deformation becomes asymmetric. As stress states reach elevated levels, the adhesive
effect diminishes, and the adhesive layer fails to maintain the symmetry and uniform
deformation of the two bonded plates. Consequently, the asymmetry of stress states
reflects asymmetrical deformation, with stress concentrating on one side of the specimens,
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leading to local deformation and necking. These discussions on stress states provide
robust evidence supporting the estimation of the adhesive effect from the experimental

results discussed in Section 4.3.
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Fig 5.25 The mean stress of the elements plotted with their distance of the center in the

radial direction.
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Fig 5.26 The octahedral shear stress of the elements plotted with their distance of the

center in the radial direction.

5.4.2. Stresses correlated with their positions

One of the salient features of conical cup testing lies in its intricate combination of
various deformation types. Consequently, the stress state at the 18 mm stroke (Fig. 5.24
(c)) stands as representative of conical cup testing, embodying the complex deformations
inherent in this stage. To decipher the typical stress distribution within the specimens
during conical cup testing, the stress state of each element was correlated with its position

in the radial direction sequence, as depicted in Fig. 5.27.
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The stress states of all elements were classified into five groups, each corresponding to
a distinct area of the specimens along the radial direction. Group A encompassed elements
in the upper right section of the plots, signifying elements experiencing both high shear
stress and stretching normal stress. These elements, located at the center of the adhesive
layer, are directly connected to the punch, resulting in elevated shear and normal stresses
due to elongation deformation by the punch.

Group B comprised elements in the upper left section of the plots, indicating elements
undergoing both high shear stress and compressional normal stress (g, is negative).
These elements, situated at the outer edge, are in direct contact with the dies, leading to
substantial shear and normal stresses induced by the drawing forces applied by the dies.

Groups C and D included elements close to the center or edges that do not make direct
contact with the punch or dies but are still influenced by the drawing forces. Consequently,
these elements experience relatively large shear stress and normal stress, albeit smaller
than those in Group A or Group B.

Finally, Group E consisted of the remaining elements experiencing both small shear
and normal stress. These elements occupy the middle area between the center and edge
of the specimens. Given their distance from both the center and edge, the stretching force
and drawing forces applied by the punch and dies have a limited impact on them, resulting
in a comparatively small stress state.

This nuanced distribution of stress states, corresponding to the arrangement of elements,
aids in comprehending how the stress state evolves during conical cup testing. Moreover,
it facilitates the identification of locations where stress concentration occurs, offering
valuable insights for predicting areas with high stress where failures may potentially

manifest.
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5.4.3. Distribution of all elements in adhesive layer

The stress state of representative elements within the adhesive layer, analyzed along
the radial direction at significant strokes during conical cup testing, has been scrutinized
in Sections 5.4.1 and 5.4.2 to elucidate the adhesive layer's typical behavior. However,
for a more comprehensive understanding of the adhesive layer's behavior and mechanism
within layered laminates, it is imperative to delve into the stress states of all elements in
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the adhesive layer with a finer granularity of stroke increments.

As a result, the mean stress (g,,) and octahedral shear stress (7,.) of all elements in
the adhesive layer in the model of single-layered A5052 specimens bonded by acrylic
adhesive were calculated as Section 5.4.1 and plotted into the a,,, and 7, plane with
failure criterion curve of acrylic adhesive. The stress states were assessed at intervals of
3 mm strokes, ranging from 0 mm to 27 mm, with their corresponding positions on the
load-displacement curves depicted from Fig. 5.28 to Fig. 5.32.

In the strokes with small magnitudes, corresponding to the initial phases of the conical
cup testing from 0 mm to 9 mm (Fig. 5.28), the stress states are relatively modest, and the
majority of elements are positioned within the failure curve, signifying elastic
deformation. This interval corresponds to the first phase, as delineated in Section 4.2 and
5.3, characterized by elongation deformation and primarily influenced by the punch force.
Consequently, stress values increase gradually with the progression of strokes. The
overall distribution of elements remains stable and regular, indicating that the adhesive,
along with the bonded laminates, undergoes stable and symmetric deformation during this
phase. Notably, between strokes 3 mm and 6 mm, elements commence exceeding elastic
limits, signifying a transition from elastic to plastic deformation. To pinpoint the exact
stroke where adhesive layer deformation surpasses elastic limits, a finer step of 0.5 mm
was introduced from 4 mm, as depicted in Fig. 5.29. At 5 mm stroke, all elements still
fall within the failure curve, while at 5.5 mm stroke, elements begin to breach the failure

curve boundaries.
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Fig. 5.28 Stress states of all elements in the g,, and 7, plane with the failure criterion

curve of acrylic adhesive with their corresponding positions during the simulation. (a) 0

mm, (b) 3 mm, (¢) 6 mm, (d) 9 mm.
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Fig. 5.29 Stress states of all elements in the o,,, and 7, plane with the failure criterion

curve of acrylic adhesive at strokes 4 mm to 5.5 mm for 0.5 mm intervals.

During the strokes ranging from 12 mm to 21 mm (Fig. 5.30), which constitute the
intermediate stages of the conical testing and mark the transition from phase 1 to phase 2,
the deformation patterns undergo a shift. In phase 2, the drawing force exerted by the dies
intensifies, coinciding with an expansion in the contact surface area between the specimen
and dies. Consequently, both shear stress and normal stress experience rapid escalation,
with all elements surpassing elastic limits by the 15 mm stroke. The overall distribution
of elements remains relatively stable until the 18 mm stroke, beyond which the previously
settled elements exhibit a trend toward dispersion. To pinpoint the precise stroke at which
all elements breach the elastic limits, a finer stroke interval of 0.5 mm was employed from
12 mm, as illustrated in Fig. 5.31. By the 13 mm stroke, elements with the smallest shear

stress had already exceeded the failure curve, signifying that the deformation of all
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elements in the adhesive layer had surpassed elastic limits.

12
10 F
L) 8 L
é (h)
=]
6 n
ﬁ i
o (2) !
=l 0 :
“r (@ P
2+ A
0 L L ! H H L L L
0 5 10 15 20 25 30 35
Displacement [mm]
12 mm 15 mm
—Acrylic — Acrylic h
* Adhesive layer 6 F * Adhesive layer ‘.3‘ > ot
Y
(f) 2} -
“~
5 g .
s S ey ! :
< < \ H
4 J
-8 8 12 8 4 ) 0 4 8 12
0, [MPa]
18 mm 21 mm
—Acrylic —Acrylic
+ Adhesive layer . * Adhesive layer 24 L
16 s!,' ol
R
% —_
£ .m.- 12+ < £
E - E
z | (@ . 3
[8 8 | “ =
4

-6 -12 -8 -4 0 4 8 12 16 =24 -8 -12 -6 0 6 12 18 24
G, [MPa] 0, [MPa]

Fig. 5.30 Stress states of all elements in the g,, and 7, plane with the failure criterion
curve of acrylic adhesive with their corresponding positions during the simulation. (e)
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Fig. 5.31 Stress states of all elements in the o,,, and 7, plane with the failure criterion

curve of acrylic adhesive at strokes 12 mm to 13.5 mm for 0.5 mm intervals.

In the final stage of the conical cup testing, with strokes ranging from 24 mm to 27 mm
(Fig. 5.32), the stress states attain significantly high levels, and the distribution of
elements becomes noticeably disordered, particularly among those elements situated at
the left top sides of the plane. Referring to Fig. 5.27, these elements correspond to those
positioned around the edges, in direct contact with the dies. The discernible trend of
elements around the edges indicates that stress states are becoming unstable, leading to

asymmetrical deformation around the edges. This phenomenon is attributed to the
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adhesive near the edges experiencing substantial shear and normal stress, compromising
the bonding effect. Consequently, the top and bottom laminates fail to deform uniformly,
resulting in localized deformation. At the top right side of the plane, where both shear
stress and normal stress levels are elevated, stress concentration occurs at the central area
in direct contact with the punch. This concentration diminishes the bonding effect of the
adhesive, leading to local necking in the top and bottom laminates and eventual crack
formation. The outcomes of the stress state analysis in the simulation align with the

observations from the experimental results discussed in Section 4.3.
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5.5. Conclusion

In this chapter, a comprehensive comparison analysis between conical testing and the
FEM simulation was conducted, employing jig models with identical dimensions to the
real testing apparatus. FEM models of specimens were meticulously designed, and their
applicability was extensively discussed. The shell-solid model emerged as the most
suitable for this research, providing the capability to scrutinize the adhesive effects of
layered specimens within an acceptable running time. Additionally, the shell-beam model
proved to be a suitable simplified alternative for the analysis of load-displacement
relations in a large number of specimens, facilitating substantial time saving.

To ensure the accuracy of our analysis, material properties for the metals (aluminum
and SPCC) utilized in the FEM analysis were sourced from specimens identical to those
used in experimental tests and compared with data from reference sources. A detailed
comparative analysis encompassing different specimen types—unitary, single-material-
layered, and multi-material-layered—was conducted. The simulation results and
comparative analyses of unitary A5052 specimens of 0.6 mm and 1.2 mm, single-layered
A5052 specimens, and multi-layered specimens demonstrated consistent alignment with
experimental outcomes. Thus, the simulation results and comparisons substantiate the
conclusion that asymmetric deformation contributes to the loss of stability.

To gain deeper insights into the behavior of the adhesive layer during conical cup
testing, stress state data of the elements in the adhesive layer were plotted onto the failure
criterion curves, as detailed in Chapter 2. The stress states of the elements were further
analyzed by plotting them against their distance from the center of the circular specimens.
The outcomes verified the complex stress states in the adhesive layer which is essential
in the real industry and reveal a notable trend: as the stress states reach higher levels, the
deformation becomes asymmetric, signifying a diminished impact of the adhesive layer.
The analysis elucidated the adhesive layer's behavior, aiding in identifying the
performance of different parts within the adhesive layer. The distribution of elements in
the stress plane became unstable and discrete in the later stages of conical cup testing,
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validating experimental discussions that the adhesive promotes uniform deformation of
the top and bottom laminates while inhibiting local deformation. Notably, the stress
concentration of elements in specific areas emerged as crucial observations for predicting
locations prone to crack formation.

In conclusion, the simulation proves to be a valuable tool and method, facilitating the
examination of approachable features of experiments and corroborating the established

verdicts derived from real testing.
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6. Conclusion

To address the pressing need for reducing CO2 emissions and energy consumption, the
weight reduction of transportation equipment has become a pivotal objective. This
necessitates the adoption of multi-material structures, with bonding dissimilar materials
emerging as a crucial aspect of this endeavor. Adhesion, as a versatile method for joining
various dissimilar materials, holds promise for constructing multi-material structures.
Ensuring the strength of the bonded area is of utmost importance. The strength of bonded
structures is influenced by both material and structural factors, necessitating a co-design
process that considers both the strength of adhesive materials under multi-axis states and
the shape of the bonded interface. In the automotive sector, there is a noticeable trend
towards the substantial utilization of metal laminates in body construction. This not only
facilitates diverse designs for automobile frames but also opens the door to significant
weight reduction through the incorporation of bonded metal laminates made of multiple
materials.

The initial phase of this study involves an investigation to uncover the disparities in
shape optimization for different adhesives. This is accomplished by employing failure
criteria obtained through the evaluation of pipe specimens, which simulate multi-axial
stress states using uniaxial tensile testing. In the latter part of the research, the primary
objective is to conduct a comprehensive evaluation of the plastic formability of multi-
layered metal structures. Reference to unitary metal sheets serves as a benchmark to
assess the influence of adhesives and ascertain the viability of implementing multi-
layered configurations. This exploration aims to pave the way for the seamless integration
of such configurations into industrial production processes.

The conclusions drawn from each chapter are summarized as follows:

In Chapter 1, the focus was on the study of multi-material structures, particularly in the

context of automobiles which provided an overview of joining technologies for different
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materials with the aim of achieving multi-material structures. It highlighted adhesion as
a promising joining technology for the future. The co-design process of adhesive-bonded
structures was thoroughly reviewed, emphasizing its comprehensive nature. The chapter
also discussed the advantages of bonded metal laminates and underscores the importance
of evaluating the plastic formability of such laminates. Limitations of conventional testing
methods were explored, and the chapter outlines the requisites for establishing proper
testing methodologies. Additionally, the chapter elucidated the objectives and purposes
of the study, providing an organizational framework for the paper.

In Chapter 2, the failure function of the epoxy adhesive was derived through tensile
testing employing pipe specimens with an inclined cutting surface, allowing for the
assessment of a multiaxial stress state at the adhesive interface. A comparative analysis
was conducted by juxtaposing the obtained failure function of the epoxy adhesive with
the failure function of acrylic adhesives. The epoxy adhesive displayed higher strength
overall, particularly in response to hydrostatic pressure, where it significantly surpassed
the strength of acrylic adhesive. Notably, a non-zero peak in the failure function of the
epoxy adhesive prompted a reformulation shedding light on the influence of hydrostatic
pressure on the maximum distortional strength of the adhesive material. Subsequently, a
power law specific to the epoxy adhesive was established and juxtaposed with its acrylic
counterpart to investigate the thickness dependence of the adhesives showing that if the
appropriate h* is chosen, the multi-material failure curve can be transferred to keep
identical with the single-material one which means they have the same property.

In Chapter 3, a shape optimization problem was devised, considering distinct failure
functions for diverse adhesive materials. Throughout the optimization, a noteworthy trend
emerged: the design data points' distances from the origin within the failure plane
diminished progressively, showcasing the efficacy of the optimization in minimizing the
objective function. Upon attaining optimized configurations, it became evident that these
refined shapes could substantially reduce applied stress levels underscoring the
substantial improvement in the mechanical integrity of the adhesive layer facilitated by
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these final shapes. The driving force behind the geometric transformations in the adhesive
layer is encapsulated by the shape gradient function which plays a pivotal role in
governing the adhesive layer's response to mean stress and shear stress. Notably, the
shapes of the adhesive layers remain unchanged for epoxy adhesive when a = 0 and for
acrylic adhesive when o approaches infinity. This characteristic serves as a valuable
indicator, highlighting the suitability of the initial model for multi-material design
endeavors.

In Chapter 4, a pioneering approach involving multi-layered laminates bonded by
adhesive, coupled with specialized conical cup testing, was implemented encompassing
unitary and single/multi-layered configurations of different materials. Comparative
analyses revealed intriguing trends, particularly in unitary and single-layered specimens
with identical thickness. Bonding substantially improved formability, attributed to the
inhibitory effect on surface roughness, facilitating uniform deformation and enhancing
plastic formability. Comparative analyses involving multi-layered specimens of A5052
and SPCC against unitary and single-layered counterparts demonstrated the substantial
influence of adhesives on weight reduction through multi-materialization. The
formability of multi-layered specimens significantly improved, with a 40% and 35%
increase in the forming limit for A5052 and SPCC, accompanied by a commendable 33%
weight reduction compared to unitary SPCC of the same thickness. These findings
highlight the constructive influence of bonded multi-layer structures, holding promise for
weight reduction in diverse applications without compromising structural integrity.

In Chapter 5, a thorough comparison analysis between conical testing and FEM
simulation was undertaken, employing jig models mirroring the real testing apparatus.
Meticulously designed FEM models, primarily the shell-solid model, demonstrated
superior suitability, enabling scrutiny of adhesive effects within an acceptable runtime. A
detailed comparative analysis spanning unitary, single-material-layered, and multi-
material-layered specimens affirmed consistent alignment between simulation results and
experimental outcomes. This substantiated the conclusion that asymmetric deformation
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contributes to stability loss. Delving into the adhesive layer's behavior during conical cup
testing, stress state data were plotted onto failure criterion curves and further analyzed by
plotting them against their distance from the center of the circular specimens. This
analysis verified the complex stress states in the adhesive layer which is essential in the
real industry and revealed the adhesive layer's role in promoting uniform deformation
while inhibiting local deformation. Stress concentration in specific areas provided critical
insights for predicting crack-prone locations. Thus, the simulation emerges as a valuable
tool, facilitating the examination of experimentally approachable features and reinforcing
established conclusions derived from real testing.

In conclusion, this study delved into a co-design process, optimizing the shapes of
adhesive-bonded structures based on a failure criterion derived from experiments that
considered both material and structural factors. The optimized shapes achieved a
significant reduction in applied stress levels, emphasizing a notable enhancement in the
mechanical integrity of the adhesive layer. The analyses of experimental and FEM
simulation results for single- and multi-layered specimens, in comparison with unitary
specimens, provided robust evidence of the adhesive's impact in amplifying the
formability of bonded laminates. This underscores the positive influence of bonded multi-
layer structures, offering promise for weight reduction across diverse applications without

compromising structural integrity.
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Appendix 1: The properties of adhesives

The properties of both epoxy and acrylic adhesives used in this research were obtained
from the testing performed by Kobe Material Testing Laboratory. The specimens were
made from the same adhesive materials applied to the bonded laminates and the testing
were performed under different loading speed 0.03 mm/s and 0.003 mm/s representing
different strain rates 3 X 1073 /s and 3 X 10™* /s. The specimens were cut off from the
solid made from the adhesives as shown in Fig. A1. The nominal stress-strain curves and
true stress-strain curves of the epoxy adhesive (EP-171, CEMEDINE Co., Ltd.) with
different strain rates are shown in Figs. A3 and A4, respectively. The nominal stress-strain
curves and the true stress-strain curve of the acrylic adhesive (HardlocTM: M-600-08,
Denka Co., Ltd.) are shown in Figs. A5 and A6, respectively. The material properties,
including Young’s modulus, 0.2% yield stress, tensile stress and elongation, were
obtained and listed in Table A1. For epoxy adhesives, the values were obtained from the
average value of all the testing data as it doesn’t show the dependence on the strain rate
while for acrylic, as it is dependent to the strain rate, the values were obtained for different
strain rate. According to the results, both adhesives have relatively clear elastic behavior.

As aresult, the properties of the adhesive layers in the simulation model were set as elastic.

Fig. A1 The specimens made from adhesive. (a) Epoxy (EP-171, CEMEDINE Co., Ltd.)
and (b) Acrylic (HardlocTM: M-600-08, Denka Co., Ltd.).
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Fig. A2 The nominal stress and strain curve for the epoxy adhesive (EP-171, CEMEDINE
Co., Ltd.).
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Fig. A3 The true stress and strain curve for the epoxy adhesive (EP-171, CEMEDINE
Co., Ltd.).
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Fig. A4 The nominal stress and strain curve for the acrylic adhesive (HardlocTM: M-

600-08, Denka Co., Ltd.).
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Fig. AS The true stress and strain curve for the acrylic adhesive (HardlocTM: M-600-08,
Denka Co., Ltd.).
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Table A1 The material properties of the epoxy and acrylic adhesives

Young’s 0.2% Yield Tensile .
Elongation
Material modulus Stress Stress %]
[MPal [MPal [MPal ’
Epoxy (EP171) 2820 51.6 71.7 3.03
& =
. 182 0.201 3.14 33.5
Acrylic | 3x1073/s
(M-600-
08 £ =
) 141 0.108 2.41 38.5

3x107%/s
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