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Resumo

O design com multimateriaés um conceito usado por fabricantes de carro modernos
para produzir estruturas automoveis de baixo peso com materiais dissimilegas de
magnésio sdo uma nova tendénciamsistria automovel para fabricar estruturas de veiculos
de alta performancesendo notaveis por terem a menor densidade de entos tsdmetais
estruturais terem uma resisténcia similar a ferro fundido e muitas ligas de aluminio
convencionais usadas malUstriaautomaovel e terem uma rigidez especifitaior que muitos
materiais pbméricos e compositofs ligas de aluminio tém sido extensivamente usadas na
industria automovel devido as suas propriedades atrativas tais como baixa densidade,
resisténcia e ductilidade moderadamente alta, boa resisténcia a corroséo e relativaxoente bai
custo.E dos materiais mais faceis de conformar, reciclaraguimar.Estesmateriaiscaem
dentro do conceito de design dexm peso e, por isso, ha uma crescente necessidade de juntar
e combinar asuaspropriedadeglesejaveisSoO as tecnologias deglicdo podem fornecer a
oportunidadele empregar as vantagens de ambos 0s materiais simultaneamente.

No entanto, as ligasedmagnésio debatese para ser empregadas em aplicacdes
automoveis devido a sua reduzida ductilidade a temperatura ambiente asssu@éatrutura
cristalina hexagonal compacta, criando dificuldades associadas ao processo de fabricacéo,
processamento, montagem, performamceisto.Tecnologias de ligacdo por conformacéo sao
baseadas em deformacaagtica dos materiais para produzir ligacdes mecanicas e, por isso, a
fiabilidade destes processos depende da ductilidade dos materiais a ser juntados, sendo entao
dificeis de aplicar em ligas de magnésinction Stir Welding (FSW) € amplamentsado na
industria atomovel por ter um grande potencial para juntar materiais dissimilares
eficientemente devido a baixa geracdo de temperatDoagudo, limitacbes na solubilidade
entre fasesdlidasde magnésio e aluminio ainda provocam a formacao de faseméitdicas
frageis que tém um impacto negativo na performance das juntas.

Recentemente, unnova tecnologiaed | i ga- «0o por conf or ma- «o
Hemmi ngo f ol desenvolvida e proposta para |j
muito diferentesO presente trabalho tem como objetdesenvolver experimentalmente este
processgara juntar ligas de aluminio e magnésio.

As propriedades mecénicas doatemiais foram caracterizadas pela realizagao de testes
de tracdo uniaxial, enquanto que os limitefradura dos materiais foram definidos pela
realizacdo de testes de formabilidade e usando um critério de fratura ddctil adequado para
prever fratura n® modelos de elementos finitd$o fim, foi comprovado a baixa ductilidade
das ligas d magnésio quand@mparadas com as ligas de aluminio.

A influéncia dos parametrasa fiabilidadedo processo para juntar estes duoateriais
foram estudados aefetuar simulacdes de elementos finitos e estabelecendo uma janela de
processamento.

Os ensaios experimentais do processo foram realizao®sesultados mostram que o
processo fNkBolp®dlkeemimmigmg apropriadamente as ct
a ocorréncia de fraturaBara além disso, as juntas resistiram uma carga madeOkN
através do mecanismo de falijradualde cedéncia de furo.



Abstract

Multi-material design is a ogept used by modern car manufactures to produce
lightweight automotive bodies with dissimilar materidflagnesium alloys are a new trend in
the automotive industry to manufacture high performance vehicle strubtingsnoteworthy
for having the lowedtensity among all structuraietals a specific strength similar to cast iron
and many traditional automotive aluminum allogad ahigher specific stiffness than many
polymeric materials and compositéduminum alloyshave been widely used in the autdive
industry due to its attractive properties such as low density, fairly high strength and high
ductility, good corrosion resistance and relatively low cost. It is one of the easiest metals to
form, recycle and machin&hese materials fit perfectly ihe lightweight design concephd
thus there is a growing need to join and combine their desirable prop#rigeghe joining
technologies that can provide the opportunity to employ the advantages of both metals
simultaneously

Nonetheless, magnesiuntagis struggldo be employed in automotive applications due
the reduced ductility at room temperature associated to its hexagonal close packed crystal
structure, creatinghallenges associated with manufacturing, processing, assembéyyioe
performane and costJoining by forming processes are basedlastic deformation ofthe
materialsto produce a mechanical interlock and so the feasibility cethecesssdepends
on the ductility of the materigl&nd so difficult to apply to magnesium alloysiction Stir
Welding (FSW) is widely used in the automotive industry as it has the potential to join
dissimilar materials efficiently due to low temperature generation. Nonetheless, solubility
limitations ketween magnesium and aluminum in saalid phase still provokes the formation
of brittle intermetallic phasabat negatively impact the performance of the joint.

Recentl vy, a novel joining by forming proc
developed andrpposed to join materialgith very different mechanical properties. The present
work has the objectivdo experimentallydevelop thisprocess to join a magnesium and
aluminum alloy.

The mechanical properties of the materials were characterized by pedarmaxial
tension tests, while the fracture limits of the materials were defined by performing formability
tests and using a proper ductile fracture criteteopredict fracture in thénite elemenmodel
In the end, it was shown the poor ductilitytleé magnesium alloy compared with the aluminum
alloy.

Theinfluence of the process parameters anddhsibility of the hole hemming process
to join these two alloys was studied by conducfinge elementsimulations and establishing
a process window.

The experimental testsf the processvere then carried out andsults show that the
hole hemming process can appropriately join the magnesium and aluminum alloy sheets
without the occurrence of fracture. Furthermore, the-helemed joints resisted a ri@um
load of 2.9 kN with a gradual failure mechanism of hole bearing.
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Joining magnesium and aluminum alloy sheets by a novel hole hemming process

1 Introducti on

1.1 Background and motivation

Nowadays, there is an urge in the automotive industry to lighten the weight of the
automobiles in order to improve both the performance and fuel efficiency for environmental
and economic reass [1]. Nonetheless, the comfort and safety of the passengers are also
important consideration, which increases the weight efcdr constructiofi2]. Modern car
manufacturers produce lightweight automotive bodies using dissimilar materials to rseet the
requirements. This -ma e ki a[3]iadésoivag msing varousfi mu | t
lightweight materials including advanced higinength steel (AHSS), aluminum alloys,
composites and magnesium all¢gp.

Magnesium alloys are a new trend in the automotive industry to create high performance
vehicle structuref]. Magnesium alloys are noteworthy for havihg towest density among
all structural materials, as well as a specific strength comparable to cast iron and similar or
higher than many conventional automotive aluminum alloys. However, the limited formability
of magnesium alloys at room temperature pmnvethe joining operations using plastic
deformation. In fact, due to difficulties with manufacturing, processing, assenmisgniite
performance and cost, magnesium alloys only make up a small portion of the overall weight in
automobileg1].

Due to the characteristics of the base materials, there is a growing need for joining
magnesium to aluminum alloys. Individually, aluminwatioys are widely utilized in the
automotive and aerospace industries due to various advantages, including light weight, high
specific strength and recyclability. As previously said, some specific advantages may favor
magnesium alloys, while others alumm alloys. The ability to use the benefits of both
materials at once can only be achieved through joining technolégies

Dissimilar welding of magnesium and aluminum from conventional processes is difficult
or impossible to the formation of brittle intermetallic phaseat timpacts severely the
mechanical properties of the joje{. Friction stir welding (FSW), which is widely used to join
dissimilar materials due to the low temperature generation, also faces limitations while joining
magnesium and aluminum alloyg]. Joining processes by plastic deformation, which are
processes that use plastic deformation of the parts to be joined to createaioatinterlock
between them, such as clinching and-pédfce riveting are also difficult to apply because of
the low ductility at room temperature of magnesium al[8ys

Thus, the success of magnesium alloys trend in the automotive industry depends on the
development of novel joining processes that should be capable of joining the magnesium alloys
to other structural materials, such as thwerenum alloys.

1.2 Objectives

The present work has two main objectives. The first is to continue the development of the
hole hemming process to form hdlemmed joints without fracture, which is accomplished by
the development of a numerical hblemming model and the performance of experimental hole
hemming joints. The second is to prove the capacity of the hole hemming process to join
dissimilar materials with very different strengths and/or formability.
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1.3 Methodology

Initially it was undergone Bterature review about the state of art of the joining methods
used in the automotive industry, focusing in the joining by plastic deformation of dissimilar
materials, and the study of ductile fracture.

Then, the materials were characterized with théop@ance of experimental uniaxial
tension tests and using GOM correlate Digital Image Correlation (DIC) software and the
fracture limits of the materials were defined using the Modified Mohr Coulomb fracture
criterion with the performance of both numeriaald experimental formability tests.

Knowing the materials properties and fracture limits, a numerical model of the hole
hemming process was developed and it was studied the process window as well as the critical
regions of the process and respective loggiaths. The performed joints were also tested under
different loading conditions.

The numerical results were then evaluated by conducting experimentdiemoleed
joints and the performance of the joints were compared against that obtained with piher joi
methodologies.

1.4 Dissertation outline

This dissertation is organized in seven chapters. The present introductory chapter contains
a brief introduction to the project, describes the methodology used and exposes the aimed main
objectives.

The second chagr covers a brief literature review about the magnesium and aluminum
alloys used in the automotive industry, joining by forming proceshedile fractureand a
introduction to the hole hemming process.

The third chapter addresses all the experimentatkwdone along the dissertation,
including the characterization of the materials, the work plan for the hole hemming tests and
respective specimens and the performance of destructive tests to characterize the joint strength.

The fourth chapter exposes the finite element models made to assist the experimental
work and the work plan to study the hole hemming process parameters.

In thefifth chapter, the fracture limits of the materials under different loading conditions
are studied in o to accurately design and predict fracture during the simulations of the hole
hemming process.

In thesixthchapter, both numerical and experimental hole hemming results are presented,
compared and discussed.

In the seventh chapter the main conclusionhft resulted from the dissertation
development are presented. Finally, in gnghth chapter some suggestions are proposed for
future work, not only to improve the results obtained but also to unlock new boundaries in the
applicability of the hole hemmingrocess.
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2 Literature review

2.1 Lightweight materials in the a utomotive industry

Nowadays the automotive industry is under pressure to reduce the carbon emissions of
the automobiles as a result of the growing social environmental awareness while facing other
challenges such as the improvement of vehicle performance. To accomplish this, the
automotive industry is focusing on the design of lightweight vehjtldsy utilizing advanced
materials, which outperform conventional materials with superior properties such as stiffness
and strengthfigure 1), hardness, elasticity, durability and toughn@sIn fact, lightweight
design confers up to 7% improvement in fuel efficiency for each 10% reduction in vehicle
weight when combines with an appriately sized powertrain. Furthermore, a decrease in the
weight also improves vehicle performance attributes such as acceleration, braking and handling

[1].
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Figureli Comparison of mass savings in automotive applications for advar
materials vs mild steel in structural panels for equivalent bending stiffness and
bending strengthAdapted fronm[5].

2.1.1 Magnesium

With a density of 1.74 g.cth magnesium is the lightest of all the structural metals,
being 35% lighter than aluminium (2.7 g.érand about four times lighter than steel (7.86
g.cn). It has better noise and vibration characteristics than aluminium and great formability
at high tenperature$10]. Magnesium has a specific strength similar to cast iron and similar or
higher than many traditional automotive aluminum alloys and thus it can enhance more mass
reduction relavely to aluminium alloys. Moreover, it has a higher specific stiffness than many
polymeric materials and composites, leading to an improved mass reddiion

Magnesium has been used in a wide variety of automotive applications including body
in-white figure 2), chassis and interior components, such as instrument panels, steering wheels,
engine cradles, seats, transfer cases and many different hdasings
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Aluminum casting
Steel

Composite
Aluminum sheet

Magnesium

Aluminum extrusion

Figure2 - Mach1l body-in-white design by Ford heavy on magnesiddapted from5].

However, the weight of magnesium alloys constitutes only a small percentage of the
total weight of a vehicle due to challenges associated with metowing, processing,
assembly, irservice performance and cddf. In fact, the majority of the manufacturing
processes for ceerting metal sheets into automobile parts occur at room temperature,
including stamping, bending, hemming, flanging and trimming. The poor ductility of the
magnesium is related to the hexagonal close packed crystal strdigure 8), which has
fewer dip systems compared with other structural metals such as iron and aluminum (which
have a cubic crystal structure), making the deformation at room temperature difficul®]
and limiting the application of magnesium alloys in the automotive industry.

Figure3 - Hexagonal close packed (HCP) crystal structure.

2.1.2  Aluminum

About 25% of the production of Aluminum alloys is used in the transportation industry
due to its attractive properties such as low density, fairly high strength and high ductility, good
corrosion resistance and relatively low cost. It is one of the eas#ats to form, recycle and
machine. The precipitation hardened alloys can be formed in a specially soft state and then heat
treated to substantially increase the strer[@®]. Furthermore, the forming, joining and
paining of aluminum alloys can be accomplished by similar production paths of conventional
steel body constructiofi4]. These aspects makes the aluminum alloys good candidates in
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overthrowing the steel dominance anddieg the light weighting efforts in the automotive
industry[13, 14]

Nonetheless, aluminum alloys do not display a true endurance limit, which can lead to
the failure of parts exposed to fatigue even if under relatively low stresses. Furthdhmaore
melting point and hardness of aluminum alloys is considerably lower than steel and so it can’t
be used in parts exposed to high temperature and wear envirofbdnts

The aluminum alloys can be classified as cgstinwrought alloys. The wrought alloys
are shaped by plastic deformation and the most commonly used alloys in sheet metal forming
are from the 5xxx series (AA5022, AA5182, AA5052, among others) and the 6xxx series
(AA6061, AA6022, AA6016, among other§)5, 16] The 6xxx series alloys have good
formability as well as high strength and excellent surface finish, making them a good choice
for internal structural parts andtexior body panels. On the other side, 5xxx series alloys are
used in nonvisible automotive inner body panels (in contrast to the 6xxx series it is prone to
develop Luder lines) where deep drawing is reqUit&dl

In the future the development of new heat treatments and alloying have a high potential
to achieve higher strength and ductility of the aluminum alloys. Furthermore, the development
of new processes such st stamping and warm forming can be employed to form higher
strength parts of 7xxx series alloys (which have limited room temperature formability). These
high temperature processes can be applied to form aluminum alloys in the fully hardened state,
dispensing a heat treatment after the forming process, though it is still a challenge to warm
forming without altering the mechanical properties due to the exposure to high temperatures
[16].

2.2 Joining by forming processes

Nowadays the production of automotive bodies faces several challenges. In fact, on the
one hand, there is an urge in the automotive industry to reduce the weight of the automobiles
in order to improve both the performance and fuel efficiency for envirotain@md economic
reasongl]. On the other hand, concerns related to comfort and safety of the passengers is also
a priority which leads to an increase in the weight of the automotive struf2lirero
accomplish these requirements, modern car manuésctoroduce lightweight automotive
bodies with dissimilar mat er i-ma tserinald], deessii ggr
which consists in using different lightweight materials such as advancedthegiyth steel
(AHSS), aluminum alloys, coposites and magnesium alloypl]. However, the
accomplishment of the multhaterial design depends on the feasibility of the processes used
to join such dissimilar materia8].

Joining by forming processes are based acthmanical deformation of the sheets to
produce a mechanical interlock and so the feasibility of the process depends on the ductility of
the materials[8]. In this chapter the most common joining by forming processes in the
automotive industry are briefly reviewed.

The hemming process is the base for the hole hemming process, which is studied in this
project. In the hemming process a sheet edgenslyel180° or even more. Hemming can be
performed either with a single sheet to increase the stiffness, improve appearance and eliminate
acute edges or with two sheets to join pHH.

There ardifferent types of hems depending on the material and purpose, as shown in
figure 4. Open, teardrop and flattened hems are employed to improve the appearance and edge
finish of a single sheet while the rope, modified rope, radius flat and modified flat drem
used to join two sheet metal parts. The rope hems are commonly used for brittle materials and
the modified flat hem has a better shape fixation and fitting behavior comparing with the radius
hem[17].
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Figure4 - Most commortypesof hems. Adapted from17].

The hemming process can be divided in two main categories, the conventional hemming
and the roller hemming process. The conventional hemming process is usually performed in
three different stages. In the first stage, the bending or flanging stage, thehaeatieis bent in
a 90° degree angle. In the second stage, thagrening stage, the inner sheet is placed over
the outer sheet and the outer sheet is further bent to 135° and in the final stage, the hemming
stage, the outer sheet is bent up to 180dtmfthe hem, as shown figure 5 [18]. It is the
most suiable method in the case of mass produdddnThe roll hemming process differs from
the conventional hemming process as it utilizes a robot guided roller to bend tHa 8jheed
it possesses an higher flexibility for more complex pdfitsNevertheless, hemmy produces
joints with lower strengths than the ones produced by welding and so adhesives can be used
along with hemming to increase the strength and tightness of th¢lj@jnt

Flanging Pre-hemming Final hemming
Outersheet

Inner sheet

(——

Figure57 Schematic representation of the hemming prodedapted fron{20].

The hemmingprocess is mainly applied in the automotive industry to manufacture parts
such as doors, hoods, ddas, trunklids and tailgates. It is used for 6xxx series aluminum
alloys and high strength steel alloys as these applications require materials witrdmgjth
and good ductility to avoid cracks and fractures during the hemming p[@8¢sé/hile other
joining processes like clinching and spiérce riveting are only locally spotted, hemming can
be used to connect the joining parts along a large area and achieve sealing of [A&]parts

When performing hems, it is common to see three types of defects as it can be seen in
figure 6. Creep ad grow or roltin and roltout are the inward and outward shift of the hem
edge, respectively, which leads to a change in the outer panel size. Recoil isdfiplane
displacement of the outer sheet hem edge when performing the final hemming. Warp is a
indentation formed in the outside of the outer sheet after the final hernfilidiing
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Figure6 i Defects of the hemming procegglapted from[18].

Furthermore, like any other sheet metal forming operatiomd¢barrenceof fractures
or splits and wrinkles are also common in the hemming process, as shioyunari 7 [17].

Wrinkling

Splitting

Figure7 1 Wrinkling and splitting defects in the hemmir
processAdapted from{17].

Clinching is a relatively cheap and highly productive process where two or more sheets
can be joined by forming without addition elemej22]. The conventional clinching process
consists in the joining by plastic deformation of two or more sheets by means of a punch,
normally with a round or square shape, and a die, which can be fixed or extensible. In this
process, as shown iigure 8, the punch forces the sheets into the die in order to form a
mechanical interlock between the shd2g].

Sheets assembly Drawing Extruding Interlock

Figure8 - Conventional clinching process using a fixed didapted from23].
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In table 1, the advantages and disadvantages of the clinching process compared in
general with other methods that join thin sheets, ssceHlpierce riveting, adhesive bonding
and spot welding are listd@4]:

Tablel - Advantages and disadvantages of the clinching prg2d$s

Advantages Disadvantages

It can join a wide variety of sheet materials It is required high forces;

Cheap equipment; Sheets with high hardness and low ductil
The process is fast and easy: are difficult or not suitable to join.

The joints have good fatigue resistance;

Lower carbon dioxideemissions and energ
consumption.

Several variants of the clinching process were developed to overcome some limitations
of the conventional clinching process. Hole clinching was developed to joirstrgigth or
low-ductility materials to ductile materials. In this process, adpiltied sheet made of a high
strength or lowductility material is used as the eie&led sheet, while a ductile material is used
as the puncisided sheet and is idented into the die cavity through the hole of tiseldde
sheet, to form a mechanical interlockween the sheets. Lee et[&] used the hole clinching
process to join AA606T4, as the ductile material, to DP780, 22MnB5 and CFRP, as the die
sided material.

Busse et al[25] developed a new clinching process called skaching, illustrated
in figure 9, and similar to the hole clinching process to join materials with limited formability.
The process uses a punch with two parts, consisting in an inner and an outer punch, in a such
way that the diesided sheet is sheaut and the punehided sheet is extruded through the hole
of the inner sheet. Contrary to the hole clinching process, neltbaaredrilled hole nor the
positioning operations are necessg@]. Horhold et al[2] joined AA6016T4 with 22MnB5
by the shear clinching process and hole clinching process and tested the joints strength. While
under shear load the shear clinched specimensahstdength almost as high as the hole
clinching specimens, about 7% less, in the case of tensile load the shear clinched joints beard
had about 19% less load and much lower displacements until break. The applicability of the
shear clinching process forethoining of three sheets was studied by Wiesenmayer and
Merklein[27]. It was possible to perform a mechanical interlock when using a ductile top layer,
AA5182-0, with two highstrength materials as the middle and bottom layer (DP600).

Inner punch

Outer punch
Die-sided sheet metal
without pre-hole
Anvil (spring-loaded)

Figure9 - Schematic illustration of the shedinching process: 1 Fixation and preloading, 2 Drawing and
shearcutting, 3i Compression and extrusionj 8ack stroke and ejecAdapted from2].
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The selfpiercing riveting (SPR) process is another joining process where an auxiliary
joining elemat is used. In this process two or more sheets are joined by driving a rivet that
pierces the upper sheet and flares within the lower sheet to form a mechanical if&&jock
In this process a pyérilled hole it is not required unlike the conventional riveting, decreasing
the processing timg9]. Figure10 showsthe four stages of the SPR process.

a)  Blankholder b) C) d)

Punch

Rivet r\ﬁ
3 | E 3 N —

Figure10i Selfpierce riveting process illustratiofa) Clamping; (b) Piercing; (c
Flaring; (d) Releasingddapted fron{28].

The process starts by lowering the blank holder and clamping the sheets on the die. The
punch is then lowered to force the rivet into the sheet by either punching or pushing until it
starts to flare and form a mechanical interlock. Finally the punchractetl and the joined
sheet are released from the [#8].

In table2, some advantages and disadvantages betweepieaé riveting and other
general joiing processes are summarized:

Table2 - Advantages and disadvantages of thegiefce riveting procesf28]

Advantages Disadvantages
Low emissions and noise pollution; Rivets represent an additional cost;
Can join dissimilar materials; High forces involved;
Short cycle time; Not suitable for brittle materials.

Does not require prérilled holes;
High static and fatigue joint strengths.

The selfpierce riveting process is a very rigid and inflexible process as it has few
controllable parameters to adapt to different conditions. The addition of a tumbling punch to
the conventional selbierce riveting process can create possibilities foesatile joining
procesg30].

The geometry of the rivet can be varied to adapt the process for different purposes. Kato
et al.[31] develoged a short thin pipe rivet in a process called desliled seHpierce riveting
(DSSPR), depicted ifigure 11. The pipe rivet, with chamfered ends, is placed between the
sheets and with a single stroke the rivet pierces and holds the sheets togetbdreldss,
convention DSSPR process has limitation when joining dissimilar materials with very different
strengths, as the rivet is less pierced in the sheet with higher strength resulting in an
asymmetrical mechanical interlock. Alves et[@R] studied the joining of AA5754111 and

9
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PVC by the DSSPR process using rivets with different chamfered angles in eaghdsalso

by a twastroke approach where the higher strength material is firstly pierced by the rivet and
only then the PVC sheet is placed for the second stroke. In another study, AlveS&t al.
studied the feasibility of introducing a flabttom hole in the sheet with higher strength in
which the rivet, with different chamfered angles, can be inserted. With this method, the
positioning and alignment of the rivets was solved also the joint strength considerably
improved when compared with a conventional DSSPR joint.

i

V7777777772

a) b)

Pipe rivet

Figurell- Schematic illustration of the DSSPR procds3 before
joining and (b) after joiningAdapted from31].

2.3 Joining magnesium and aluminum alloys

The growing need to join magnesium to aluminum alloys is related to the properties of
the base metals. Individually, both metals are utilized extensively in the automotive and
aerospace industries due to varimdvantages, respectively, including light weight, high
specific strength and recyclability. Even so, some specific advantages may favor aluminum
(such as higher strength or creep resistance) or magnesium (for higher damping capacity), and
thus certain agjzations are in favor of one of the metals over the other. Joining technologies
can provide the opportunity to employ the advantages of both metals simultarjéhusly

Welding is the most commonly joining process used on automotive assembly lines due
advantages offered by dissimilar welding, such as cost reduction, higher energy efficiency,
optimization of material s and ttépemalptopettiast y t o
in specific areas. Dissimilar welding is used to manufacturetaitded blanks which are then
stamped for the construction of automotive body structures. However, a major drawback that
impacts the progress of Mg dissimilar weldig is the formation of AlMg based brittle
intermetallic compounds (IMCs) which are detrimental to the mechanical properties of the
joints [6].

Friction stir welding (FSW) is a solisttate joining technique and the process consists of
a norrconsumable rotating tool with aespfically designed pin and shoulder passed through
the line of joint of the two materials to be joingdl], the process can be visualizedigure
12. FSW is therefore a good candidate to attenuate the deleterious IMC effects through the
solid-state welding technique by controlling the thermal history of the pr¢gkess

10
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Shoulder
Welding direction
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N
Pin

Retreating side
Nugget zone
Advancing side

Figurel12- Friction stir welding schematic illustratioAdapted from35].

It is possible to utilize a wide variety of aluminium and magnesium alloys, although the
great majority of the aluminiuralloys used are from the 5000 and 6000 series and the AZ31 in
the case of the magnesium. This is due to their adequate properties to be used in the industrial
sectors such as the automotive induggy.

Park et al[36] in 2002 successfully joined AA1050 and AZ31 with 6 mm thickness by
FSW without defects near the weld center. Zettler 74ljoined AA6040 and AZ31 with 2
mm thickness and achieved a joint strength of 80% of the lower strength btesgalmas
AloMg2 and AkoMgi7 IMCs were formed only in localized regions and not in the entire stir
zone. Kwon et al[38] and Shigematsu et gi39] joined A5052PO and AZ31BO using
different tool rotation speeds and tool transverse speeds, achieving joints strengths of 66% and
72%, respectively. In order to reduce the heat igma to control the formation of IMCs,
Underwater Friction Stir Welding (UFSW) has a good potential for joining magnesium and
aluminum alloys, as the welding is performed either in a water container or while water flows
across the surface of the samplejtoolling the heat input in the weld zof#0]. Zhao et al.
[41] used UFSW togin AA6013 and AZ31 with 2.5 mm thickness, obtaining a joint strength
of 152.3 MPa and a thin IMC layer. There has been however little research works on UFSW
and it still requires further investigati¢40].

In recent years a significant amount of research has been done in the area of hybrid
mechanical and solidtate joinig processes. Wang and Stevengl#) proposed a friction stir
blind riveting method (FSBR), where the sheats joined by means of a rotating friction stir
rivet that is driven in the sheets via a mandrel causing the materials to soften, then the mandrel
withdraws and the rivet expands to form the joint, as showvigune 13. White et al[43] used
FSBR to succesdlly join AA5005-H34 and AZ31RO with 2 mm thickness and verified that
the stacking order affected profoundly the joint, as the insertion force was dependent on the
alloy in the top of the stack and the behavior under tensile shear loading was detbgntimeed
alloy at the bottom of the stack. Min et [@4] studied theeffect of the spindle speed and feed
rate in the joining of AM60 (3.05 mm) with AA6022 (1.5 mm) and AA6082 (3.15 mm). A good
FSBR joint was only obtained when the AM60 sheet was placed on top, and high spindle speeds
and lower feed rates were also necsssa generate enough friction heat to improve the
plasticity of the AM60 sheet. Although the FSBR process has a high potential over the
conventional blind riveting process to accomplish a cfea joining of magnesium alloys, the
process automation amdquired equipment are more complex than the conventional process

[8].
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(@) (b) (©) (d)

=y § l

- T

Figure1371 Schematic illustration of the Friction Stir Blind Riveting (FSBR) process
Plunging, (b) Stirring, (c) Upsetting and (d) Joitlapted from43].

There are also multiple works on hybrid sgiércing riveting with a scope of not only
reducing tle riveting force but also to improve the plasticity of brittle materials such is the case
of magnesium alloys. Hahn et §5] added a vibration mechanism to a conventional self
pierce riveting machine which heated the sheets with its vibration, reducing the riveting
insertion force. Sun et g46] proposed a selbiercing riveting process assisted by ultrasonic
energy to locally improve the ductility of the sheets. Drbsgeal. [47] replaced the
conventional SPR die by a new movable die concept which could control the damage in the
lower sheet by superimposing the forming zone with compressive stresses. A dieless riveting
process was proposed by Neugebauer €#48]. where a préheated flat anvil is uskas a
counter tool instead of a contoured digure 14). A crackfree joint were performed between
AZ31 (as the lower sheet) and AIMg3 (as the upper sheet) sheets with 0.8 and 1.45 mm
thickness, respectively. Nevertheless, the feasibility of theseidrgbif pierce riveting
processes relies on a heat assist source to improve the ductility of the magnesium alloys and in
the controllability of the temperature of the sh¢8}s

Punch

Clamp
Rivet

Upper part

Bottom part
Flat anvil

Figurel4i Schematic illustration of dieless rivet clinchigdapted fron{48].
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2.4 Ductile fracture

Materials can be described as ductile or brittle depending on the quantity of macroscale
plastic deformation that precedes their fracture. While fracture in brittle materials occurs due to
the rapid propagation of elastic stresses and it is not visibbetmganent distortion, and so it
cannot be visually anticipated, on the other side the fracture of ductile materials is preceded by
visible plastic deformatiof49]. In metal forming processelset ductility of the materials is a
key aspect that allows them to be deformed to the desired form without f{d&jures damage
and fracture impacts the quality of the final part, it is ofafy importance to know the
mechanisms of damage evolution and ductile fracture in order to precisely predict failure in
process design phafso].

2.4.1 Damage evolution

In deformatiorbased processes the ductile fracture of theenads$ is mainly caused by
voids, which can appear in the material after plastic deformation or can be already present
before plastic deformation occurs due to the previous processing of the niatHridh a
process called Microvoid Coalescence (MVC) where the voids nucleate (fmnnoétvoids),
grow and coalesce, fracture occur in the majority of metallic ajé8js

The main mechanisms for the nucleation of the voids is at the interfaces of inclusion and/or
secondphases particles caused by plastic deformd#8h The debonding of these interfaces
is considered the main factor for the initiation of the voids. Aluminum alloys contains a large
volume fraction of intermetallic brittle phases disperseis matrix, such as iron based and
magnesiurnsilicon intermetallic with distinct properties, leading to void nucleation when
submitted to plastic deformati¢s0]. On the other side the inclusions have little strength in the
interface bond with the matrix and also have distinctive mechanical properties. The debonding
of these interfaces occurs in the directions of the major strain in the p&frikigure 15).

. o JTTTTTTT

(1) 0
0 . 0
© Load 0
© application 0
(2}. . HRRRRNG 0 0
. 0
o o 0 0

RN

Figure1l57 Void nucleation. (a) Initial material; (b) Nucleation of thedmafter application of a tensi
load. (1) Initial porosity and (2) Inclusions.
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As the voids are nucleated, the increase of the plastic deformation leads to the enlargement
of the size of the voids in a phenomenon usually called void growth. The continuous growth of
the voids leads to the link up (or coalescence) of adjacent(figjdee 16) because of the plastic
strain in the intervoid matrix, leading to the final fracture surfadg

TIifrTts PItTfrrtt
o e[ 0 8
0000 "i"i‘, O U
0 ) % OO
'

Ve bbb NRRR

Figurel6i Void growth and coalescence due to the further increase of the plastimdgor.

i

2.4.2 Ductile fracture modeling and prediction

In order to predict ductile damage evolution and the onset of fracture in metal forming
processes, ductile fracture criterial (DFC) have been continually developed and in{p@jved
The DFC can be classified as follojgd ]:

Micromechanicshased damage criteria
Coupled <
Macromechanicdased damage criteria

With Lode parameter

Ductile fracture crigria

Uncoupled

Without Lode parameter

The difference between the coupled and uncoupled DFC is that the coupled considers
the effect of the damage accumulation on the material yield surface. Despite the uncoupled
DFC have limitations in the prediction of fracture in comparison with the coli€t] they
are more widely used because they are simple to calibrate and to formulate. The damage
accumulation is formulated with the general functioeguation 2.150].

Q[ Q[ 6 (2.1)
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In equatior.1the- [is the equivalent plastic strain to fracture, the the stress tensor,

the- [ is the equivalent plastic strain and thés the fracture threshold of the material. In the

case of uncoupled DFC without considering the Lode parameter, they have a simple form and
are more commonly used for specific processes with specific deformationp@thé&n the

other side, the uncoupled DFC that consider the Lode parameter have a better accuracy in the
prediction of ductile fracture, as different stress states can not be distinguished solely by the
stress t i5i].d\gnethelesstTheir {ra@yre locus is a 3D surface insteaddfeand

more tests should be performed to calibrate the parameters of thibQIFC

2.4.3 Modified Mohr Coulomb fracture criterion

The MohrCoulomb fracture criterion has been widely used in rock and soil mechanics
as it correctly takes into account the effect of hydrostatic pressure and the Lode angle parameter
[52]. Bai et al.[52] Extended the MoR€oulomb criterion tdhe spherical coordinate system
in a tridimensional space of equivalent plastic strain, normalized Lode angle parameter and
stress triaxiality to describe ductile fracture of isotropic solids. This fracture criterion is called
the Modified MohfCoulomb moeél (MMC) that can be seeas follows inequatiorn2.2

T —86 —p 6 OAA »p —AT-©6 6 -OE+ (2.2)

The fracture envelope is affected by K and n which are the strength coefficient and the
work hardeningexponent, respectively, obtained by uniaxial tensile tests and utilizing an
adequate strain hardening law. Furthermore, this criterion should be calibrated by performing
at least three formability tests to obtain the material coefficient€and G. [53].

In this phenomenological criterion, the damage evolution is described in terms of
macroscopic variables in tferm of equivalent plastic strain and stress state. The damage
increment is defined by the increment of equivalent plastic strain utilizing an weighting function
[53], which can be represented as follows inatpn 2.3

o - (2.3)

Where an increment of the equivalent plastic streé4{)is divided by the equivalent

plastic strain to fracture for the respective stress stdite f-F), contributing to the damage

accumulation in the material in which fracture is predicted when the damage ind@ator (
reaches unity.

The fracture envelopean be plotted as a surface in a 3D space of equivalent plastic
strain -, normalized Lode angle parametekand st r e s s. Hawevieraixsheet i t y
metal forming processes, plane stress conditiomftanbe assumed anoh that condition,he
stress triaxiality and the normalized Lode angle parameter are not independent parameters and
can be uniquely correlated as seen inatigpn 2.4andfigure 17 [53].
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1+ p AT O — - (2.4)
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Figurel7 - The correlation between the stress triaxiality and the normalized Lode
parameter under plane stress condition.

Therefore, by removing the normalized Laategle parameter from egtion 2.2using
the correlation in agation2.4, the fracture envelope can now be plotted in a curve in a 2D
space of equivalent plastic strain and stress triaxiality.

Under the assumption of proportional loading, the formimgt of materials can be
expressed in the space ofplane principal strains (i ) which is called the fracture forming
limit diagram (FFLD)[53].

Assuming plane stress condition and planar anisotropy:

—_ (2.5)

[ (2.6)

f —_— (2.7)

Wherel is the ratio between the minor and majoiplane stresses, is the ratio
between minor and major-plane strains and andi the Lankford coefficients along the
rolling direction and perpendicular to the rolling direction, respectively.

According to Hill’s 1948 yield criterion, the equivalent plastic strain can be corelated
with the strain ratio and the majorptane strain ad expressed dsllows in equation 2.§3]:

- - q (2.8)
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Finally, the major and minor iplane strains-(f+ ) can becorrelatedby equation 2.9

- - (2.9)

Xiao et al.[54] used the modified Moh€oulomb (MMC) model and the modified
JohnsorCook (3C) model to study the flow and fracture of a ZK60 alloy for different loading
states and straintes. Results showed that the MMC model tracked the fracture behavior more
accurately than the @ model, with a maximum relative error of 10% for elemental fracture
strain and 7.2% for elongation. Xiao et [&5] investigated the accuracy of the MMC model
and JC model on the prediction of ballistic resistance of AA203561 plates. The FE
simulations using the MMC fracture criten predicted the experimentally obtained ballistic
limit with an error lower than 3%, while theGfracture criterion overpredicted it by 28.5%.
TalebiGhadikolaee et aJ56] analyzed the fracture behavior of AA6GB& sheets during the
U-bending and using the MMC ductile fracture criterion, obtaining an overall error of the
predictedracture displacement of about 2%. The MMC fracture criterion is able to predict with
relatively good accuracy the fracture strain of different materials in a wide range of stress states,
as it can be calibrated by several formability tests with diffdoating conditions and it takes
into account the effect of the normalized Lode angle parameter. Due to these and the relative
ease to calibrate, in this work the MMC fracture criterion will be used to design the hole
hemming process.

2.5 Hole hemming process

The hole hemming process was newly developed by Kasaei MM and da SjWjanith
the objective of joining dissimilar material sheets with very different mechanical propArties.
finite element analysis was made to studyféasibility of the process for joinning a dual phase
steel, DP780, and an aluminum alloy, AA6OB4. In the end the results showed that the hole
hemming process has a high potential for joining dissimilar materials. The process is inspired
in the convenbnal hemming process and a schematic illustration of the process can be seen in
figure 18.
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Flanging stage
Upper die

Fa

Outer sheet

Flanging punch Lower die

i
(a)

Hemming stage
|

Hemming punch

Blank holder

thl

Inner sheet

——

| Lower die

(b)

Figure18- Schematic ilustratioof the Hole Hemming process: (a) Flangin
stage and (b) Hemming stage.

The main difference between the hole hemming process and the conventional hemming
process is the location of the mechanical interlock. In fact, in the henproogss the sheets
are joined along their edges while in the hole hemming process the joint is performed through
concentric prealrilled holes which can be made anywhere in the sheets. This represents a
significant advantage over the hemming process whadh limited applications due to the
restriction of the joint location in the sheet edges.

The hole hemming process is performed in two different stages, the flanging stage and
the hemming stage. In the flanging staligure 18 (a), a flange is formed irhé hole of the
outer sheet by means of a punch, the flanging punch, and two dies, the lower and upper die. In
a first phase of the stage, the outer sheet is correctly aligned and placed in the top of the lower
die and then the upper die moves down to Hiex buter sheet. After this, the flanging punch
advances to bend the edge of the outer sheet in a 90° angle and form the flange. As it can be
seen in figure, the dies create an indentation near the flange, which allows the hole edge of the
inner sheet to bplaced at the closest possible position to the flange during the hemming stage.
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In the hemming stagégure 18 (b), the inner sheet is placed and aligned on the top of the outer
sheet and the upper die is replaced by a blank holder which fixes the sheets in the correct place.
After this, the hemming punch advances and causes the flange to overlap the holelesige of t
inner sheet, producing a tight mechanical interlock with low deformation in the inner sheet.
Because of this, this process has a high potential of joining magnesium with aluminum alloys
as long as the magnesium alloy is used as the inner sheet ahahtimeia alloy is sufficiently

ductile to be used as the outer sheet.

2.6 Design of the process

Like any other process, the hole hemming process has its own process parameters that
affect the feasibility and quality of the joirtigure 19 shows aschematic illustration of the
hole hemming process with the respective process parameters.

Fl angingl|l sHemmi ng st

Figure19- Schematic illustration of the Hole Hemming process and process pararn

In the first stage, the flanging stage, the hole radius of the outer sheat@Rhe radius
of the dies (R) determine the length of the hole flange {fough egation2.10. The filet
radius of the upper die @frdetermines the bend radius in the outer sheet and so its deformation,
this value should be carefully chosen considering the formability and thickness of the sheet.
The indentation depth (d) allvs the hole edge of the inner sheet to be placed near the flange of
the outer sheet and its value should be similar to the thickness of the outer sheet in order to not
occur pultrusion in the top surface. The fillet radius of the hemming punch (R) sottiteol
evolution of the deformation in the outer sheet during the hemming stage.

0 Y Y (2.10)

19



Joining magnesium and aluminum alloy sheets by a novel hole hemming process

3 Experisment

The work was carried out in commercial aluminum alloy AA6082[57] and
laboratory made EC@nagnesium alloy AZ3]58]. ECO-AZ31 is made by a new processing
technology in which Ca is added to molten Mg alloy. Although the aluminum exhibits a
constant thickness of 2.05 mm, there is a significant variation in the thickness aighesiim
sheets perpendicular to the extrusion direction, having a smaller thickness in the middle and
higher thickness in the edges.

In order to perform the finite element analysis of the hole hemming process, it is first
necessary to characterize the en@ts. In this chapter, the plastic behavior and anisotropy of
the aluminum and magnesium alloys will be studied by performing uniaxial tension tests in
three directions (0°, 45° and 90° to the rolling direction, in case of the aluminum alloy, and to
the extrusion direction, in case of the magnesium alloy). Moreover, formability tests will be
performed to calibrate the ductile fracture criterion and obtain the fracture envelopes of the
materials.

3.1 Material characterization

To obtain the mechanicalgperties, anisotropy and hardening behavior of the aluminum
and magnesium alloy sheets, uniaxial tension tests were carried out in three different directions.
Three specimens were tested for each directioinguime 20it is possible to see the dimensions
of the uniaxial tension specimens.
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Figure20 - Dimensionsof the uniaxial tension specimens for (a) AA6OB2and (b) AZ31.
(c) AA6082T4 and AZ31 uniaxial tension specimeB$émensions in mm.

The uniaxial tension tests were performed on a INSTRON 3367 machine (with a
maximum capacity 080 kN), as shown ifigure 21, with a constant test speed of 3mm/min.
To measure the displacement of the gauge section and the major and minor strainsoim functi
of the time, a camera (Canon EOS M5 equipped with a Candvt EB-55 mm F/3.55.6 lens)
was used to record the deformation of specimens during the test with a frame rate of 25 fps.
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The resulting videos were analyzed by the Digital image correlation) (Bd@ware GOM

correlate.
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Figure21i AZ31 specimen during the uniaxial tension te:
the INSTROM 3367 machine equipped with a digital can
for measuring strain and displacement.

In order tohave an accurate capture of data by the DIC software, it is first necessary to
create a stochastic speckle pattern on a surface of the specimens. This was done by uniformly
spraying the specimens with white paint, then spraying it with black paint toarst&ehastic

pattern in the top of the white paint layer, as showfigure 22.

Figure22i AZ31 uniaxial tension specimens painted with a stoch
pattern.
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The thickness and the width of the specimens were measured by means of a micrometer
with 0.01 mm resolution and a caliper with 0.05 mm resolution, respectively. The measured
values are listed itable3 and4. As it can be seen, the thickness of the AA608Xheets are
uniform, while in the case of the AZ31 sheets there is a significant thickness variation between
different specimens.

Table3 - Dimensions of the thickness and width in the AA6O8Runiaxial tension specimens. dverage
thicknesgimm) measured in three different pointsivaverage widtfmm); AT cross section argann?).

0° 45° 90°
t w A t w A t w A
N1 2.04 12.1 24.68 2.05 12.1 24.81 2.05 12.1 24.81
N2 2.04 12.1 24.68 2.05 121 24.81 205 12.1 2481
N3 2.04 12.1 24.68 2.05 121 24.81 205 12.1 2481
N4 2.04 12.1 24.68 2.05 121 24.81 205 12.1 2481

Table4 T Dimensions of the thickness and width in the AZ31 uniaxial tension specimengerage thickness
(mm) measured in three different pointsivaverage widtlfmm); A i cross section argany).

0° 45° 90°
t w A t w A t w A
N1 120 6.2 7.461 0.79 6.15 4.845 0.82 6.40 5.28
N2 080 6.2 4974 0.79 6.15 4.879 0.84 6.40 5.35
N3 080 6.2 4.939 0.82 6.15 5.043 0.82 6.25 5.10

For a good correlation between the data obtained from the machine and the data of the
DIC software, the recording of the video was started at the same time as the test was started.
After the occurrence of fracturigure 23, the test and the video recardiwere stopped.

\\

Figure23- A fractured AA6082T4 uniaxial tension specimel
after being tested.
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In the DIC software each video was scaled using the width of the corresponding
specimen, then the displacement of the gauge section and the major and minor strains at a point
of the fracture zone were extracted accordinfigiare 24.

(a) (b)

+48.35 -12.75

Displacement
il +12.26 mm

Figure24i Method of obtaining data in the GOM correlate DIC
software: (a) displacement of the gauge section and (b) major anc
strains at a point of the fracture zone.

3.1.1 Mechanical properties

Figure25and26 show the loadlisplacement curves obtained from the uniaxial tension
tests of the AA608X4 and AZ31 specimens, respectively. It should be noted that the
displacement was extracted from the machine.
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Figure2571 Loaddisplacement curves for the AA60G2 uniaxial tension specimens in the (a) 0° (
45° and (c) 90° directions.
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Figure26i Load-displacement curves for the AZ31 uniaxial tension specimens in the (a) 0° (b) 4
(c) 90° directions.
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Figure25 shows that there is a good correlation between thedsgdacement curves
for different AA6082T4 specimens.

In figure 26 (a), the significant difference observed in the load for the N1 specimen
compared with N2 and N3 specimens is due to its much higher thickness, about 50% higher.
Furthermore, irfigure 26 (c), the fracture displacement in the N3 specimen isthessthat in
the other two specimens, because fracture occurred outside the gauge section. For this reason
its results were not considered.

By correlating the displacement of the gauge length obtained from the GOM software
and the load obtained from the machine, the engineerggsstrain curves were plotted which
can be seen ifigures27 and28. The average values for yield stress, ultimate tensile stress and
elongation are summarizedtable5 and6.
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Figure271 Stressstrain curves for the AA60824 uniaxial tension specimens in the (a) 0° (b) 45°
(c) 90° directions.
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Figure28i Stressstrain curves for the AZ31 uniaxial tension specimens in the (a) 0° (b) 45° and
directions.

Table5 - Mechanical properties of the AAGOSA.

Average Average Average

Yield Stress Ultimate TensileStress Elongation
(MPa) (MPa) (%)
AA6082-T4 (0° Direction) 172 278 24.3
AAB082-T4 (45° Direction) 163 271 25.6
AA6082-T4 (90° Direction) 164 274 23.5

Table6 - Mechanical properties of the AZ31.

Average Average Average
Yield Stress Ultimate TensileStress Elongation
(MPa) (MPa) (%)
AZ31 (0° Direction) 142 260 16.1
AZ31 (45° Direction) 159 258 15.0
AZ31 (90° Direction) 193 257 17.3
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Comparing thenechanical properties of the AA6082 and the AZ31 reveals that the
difference between their strengths is not as significant while the elongation of the AA&082
iIs about 50% higher than the elongation of the AZ31. In addition, there is a significant
difference between the yield stress in different directions for the AZ31, highlighting a strong
anisotropic behavior of this material which will be further investigated in the next chapter.

3.1.2 Anisotropy

Sheet metals usually exhibit the anisotropy of mechaproglerties depending on the
loading direction. This anisotropic behavior is due to the characteristics of the manufacturing
process and the materials crystallographic stru¢t@le

The anisotropy of the materials can be defined through the Lankford coefficients which
are defined by equatidhl:

1 — —j (3.1)

where- and- are the strains in the width and thickness directions, respectivelgd0

are the initial and final width antlando are the initial and final thickness. Using the law of
volume constancy, the strain through thickness)(can be obtained uginthe inplane
principal strains{ and- ) as follows is equatio8.2:

- - - (3.2)

In this work, the Lankford coefficients were calculated using the major and minor strains
extracted from the GK software between 10 to 15% elongation for the AA608ZXpecimens
and 5 to 10% elongation for the AZ31 specimens. The resulting Lankford coefficients are
presented itable7 and8.1 ,i andi are the Lankford coefficients at 0, 45 and 90 degrees
to the rolling or extrusion direction.

The anisotropy can be also analyzed by the normal anisotrdmpéfficient, which
represents the average of the Lankford coefficients (equaBprand by lhe planar anisotropy
(w ) coefficient, which measures the variation of the normal anisotropy (eq@atjon

] p— (3.3)

Wi — (3.4)
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Table7 7 Lankford coefficients and normal and planar anisotropy parameters of the AAB082

> > >
N1 0.51 0.55 0.63
N2 0.51 0.54 0.63
N3 0.59 0.57 0.72
Average 0.54 0.55 0.66
Normal anisotropy, » Planar anisotropy, ¢ »
0.58 0.047

Table8 - Lankford coefficients and normal and planar anisotropy parameters of the AZ31.

> > >
N1 0.74 1.17 1.78
N2 0.62 1.29 1.75
N3 0.70 1.27 -
Average 0.68 1.24 1.77
Normal anisotropy, » Planar anisotropy, + »
1.24 -0.017

Although both materials display little planar anisotropy, they are highly anisotropic,
especially the AZ31 that is associated to its hexagonal-plasieed (HCP) crystadtructure.
The anisotropic behavior of the AZ31 was also noticed during the uniaxial tension tests, so that
fracture occurred before the onset of necking in the 0° direction, while necking happened in the
90° direction. In addition, the difference of thielg stress in the different directiorseén in
table6) is evidence for this highly anisotropic behavior.

3.1.3 Yield criterion

The Hill 1948 anisotropic Yield Criterion was used for both the materials, which is
expressed according to equati®a:

” 0, ” 0, ” 0, , c0, cL, C. (3.5)

where, is the equivalent stress and F, G, H\VLand N are the material constants. When plane
stress condition is considered, only F, G, H and N are necessary to be determined as

” 1. The material constants are determined with the anisotropic yield stress ratios
Y h'Y h'Y andY by the following equation8.6 t03.9:
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0 -— — — (3.6)
0o -— — — 3.7)
o -— — — (3.8)

o — (3.9)

The anisotropic yield stress ratios are define@dpyations3.10 t03.13;

Y — (3.10)
Y — (3.11)
Y — (3.12)
Y  Vio— (3.13)

where, is an arbitrary reference yield stress ands the yield stress value. If it is considered
” . then the anisotropic yield stress ratios can be expressglhyions3.14 t03.17:

Y P (3.14)

Y —_— (3.15)
Y —_— (3.16)
Y (3.17)

The Hill 1948 Yield criterion does not predict correctly the yield stress whenp

and— p or viceversal60] which is the case of the AA6084. Because of this and as the

aluminum exhibits considerably normal anisotropy, the anisotropic yield stress ratios of the
aluminum were calculated considering normal anisotropy. The values of the anisotropic yield
stressratios are listed itable9. These values were used to calculate the material constants,

shown intable 10, and consequently draw the yield locus of the materials, as shdiguara

29.
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Table9 - Hill 1948 anisotropic yield s#ss ratios.

Material Ri11 R22 Rss Ri2 Ris R23
AA6082-T4 1 1 0.89 1.05 1 1
AZ31 1 1.25 1.10 1.02 1 1

Tablel10 - Hill 1948 material constants.

Material F G H N

AA6082-T4 0.63 0.63 0.37 1.36
AZ31 0.23 0.59 0.41 1.44
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Figure297 Yield locus defined by the Hill 1948 criterion.

3.1.4 Hardening law

In an initial phase, the hardening behavior of the materials was described by means of
the Hollomon hardening law, which is defined as follows in equa&ib8

, U - (3.18)

The, and- are the true stress and true strain, respectively. K and n are the strength
coefficient and the hardening exponent, respectively, which are necessary to be determined. To
this end, the agineering stresstrain curve in 0° direction was converted to the true strass
strain by means of the following equatid%9and3.20:.
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- 1 1p - (3.19)
woow P - (3.20)

where- and, are the engineering strain and stress, respectively. The truetalieessrain
curves are then plotted. These curves were approximated by the Hollomon hardening law,
which resulting parameters can be seetalihe11.

Tablel11 - Coefficients of the Hollomon hardening law for both materials.

Material K n
AAG6082-T4 476 0.207
AZ31 455 0.214

To validate the hardening law, the finite element simulation of the uniaxial tension test
was performed in Abaqus. The comparison between the experimental and numerical load
displacement results are shown in the figd0e

8000 1500
(@) (b)
g ————
\ 1200
6000 -
z Z 900
c‘g 4000 °
3 ] 3 600
"
2000 & .
: Experimental 300 Experimental
| Numerical Numerical
0 0
0 3 6 9 12 15 0 1 2 3 4 5
Displacement (mm) Displacement (mm)

Figure30- Comparison of the experimental and numerical {deglacement curves using the Hollon
hardening law: (a) AA60824 and (b) AZ31.

Despite there is a good correlation between the experimental and numenes!, in
the case of the AA60824 the onset of necking is not accurately predicted by the model, which
would constitute a problem in the calibration of the ductile fracture criterion and in the
prediction of the fracture during the simulations of theeHmmming process. This is not a
problem in the case of the AZ31, because fracture occurs before the onset of necking and the
numerical results have a good correlation with the experimental results. As a result of this, a
new hardening law was opted to dsethe AA6082T4.
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In the new approach, a combination of the Swift and Voce hardening law was used that
can be expressed as it follows in equa8di:

” | 0 - - p | 6 6 p !Q (3 21)

where 0 and¢ are the strength coefficient and the hardening exponent of the Swift law, A, B
and c are the parameters of the Voce kaws the prestrain and is the weighting factor. The
parameters of the Swift and Voce hardening laws were determined by fiingto the true
stresstrue plastic strain curves. Then, the weighting factor was obtained through a reverse
approach by performing the finite element simulations of the uniaxial tension test until there
was a good correlation between the experimentalramderical results, similar to what is
shown infigure 31. The fitting parameters are summarizethinle 12,

8000

Experimental
Numerical

0 2 4 6 8 10 12 14
Displacement [mm]

Figure31- Comparison of the experimental and numerical load/displacel
curves using the combination of the Swift and Voce hardening law for
AA6082-T4

Table12i Parameters of the combination of the Swift and Voce Hardening law for the AAGD82

L

0.64 501.2 0.0077 0.2328 1744 1729 13.13

3.2 Formability tests

To calibrate the fracture criterion, three different formability tests including the shear
tension, plane strain tension and notched tension tests were carried out, besides the uniaxial
tension tests. These tests were chosen to cover different loading.ndde experimental
specimens and the respective dimensions are shoviiguire 32 and 33, respectively. The
specimens were cut from the supplied sheets along the rolling or extrusion direction by a CNC
milling machine.
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o A
AABOB2-T4

Figure32 - Experimentaformability test specimens: PSlane Strain tension
specimen, ST Shear Tension specimen and NNotched Tension specimen.
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Figure33- Dimensions of théormability test specimens: (a) Notched Tension specimen, (b)
Strain tension specimen and (c) Shear Tension speciDi@ensions in mm.

The formability test specimens were testethim INSTRON 3367 with a constant test
speed of 1 mm/min. Similar to the uniaxial tension specimens, the specimens were painted with
a stochastic patterfigure 34, to obtain the displacement and major and minor strains by the
DIC software GOMCorrelate.
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Figure34- AA6082-T4 calibration test specimen
painted with a stochastic pattern.

For each calibration test, three different specimens were tested that the measured
thickness of each one can be sedalite13. The load/displacement curves of each test can be
seen irfigures35to 36. Similar to the uniaxial tension specimens, for #6682 T4 there is
a good correlation of the load/displacement curves between different specimens, while the
load/displacement curves of the AZ31 specimens present significant differences between
different specimens due to the thickness variation.

Tablel3 - Thickness of the calibration tests for both materialmensions in mm.

NT PS ST
AA6082-T4 AZ31 AA6082-T4 AZ31 AAG6082-T4 AZ31
N1 2.05 0.99 2.05 0.80 0.84 2.05
N2 2.05 0.80 2.05 0.83 0.85 2.05
N3 2.05 0.84 2.08 1.01 0.80 2.05
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Figure35- Load/displacement curves of the AA608B2 calibration tests: (a) Notched Tension
specimens, (b) Plane Strain tension specimens and (c) Shear Tension specimens.
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Figure36 - Load/displacement curves of the AZ31 calibration tests: (a) Notched Tension specim
Plane Strain tension specimens and (c) Shear Tension specimens.
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3.3 Hole hemming experiments

To perform the experimental tests of the hole hemming process, a hole hemming tool
was developed inside the group. An illustration of the tool is shovgure 37.

HEEN! Structural components [ | | Passive tool components [ | B Active tool components

O !‘
|
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®
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"'v"" E
o

First stage: Hole Flanging Second stage: Hemming

Figure37 - lllustration of the hole hemming tool:-IFlanging punch, 2 Bottom die, 3- Upper die, 4 Blank
holder, 5- Hemming punch

The active tool componen(somponentshat come into direct contact with tbbeets
duringthe process)f thehole hemmingdool are theflanging punchno.1) the hemming punch
(no.5), the upper die M3), the bottom die M2), and the blank holderd¢rm). The passive tool
componentgcomponentshat surround the active tool components and support them directly
or indirectly) of the hole hemming tooére the punch holder that fixes the different types of
punches, théeight adjustethatallows to change the height of the punchbe dieholderand
themiddle platethat accommodate the different digde structural componescomponents
that accommodate the passive tool components and are process indgpehtenhole
hemming toolare the upper drive plate, the lower plate, the guide pilthesbushings the
alignment pins, the keys, the plates, the rans, thesprings.

Figure 38 shows the experimental equipmefhe experimental tests were performed
in a servo hydraulic INSTROM 8801 with a maximum load capacity of 100 kN.
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Figure381 Experimental equipment of th@le hemming
process.

Figure39shows the experimental specimens used in the hole hemming process to study
the joint (joint characterization specimens) and to test the loading capacity of the joint (single
lap shear testspecimens).

Figure39- Experimental hole hemming specime(e On the left AA6082-T4 joint
characterization specimen, on tlight, single lap shear test specimen and (b) on
left, AZ31joint characterization specimen, on tight, single lap shear test specim

The process starts by inserting the correct active tool components. In the flanging stage,
the bottom die is fixed to the middle plate (figd@(a) no.1l), the flanging puch is fixed in
the punch holder (figuré0 (a) m.2) and the upper die is fixed to the die holder (figtO€b)
numbemo.3). Then, the outer sheet is introduced in the top of the bottom die and aligned with
the alignment pins, as shown in figuyi@(c).

37



Joining magnesium and aluminum alloy sheets by a novel hole hemming process

Figure407 Flanging stage components andgitioning of the outer sheet: (a) FFlanging punch and 2
bottom die, (b) 3 upper die and (c) positioning of the ouskieet in the top of the bottom die by me.
of alignment pins.

After the previous steps, it is applied displacement to the bottom and middle plate until
the top die closes into the specimen and forms the indent. Then, the middle plate is fixed in
position while the bottom plate continues the displacement, makindathging punch to
advance into the dies and forming a flange in the specimen, as shigure 1.

Figure41 - Formed specimen after the flangir
stage.
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The process continues by changing the active tool components. In the hemming stage,
the blank holder is fixed to the middle plate (figd&(a) m.1), the hemming punch is fixed in
the punch holder (figurd2 (a) m.2) and the bottom die is taken from timeddle plate to be
fixed to the die holder (figurd2 (b) no3). Then, the inner sheet (figu? (c) no.4) is
assembled through its hole into the flange of the outer sheet (#84o) no.5) and both are
introduced in the top of the blank holder, with the inner sheet facing down and aligned with the
alignment pins, as shown in figu4@ (d).

() (b)

Figure42- Hemmingstage components andgitioning of the sheets: (a)ilHemming punch and 2
blank holder, (b) 3 bottom die (c) 47 inner sheet and 6outer sheet and (gjositioning of the sheet
in the top of the blank holdeybneans of alignment pins.

A displacement is then applied to the bottom and middle plate until the bottom die closes
into theouter sheet. Then, the middle plate is fixed in position while the bottom plate continues
the displacement, making the hemming punch to advance into the dies and forcing the flange
of the outer sheet to overlap the hole edge of the inner sheet and camgptessd forming a
tight mechanical interlock he final joint is shown ifigure 43.

Figure431 Final joint: (a) top iew, (b) bottom view and (c) lateral view.
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3.4 Single lap shear test

The shear strength of the hole hemmed joints was evaluated by the performance of
single lap shear tests. The inner and outer Spssimensre machined to the size of 70 mm
(width) x 150 mm (length). Before the hole hemming process, holes are drilled in the opposite
extremity to the hemming hole for the fixation in the testing machine. During the hole hemming
process, the specimease aligned to obtain an overlapping section with 70 x 70 mm. The
resulting single lap shear test specirgeshown infigure 44.

Figure44 - Single lap shear test specimen.

The single lap shear tests were performed on a INSTRON 3367 machine (with a
maximum capacity of 30 kN) with a constant test speed of 1 mm/min. To align the sheets in the
loading direction, the fixation is done with an additional sheet in eaclFende45 shows a
single lap shear specimen placed on the testing machine ready to test.

Figure457 Single lap shear test
specimen fixed to the testing machir
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3.5 Work plan

Table14 shows the work plan of the experimental hole hemming tests.

Table14 - Hole hemming experimental work plabimensions in mm.

Type Ro Ri
Joint characterization 9 145
Joint characterization 8.5 145
Joint characterization 8 14.5
Single lap shear test 9 14.5
Single lap shear test 8.5 145

The objective of these tests is to experimentally confirm the feasibility of the hole
hemming process and also to study the effect of the flange length (F) by changing the hole
radius of the outer sheetdR
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4 Finite el ement modeling

4.1 Calibration tests

In order to calibrate the ductile fracture criterion and the hardening law, the formability
tests including shear, uniaxial tension, notched tension and plane strain tension tests, refer to
section3.2, were simulated using the commercial finite elengsede Abaqus.

The specimens were discretized by 3D solid elements C3D8R with a element size of 0.4
mm for the uniaxial tension, notched tension and plane strain tests and 0.25 mm for the shear
tension test, which has the smaller critical area. Howeveregl#raents located outside the
central critical area were created considerably larger. Due to the thickness of the sheets, 8 and
5 elements through thickness were considered for the AAB@8and AZ31 specimens,
respectively. The mechanical properties ingtgd the strain hardening and anisotropic
behaviors were defined based on the results obtained in s8ctisotropic hardening was
assumed. A dynamic explicit solver with a time scaling approach was employed to improve the
computational performance. It@hld be noted that the ratio of the kinetic energy to the internal
energy was monitored to be negligible. Varia
Lode angle parameterk and damage indicator (D) were defined in the FE model by means of
auser subroutine VUSDFLD. The FE models for the calibration tests with their mesh details
and boundary conditions are showrfigure 46.

(@) (b) RP (©) RP (d) lRP
i i l ! A A A IA

Figure46 - FE models of the calibration tests with mesh details and boundary conditions: (a) Shear ter
(b) Notched tension test, (c) Plane strain test, (d) Uniaxial tension test.

As seen irfigure 47, one ofthe ends of the specimens were fixed while in the other end
a displacement was applied to a reference point. In a first phase, before the calibration of the
ductile fracture criterion, the history of stress stfitpife 47 (a) and (b)) and equivalent plas
strain igure 47 (c)) and also the foredisplacement curves were obtained.
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ST NLA EPS

(Avg: 75%) (Avg: 75%) (Avg: 75%)
+7.178e-01 +1.000e+00 +5.379e-01
+6.753e-01 +9.55%e-01 +4.931e-01
+6.320e-01 +9.118e-01 +4.483e-01
+5.905e-01 +8.677e-01 +4.034e-01
+5.481e-01 +8.236e-01 +3.586e-01
+5.057e-01 +7.795e-01 +3.138e-01
+4.633e-01 +7.355e-01 +2.690e-01
+4.208e-01 +6.914e-01 +2.241e-01
+3.784e-01 +6.473e-01 +1.793e-01
+3.360e-01 +6.032e-01 +1.345e-01
+2.936e-01 +5.591e-01 +8.965e-02
+2.512e-01 +5.150e-01 +4.483e-02
+2.087e-01 +4.710e-01 +0.000e+00

Figure47 - Stress state and Equivalent plastic strain in a AA6D82iniaxial tension FEM specimer
before fracture: (a) Stressaxiality, (b) Normalized Lode angle parameter and (c) Equivalent plastic
strain.

After the calibration of the ductile fracture criterion and using a user subroutine
VUSDFLD, the calibration tests were repeated and fracture was considered by activating
element deletion when the value of damage in an element reached 1, as sliguva48. The
fracture displacement is then extracted and compared with the experimental fracture
displacement to evaluate the FEdabaccuracy

Figure48- AA6082-T4 uniaxial tension FEM specimen a
fracture.
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4.2 Hole hemming

The numerical simulations of the hole hemming process was also performed in the
Abaqus software. Similar tthe formability tests, the sheets were modeled using 3D solid
elements C3D8R, considering 8 and 5 elements through thickness for the ARGQB2 outer
sheet) and AZ31 (the inner sheet), respectively. A smaller element size of 0.2 mm was applied
in thehole sheet edgefiqure 49) where the highest deformations are located. The mechanical
properties of each material were defined using the mapgoakrtiesobtained in sectio. A
dynamic explicit solver with a time scaling approach was used. Theatatibductile fracture
criteria for the AA6082T4 and AZ31 sheets were separately defined in the user subroutine
VUSDFLD to analyze the damage evolution and, finally, predict the fracture during the hole
hemming process. The element deletion techniqueaetasted to model the crack propagation
when the damage indicat{®) reaches 1.

Figure49i1 Hole hemming FE model mesh details of a AA608Rsheet.

The punches (flanging and hemming punch) and matrix (bottom and upper die and blank
holder) were modeled as rigid bodies and the FEM apparatus can be $igeneib0. The
simulation is performed in three different steps by applying a displacement uppbe die,
flanging punch and hemming punch, in that order. The frictional contact conditions between
tools and sheets was defined by a peradtyed contact model using the Coulomb friction law
for a friction coefficient of 0.08.
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Upper die

Outer sheet

Bottom die

Flanging punch

Hemming punch

Blank holder
Inner sheet

Figure50- FE modeling apparatus of the hole hemming process.

5.2.1 Destructive tests

The numerical simulations of the destructive tests (peelfigste 51 (a), and single
lap shear testfigure 52 (b)) are similar to the hole hemming simulation with three main
differences. The first is that the geometries of the sheets were adjustediragto the test.
The second is that 10 elements were considered through thickness for the inner sheet, which
reason is stated in secti@®R.. Finally, a fourth step was added in the model which is the
destructive test itself, where a displacement wasied in one of the ends of the inner sheet
while the outer sheet was fixed
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Figure517 Geometry and boundary conditions of the destructive test specimens FE models: (a) sin
shear test and (b) peel test.

4.3 Work plan

Table15 shows the work plan used to study the impact of the process parameters in the
feasibility and quality of the joint.

Two different levels are studied for the filet radius of the upper dipdifrd die radius
(Ra). It should be noted that by changing theaRd keeping the flange length (F) constant in
fact it is being study the effect of the hole radius of the outer shgeG&hcerning the flange
length and fillet radius of the hemming punch (R) five and four different levels, respectively,
are studiedin the case of the thickness of the inner sheet, it was considered a constant thickness
of 0.95 mm which is the estimated thickness where the first contact with the outer sheet is made.
The indention depth (d) was fixed to 2 mm to matchiekness of th outer sheet in order to
not occur pultrusion in the top surfackthe inner sheet. Furthermore, it was considered a 2
mm gap between the inner sheet and outer sheet flange to minimize the buckling of the inner
sheet.
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Tablel15- Work plan used to study the hole hemming process parameters.

Case to ti d fra F Rq Ro Ri

(mm)  (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
1 2.05 0.95 2 3 35 8 10.5 7 125
2 2.05 0.95 2 4 35 8 10.5 7 125
3 2.05 0.95 2 4 3 8 10.5 75 125
4 2.05 0.95 2 4 3.25 8 105 7.25 125
5 2.05 0.95 2 4 3.75 8 105 6.75 125
6 2.05 0.95 2 4 4 8 10.5 6.5 125
7 2.05 0.95 2 4 3.5 4 10.5 7 12.5
8 2.05 0.95 2 4 3.5 6 10.5 7 12.5
9 2.05 0.95 2 4 3.5 10 10.5 7 12.5
10 2.05 0.95 2 4 3.5 8 12.5 9 14.5
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5 Fracture modeling

5.1 Ductile fracture criterion

In order todesign the hole hemming process, it is necessary to understand the fracture
limits of the materials. In this work, the Modified Mohr Coulomb (MMC) fracture criterion,
which is presented in section 2.4.3, was used to predict the fracture in the finientelem
analysis.

The MMC fracture envelope, equatior22is not only dependent on the K (strength
coefficient) and n (hardening exponent), which were determined in s&ctigh, but also in
the material coefficients CC; and G. These material coefficiemare obtained by fitting the
fracture envelope in at least three calibration points that are obtairfechiability tests with
different loading pathgrigure52 shows a typical MMC fracture envelope which consists of
two branches, one from uniaxial cpression to uniaxial tension and another from uniaxial
tension to equibiaxial tension.

1 -
0.75
0.5 A

0.25 4

Equivalent plastic strain

0 L T T T T
-0.4 -0.2 0 0.2 0.4 0.6 0.8
Stress triaxiality

Figure52 - Typical MMC fracture envelope expressed in a 2D space ¢
Equivalent Plastic Strain and Stress Triaxiality.

1

5.2 Calibration method

An experimental and numerical hybrid approaches were used for the calibration of the
MMC criterion. To acquire an accurateegdiction of the fracture envelope, at least three distinct
calibration points are required with loading paths near uniaxial tension, plane strain and pure
shear. In this work, the calibration point with a loading path near uniaxial tension was obtained
by testing the uniaxial tension specimens presented in se&tiofigure 20). The shear and
plane strain specimens used are shown in seBtibfiigure 32and33). Another specimen, the
notched tension specimen, was also tested to more accurately estienfitcture envelope
between uniaxial tension and plane strégu¢e 32 and33). These tests were simulated in the
commercial finite element software Abaqus, as described in sdction

In the case of the AZ31, the results of the notched tensionviestsnot used in the
calibration of the MMC criterion, due to the problem of the thickness variation in the AZ31 as
explained in sectioB. In fact, the results of the notched tension tests were not good as the grips
of the machine only fixed a portion tife specimen where it had a higher thickness. Thus, the
load was not evenly distributed along the specimen during the test, as gereid3, and the
deformation was concentrated at one side of the specimen. This effect was only observed in this
calibration test.
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Figure5371 Major strain of a AZ31 notched
tension test specimen before fracture.

As seen irfigures 25 and 26, while the loaedisplacement curves of the AA60G2
calibration tests are similar in the three trials, in the case of the AZ31 the curves vary due to the
thickness variation. As the hole of the AZ31 sheet is made in the middle of the sheet to obtain
a hde with a symmetric thickness distribution, the AZ31 specimen selected for each test to
calibrate the fracture criterion were the ones which had a thickness similar to the thickness at
the middle.

In order to apply the hybrichethods, it is first necessary to be sure about the accuracy
of FE modelsFirst it is necessary to confirm if there is a good correlation between the critical
zone of the FE model and the experimental model, being considered critical the zone with the
highest strain, as is shown figure 54. Furthermorefigure 55 shows a comparison between
the experimental and numerical leddplacement curves for the calibration tests. As seen,
there is a good agreement between the curves, demonstratuadidity of the FE models.

PEEQ
(Average-compute)
+4.325e-01

+3.244e-01
+2.883e-01
+2.523e-01
+2.162e-01

+1.081e-01
+7.208e-02
+3.604e-02
+0.000e+00

Figure54 - Comparison between the strain contour of the FE model and the experitasntdla AA6082T4
notched tension test: (a) FE moeglivadent plastic strain countor and (b) DIC major strain countor.
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Figure5571 Load-displacement curves comparison between the experimente
numerical results: (a) AA60824 and (b) AZ31.

I n the critical region, the stress triaxi
(-} were obtained using the FE simulations. In addition, the equivalent plastic strain was
extracted at the displacement when fracture occurs in the experimentdtitpsts56 and57
show the evolution of stress atamdteatkasfuiction y ( Q)
of the equivalent plastic strain.
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Figure56i Evolution of the Stress triaxiality (left) and Normalized Lode angle parameter (right) fi
AA6082-T4.
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Figure57 - Evolution of the stress triaxiality (left) and Normalized Lode angle paranreght) (for the
AZ31.

There is a variation of the stress state along the tests especially in the ARG@824t
undergoes higher deformat®and it suffers necking before the occurrence of fracture. Because
of this, it is necessary to obtain the average values of the stress triaxiality and normalized Lode
angle parameter using @ation5.1 and5.2.

— -ror (5.1)

L — L.rar (5.2)

The major and minor strains were obtained in the critical point from the DIC software,
then the equivalentrstin was calculated at the last measurement of the DIC system (8 eq 2.

In the case of the AA60824, the fracture strains obtained by the FEM were higher
than the equivalent strains measured by the EdQre 58 (a)). Since the DIC method is highly
dependent in the quality of the video and the stochastic pattern during the deformation, the
accuracy of its results can be compromised for high localized deformation. This was particularly
observed in the shear tension test in which the deformation waslsarfdgconcentrated in a
small so that the mesh defined in the DIC software disappeared before crack opening.

The AZ31 undergone significantly less deformation and, in most cases, fractured
without necking, therefore the results of the DIC were similéinéaresults of the FEM at the
onset of fracturefigure 58(b)). However, in the shear tension test, the fracture equivalent strain
obtained from the FE simulation was much higher than the one of the DIC and even about 70%
higher than the fracture strain the uniaxial tension, which is unacceptable. Due to the high
quality of the DIC measurement of the AZ31, this difference may be related to the modeling of
the material behavior in the shear state. Thus, the result of the DIC was used in this case.
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Figure58 - Calibration points for both materials obtained by FEM and DIC: (a) AA6D8

and (b) AZ31.

Based on the given description, the resulting calibration points are ligtdaled6 and
17. Moreover, the calibration points are shown in the space of the e s s
the normalized Lode angle parametek if figures59. The results show that the calibration
tests enable to reflect the desired stress states. All the points are also located on the theoretical
curve obtained based on theasption of plane stress condition, which confirms the existence

of this condition in the test.
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Table16 - Calibration points for the AA608Z4.

AA6082-T4 tg tom  Plog
uT 0.58 0.39 0.85
ST 0.53 0.046 0.12
PS 0.42 0.52 0.42
NT 0.40 0.47 0.58

Tablel17 - Calibration points for the AZ31.
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Figure59- Plane stress condition verification: (a) AA6082 and (b) AZ31.
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5.3 Fracture envelopes

For each material, the MMC fracture envelope, &€ ®as fitted to the calibration
points in MATLAB. The resulting material constants are summarizebte 18. The 3D
fracture envelopes for the AA60821 and AZ31 sheets are showrfigure 60. Assuming the
plane stress condition, the fracture envelopesatso plotted in the space of equivalent plastic
strain and stress triaxiality along with the corresponding calibration pdéionse(61). In both
cases, the fracture envelope shows a good agreement with the calibration points.

Table18- MMC material constants.

Material C1 C2 C3

AA 6082-T4 0.078 235 0.981

AZ31 0 150 1

(@)

Fracture strain

Stress triaxiality 1 1 . NLAP

0.2

(b) 0.15

0.1

Fracture strain

0.05

0

-05
Stress triaxiality L NLAP

Figure601 3D MMC fracture envelopes: (a) AA608A and (b) AZ31. The re
line present in the surface shows the fracture strain for plane stress st
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Figure61i MMC fracture envelopes with the respective calibration points: (a) AAGEBand (b)
AZ31.

The fracture envelopes of the AA6G82 and AZ31 sheets are comparedigure 62.
As seen, there is a huge difference between the fracture envedapésting significantly
higher formability of the AA608Z4 sheet in all the stress states and highlighting the difficulty
of forming the AZ31 sheet at room temperature.
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Figure62- Comparison of the AA608Z4 and AZ31 fracture envelopes.
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5.3.1 Evaluation of the fracture criterion

The finite element analyses of the formability tests were once again performed to
evaluate the accuracy of the calibrated MMC criterion. The criterion was defined in ABAQUS
by means of a VUSDFLBubroutine. In these simulations, when the damage indicator reached
one, fracture was predicted. The fracture displacements are compared with the experimental
fracture displacements for the AA6082 and AZ31 sheets, table19and20, respectively.

Table 197 Fracture displacement error prediction using the calibrated MMC for the AABO32

Fracture displacement Uniaxial Notched Plane strain Shear tension
tension test tension test tension test test
Experimentalmm) 12.25 2.15 1.90 1.70
FE predictionlmm) 12.15 2.21 1.85 1.63
Relative error (%) 0.8 2.8 2.6 4.1

Table20 - Fracture displacement error prediction using the calibrated MMC for the.AZ31

Fracture displacement Uniaxial Plane strain Shear tension
tension test tension test test
Experimentalmm) 4.14 0.73 0.53
FE predictionlmm) 3.95 0.78 0.32
Relativeerror (%) 4.6 6.8 39.6
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6 Results and discussi on

6.1 Deformation mechanics

The contours values of equivalent plastic strain and damage indicator of the outer sheet
are shown irFigure63. According tofigure 63 (a), the maximum equivalent plastic strain in
the end of the flanging stage is located in the hole edge that is in contact with the flanging
punch, while as seen ifigure 63 (b), the maximum damage is located in the bend zone. The
high value of strain in the hole edge is due to the intense local coetacten the hole edge
and flanging punch, while not reflecting in high values of damage due to the mainly
compressive stresses involved. The zone with the highest damage depends on the combination
of the process parameters, and for a different combinatioay be located in thilangeedge.
In the hemming stagégure 63(c) and (d), the damage continues to increase iflahgeedge
and bend zone, and, in this case, fracture eventually occursfiartheedge.

PEEQ (@) Damage
(&verage-compute) (Average-compute)
+8.505e-01 +5.688e-01

+5.214e-01
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+4.961e-01
+4.253e-01
+3.544e-01

+7.088e-02
+0.000e+00

PEEQ (c) Damage

(Average-compute) (Average-compute)
+1.36%e+00 +1.002e+00
+1.255e+00 -
+1.141e+00
+1.027e+00
+9.127e-01
+7.986e-01
+6.845e-01
+5.704e-01
+4.563e-01
+3.422e-01
+2.282e-01
+1.141e-01
+0.000e+00

Bend zone

Figure631 Contour values of equivalent plastic strain and damage indicator in the outer sheet dt

hole hemming process: (a) equivalent plastic strain at the end of the flanging stage, (b) damage

the outer sheet at the end of the flanging stageedigivalent plastic strain at the end of the hemmi
stage, (b) damage value of the outer sheet at the end of the hemming stage.

Figure64 shows the loading path of the edge and bend zone in-ditaensional space
of stress triaxiality and equivalent plastic strduringthe hole hemming process. The edge
zone undergoes higher deformations than the bending zone. Nonetheless, the majority of the
deformation path in the edge zone is located betwasnshear and uniaxial tension, while the
majority of the deformation path in the bending zone is located between uniaxial tension and
plane strairdue to the bending deformatiomhich have lower fracture strains.
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Figure64i Loading path of the critical regions on the outer sheet along the hole hen
process.

6.2 Influence of the process parameters

Figure65 shows the effect of the fillet radius of the upper dig) {fr the damage of the
outer shet at the end of the flanging stage. The increase of {teafil to the decrease of the
damage in the bend zone due to the creation of a higher radius in the bend region, as it can be
alsoconfirmed bychecking the evolution of damage versus the flangunch displacemeint
figure 66 (a). Figure66 (b) also shows that this parameter has no influence in the damage in the
edge zone in the end of the flanging stage.

Damage (a) Damage (b)
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+2.660e-01
+2.217e-01
+1.774e-01
+1.330e-01
+8.868e-02
+4.434e-02
+0.000e+00
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+0.000e+00

Figure65 - Damage distribution in the outer sheet in the dth® flanging stage for different values
fillet radius of the upper die: (a)sfe 3 mm and (b) fr= 4 mm.
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Figure66 - Damage evolution in the critical zones during the flanging stage for diffegea)Bend
zone and (b) edge zone.

Figure 67 shows the effect of the flange length (F) on the formed flange shape and
damage in the outer sheet in the end of the flanging stagéganel68 the damage evolution
during the flanging stage. The higher the flange length, the higher is the damagedgehe
the end of the flanging stage, which is expected as the ratio between the final and initial hole
radius increase and the flanging strain is a function and proportional to this ratio. Besides that,
with the increase of the flange length the critiggion with the highest damage in the end of
the flanging stage shifts from the bend to the edge.
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Figure67 - Damage distribution in the outer sheet in the end of the flanging stage for different va
flange lengths: (&) F=3 mm, (b) F=3.25mm, (¢) F=3.5mm, (d) F=3.75mmand (e) F=4
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Figure68 - Damage evolution in the edge zone during the flar
stage for different flange lengths (F).

The flange length is an important consideration in the process as it affects considerably
the quality of the mechanical interlock between the two sheets. Although for a flange length of
3 mm the damage in the end of the flanging stage is much lbguee 69 (a) shows that in the
hemming stage no mechanical interlock is formed as the flange is too short and it is compressed
before it overlaps the inner sheet to form a proper mechanical interlock. Nonetheless, for higher
flanges figure 69 (e)) fracture caroccur in the outer sheet before a mechanical interlock is
formed with both sheets. The value of this parameter should be carefully considered in order to
obtain a proper mechanical interlock without the occurrence of fracture.
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Figure69 - Damage distribution in the outer sheet during the hemming stage for different values ¢
lengths (F): (@) F=3 mm, (b) F=3.25mm, (c) F=3.5mm, (d) F=3.75mmand (e) F=4n
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The flange length also influences the required force in timgiftg punch during the
flanging stage, which is shown figure 70. The higher the flange length the higher is the
required force in the flanging punch as for higher flanges more material is being deformed.
Along with the mechanical interlock quality anddture considerations, this effect should also
be taken into account in the designing of the hole hemming process.
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Figure70 - Effect of the flange length on the required force in ti
flanging punch during the flanging stage.

Figure71shows the effect of the fillet radius of the hemming punch (R) in the damage
of the outer sheet at the first contact with the irgineret. The higher the fillet radius the higher
will be the contact length between the outer and inner sheet and the better will be the quality of
the resulting mechanical interlock. If the fillet radius is too low, no mechanical interlock is
obtained as tflange is compressed by the hemming punch without overlapping first the inner
sheetfigure 71 (a)).
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Figure71i Damage distribution in the outer sheet and contact length between the outer and inne
the hemming stage for different values of hemming punch fillet radius: (@) R=4 mm, (b)) R=6r
R =8 mm and (d) R = 10 mm.
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The graphic orfigure 72 shows the damage evolution in the bend zone during the
hemming stage. For higher fillet radius the flange of the outer sheet enters in contact with the
hemming punch earlier than for lower fillet radius and so the damage growstais earlier.
Furthermore, for higher fillet radius the first contact with the inner sheet and the mechanical
interlock are made for lower hemming punch displacements and in the end the resulting damage
in the bend zone is relatively the same.
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Figure72- Damage evolution in the bend zone during the hemn
stage for different hemming punch fillet radius (R).

It was also investigated the effect of the fillet radius of the hemming punch on the
required force in the hemming punch during the hemming stage, which is shbgurén’3.
The higher the fillet radius the higher is the required force in the hemmingh @msthe
hemming punch enters in contact with a higher surface area of the outer sheet flange.
Furthermore, the forces involved in the hemming punch are much higher than the forces
involved in the flanging punch and in the end of the stroke the forcesase exponentially,
which is due to the compression of the materials while the mechanical interlock is being formed.
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Figure73 - Effect of the fillet radius of the hemming punch (R) on
required force in the hemming punch during the hemming sta
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Figure74 (a) and (b) shows the damage in the outer sheet at the end of the flanging
stage andigure 74 (c) and (b) the damaga the outer sheet for the same hemming punch
displacement for different outer sheet hole radiug @ the flange remains constaBly
increasing the hole radius of the outer sheet there is a significant reduction of damage in the
edge zone, which cansal be seen in the damage evolution along the procdéggire 75. In
the case of the bend zorfggure 76 shows that there is an increase of the damage with the
increase of the hole radius, but not as significant as the damage increase in the edge.
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Figure74- Damage distribution in the outer sheet during the hole hemming process for different
of Ro. (a) and (b) damage distribution in the end of the flanging stage, foi7Rnm and R= 9 mm,
respectively, (c) and (d) daage distribution in the middle of the hemming stage for R mm and R=
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Figure75- Damage evolution in the edge zone during the hol
hemming process for different outer sheet hole radids (R
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Figure76 - Damage evolution in the bend zone during the hol
hemming process for different outer sheet hole radids (R

Concerning the inner sheet, during the process it undergoes low quantities of
deformation. Even though, fracture in the inner sheet occumredy of the previous cases
(figure 77 (a) shows the damage in the inner stieethe case 10corresponding to thiggure
74 (d)). Nonetheless, to save computational time in the previous simulation the number of
elements and time period of the numerical model were kept to a minimum, which can negatively
impact the results especially in the inner sheet which has much lower frsiciims. The case
10 was repeated but this time the 5 elements through thickness were changed to 10 elements.
As shown irfigure 77 (b), fracture no longer occurs in the edge, with the damage in that location
being reduced about 75%, while fracture nowussmccasionally in the bottom side of the
inner sheet. The contact interaction between the sheets is complex and sometimes the numerical
model faces increments difficult to solve which may originate inaccurate results. With vision
on this, the same casasrepeated (again with 10 elements through thickness) using a three
times higher time period (from 0.0005 to 0.0015) and the results are presdigeceii7 (c),
showing that fracture no longer occurs in the inner sheet. As element deletion ischatitlage
numerical simulations of the destructive tests, 10 elements through thickness in the inner sheet
are used on those simulations and also a much higher time period than the ones that were used
to simulate the hole hemming process. It should be nibtdwhen the elements through
thickness of the outer sheet and the time period were increased, the results obtained for the outer
sheet were the same.
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Figure77 - Damage distribution in the inner sheet in the end of the hemming stage (a) using 5 e
through thickness and a time period of 0.0005, (b) using 10 elements through thickness and a tir
of 0.0005 and (c) using 10 elements through thicknedsdime period of 0.0015.

6.3 Process window

Figure 78 shows the process window for different F values. The contact between the
inner and outer sheet occurred relatively at the séispacement for any value of F and the
contact length increases with the increase of the flange length. Besides the contact length, the
guantity of displacement between the contact and before fracture is also important, as the higher
is the displacemenheé tighter will be the mechanical interlock. For these reasons, it was
considered F = 3.5 mm the optimal parameter.
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Figure78i Finite element pcess window for different values of flange length (F).
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Joining magnesium and aluminum alloy sheets by a novel hole hemming process

Figure 79 shows the process window for different R values and resumes the previous
conclusions: Higher fillet radius leads to an earlier contact with the inner sheet and produces
higher contact lengths, which produces higher quality joints. Furthermeregitact, fracture
and damage lines are relatively parallel between each other, therefore the damage evolution and
the displacement between the contact and fracture are relatively the same.

Figure79- Process window for diffrent values of hemming punch filler radius (R).
Table21 shows the optimal process parameters found for the hole hemming process.

Table217 Optimal process parameters for the hole hemming process.

fr d n Rq Ro F
(mm) (mm) (mm) (mm) (mm)
4 10 125 9 3.5

As for the same geometry of dies and punches it is possible to use different flange
lengths, in the experimental hole hemmiests it was also performed testsRar= 8.5 mm (F
=4 mm) and R=8 mm (F = 45 mm). Figure80 shows and compares the FE damage contours
results between these cases fgdre 81 shows the respective process wind@s.shown, it
is expected in the expmental tests to be possible to make a joint without cracks for the cases
of F=3.5mmand F =4 mm
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