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SUMMARY

Incremental Beet forming (ISF) has seds increasing applicati@in the sheet metal
manufacturing industry in the last decadiie to its unique characteristics pfocess
flexibility andenhanced material formabilitffor single point incremental sheet forming
(SPIP, its improved formability is attributed to the Idiead materialdeformation caused
by a combination of tension, bending, ahag and cyclic loading. df double side
incremental sheet formin@SIF), the deployment of a rear tool introdueesadditional
compressive loadingonto the mateal, which furtter strengthensthe localized
deformation However, the complicated loading conditions and contact conditions
prohibit a systematianddirectanalysis ofthe factors affectingnaterial formability in
ISF, especially inDSIF. Furthermore traditional testing methods haveeen proved
incapabldgo explain thesignificant formability enhancement in ISF.

In this researchto investigatethe materialdeformationcharacteristics in ISF process,
SPIF test usingmaterial AA5251H22 and AA6082T6 were conductedTo explore
damage accumulation in ISHkyite elementtE) damagemodellingof ISF processising
shearmodified GTN model with AA525H22 wasdevelopedBy tracing the evolution
history of strain and sheamduced damage indicator of targeements inthe FE
simulation results, bending, shearing andalzed déormation were confirmed iboth
SPIF and DSIFprocesss. However,comparing the forming depth of the conic parts
obtained from the experiment atite FE model,it was foundhat shar-modified GTN
modelprediced prematuréacturein ISFprocesssfor material AA5251H22, possibly

because of the complicated loading conditions or the material type investigated

Material formability can be influenced Inyaterial propertiedpadingconditions as well

as loading path. In order to iestigate the effect of these thrisetors on material
formability enhancement in ISF, two novel testing methualgee been proposed this
research.To investigate the effect ahdividual deformation moes on the material
deformationbehaviouy a new testing method called Tension under Cyclic Bending and
CompressionTCBC) test was developedn this test, the complicatedd@mensional
geometrical constraints in ISF process was simplifitol 2-dimensioml. Moreover, he
magnitude of theension, bending, compression and cyclic loading can be explicitly
varied by changing corresponding process paramatetbe test Testing rig was
developed based on the proposed condepb. materialsAA5251-H22 and AA082T6
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were used in the tesBy implemening the Taguchi Design of the Experiment, the
significance and relate significance of these deformation modesre investigated.
According to the statistical analysis of the experimental resoitspression wathe most
significant factoaffecting material formability in the tedtlaterial AA5252H22 showed

higher sensitivity to the loading conditisn compared with AA60826. Localized
deformation and bending effect weatso observed by tracing the straamd damage
evolution of the elementduring the test in the FEodelling of the testSuppression of
damage and postponement of fracture of the specimens in the TCBC tests were also
observed, which can also be attributed to the localized material defammiatwas

confirmed that that the TCBC test was an appropriate representation of the ISF process.

To furtherinvestigate the effect of loading path onto the material deformba&baviour

in ISF, another testing methazhlled Biaxial Tension under Bendirand @mpression
(BTBC) test was proposedesting rig was developed accordingly.the BTBC test,
instead ofluniaxial tensionthe cruciform specimen can kieegched in all four directions
and he strain ratio of théwo perpendicular directionsan be variedThe effect of
compression, bending and cyclic loading can also be adjiB#éarmation behaviounf

the materiabluminium alloy AA5251H22 under two strain conditions, the plane strain
and the equbiaxial tension, were tested. Differecdmbinations of lie deformation
modes were investigatan eah test. The formabilitypf the material in different tests
was comparetly measuring the distortion of circular grids inscribed onto the surface of
the specimenAccording to the experimental gelts and FE simulation resultshe
introduction of bending and compression contributed to material localized deformation.
Material formability couldeenhanced by the introduction of bending effect, which could
be further improved bgdditional compressn andthe cyclic loading effecfThe degree

of formability improvement uter different loading pathwas different.Under plane
strain condition, material formability can be progressively improved by introducing the
deformation modes step by step. Whiteder equbiaxial tension condition, introducing
compression and cyclimading into bending did not necessarily lead to formability
improvement. BTBC test provides more insight into ethmaterial deformation
characterizatioof ISF process.

Overall,in this researchthe developedwo simplified teing methods, the TCBC test
and the BTBC testvercome the lintation of current commonly adoptethterial teshg

methods and the ISF test. The testing metipodgidea fundamental explanation of the
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effect of material properties, loading conditions and loadwagh on the material

deformation and fracture behaviarlSF.
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Chapterd: Introduction

1INTRODUCTI ON

Incremental sheet forming (ISF) process provides an altermatimeifacturing routéo
conventionashest metal forming processes. étdvantagesf high process flexibilityand
the ability to manufacture complgeometriehaveattractedesearchnteress from both
academiandindustry Material formability is significantly improved in ISF compared
with conventional sheet metal forming procesbethis chapter, the ISF process will first
be introducedn Secton 1.1 With an outline review othe current research onaterial
formability, thereseach gapsof ISF and corresponding challenged! be discussedn
Section 1.2based on whiclesearch aims arabjectiveswill be proposedn Section 1.3
and researchovelty will be summarized in Section 1¥hesis layout will be outlineth
Section 15.

l.1Research Background

1.1.1Introduction tol SF

Sheet metal forming technology has been evolving for thousands of years. According to
DIN 8582 standarfll] , conventionasheet metal forming processes can be classified into
different categorig, including deep drawing, blankimnd bendhg, basedn the main
deformatiorstress applied on the shegimplified schematics of some conventional sheet
metal brming processes are showrFigurel.1. For all these processes, customidesds

and toolsare requiredo manufacturespecific geometriesAs aresult, the cost of the
manufacturingand lead time can be considerably higleven bebre entering the
production stage. According to a studf/die manufacturing ithe automotive industry
conducted by Altan et al2] in 2001,for just the interior componentsp t00.5 million
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US dollarsand 6 to 9 months were needed to nfacwre dies and to ensure the
robustnessf the dies For mass productiothese costsan be split over large quantities
of products so thahe high inestmentostcan be justifiedHowever, for the prototype

or customization applicationsormally limited quantityf productswith unique features
arerequiredandashort cycle time islesired, traditional manufacturing processes can be

both time and resirce consuming.

Punch Punch I\/‘\’Punch

Blank Blank ~N _p Blank
| / | .’/
.’/ N, f N N
Deformed blank Die Deformed blank Die Deformed blank Die
Deep drawing Blanking V-Bending

Figurel.1 Schematis of someconventional sheet metal forming processes

The need to reducaanufacturing cost and to speedmpnufacturingprocess givebirth

to theflexible formingprocesss, in which traditionatlies ae no longer requiredn one

flexible forming processhe traditionaldies are discretised intaultiple reconfigurable

diesof small size[3, 4]. As shown inFigure 1.2, the positions of discrete dies can be
rearranged to fit the shapes of different geometries before the manufacturing process. In
this way, the reconfigurable die system can be redsedoroducts wih different

geometriesthe manufacturing cost andadtime can be reduced.

Drive Screw

Thrust Disc
Reconfigurable Tool

Clutch

(a) (b)
Figurel.2 Schematic of a reconfigurable die systeth (a) asimplified crosssection viewof the

system; (b) structure of singénallsized die

However, rearranging the positions of the multiple tools in the reconfigurable die system

prior to the manufacturing process requires trial and error or a highly delicate automated
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system. Nevertheless, the forming accuracy of the manufactured partldae\stably

be compromised due to the unevenness of the surface formed by the discié&le dies

One step furtherncremental sheet metal formiigF) process breaks away completely
from usingdies In single point incremental sheet forming (SRI1)ly one tool witha
simple geometry is required. The tonbves along predesigned toolpaths and gradually
deform the clampedget metal intadesired shapés shown inFigurel.3 (a), a typical
SPIFconfiguration only requesfour essential equipmenncluding a CNC machine, a
set of clamping tools, a backing plate and a forming tool.féireing tool is controlled

by the CNC machindifferent shapes of parts can be directly manufactured out of their
CAD drawings with caiesponding toolpaths the same saip, making the ISF process

highly flexible.

Preparatin for an ISF process is minimalhe typical forming tool for ISF is a steel
cylinder with a hemispherical hedgor simple geometries, for example conic parts, the
coordinates in the toolpatan be calculateshathematicallyWhile for more complicated
shapes, the toolpath can be gabed directly from the CAD desigof the partswith the
help of traditional CAM software[6, 7] or specificallydevelopedoolpath generatn
algorithmg[8, 9].

Figurel.3 Examples ofSF processonfiguration and itapplications(a) ISF usinga CNC milling

maching[10]; (b) aerospace crawlindc) Honda S800 hood made by Amifitl]; (d) complicated
geometrie$12]; (e) ftaniumcranial platg13]

The ISF technology was first patented by LeqAakin 1967 and its further development
was reviewed by Emmens et |l5] in 2010 and recently by Li et 4l16] and Behera et
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al. [17] in 2017. It has been succedbflapplied in automotivgll, 12, 18], aerospace
[19] and medica]13, 20] applications, a few examples of the ISF applications for various

industries are shown irigurel.3.

1.1.2Classification of ISF
According to the numbeaf the tools deployedh the processiISF can be classified into
single pant incremental forming (SPIFXwo point incremental forming (TPIRnd

double side incremental forming (DSJR@s shown idrigure1.4.

Backing plate

AN
Deformed blank Support

SPIF

Tool Tool

Deformed blank
Backing plate Clamp Backing plate

Rear tool Clamp

Die Support Deformed blank Support

TPIF DSIF

Figurel.4 Classification of ISprocesses

In SPIF, only one forming tool is used to deform the sh#etequires the least
manufacturingequipmemn while maintaining satisfactoryorming accuracyfor the

prototyping purpsesHowever, the simg configuration of SPIF processmpromises
its wider industrial application due tis relatively low forming accuracy and its

limitations in manufacturingomecomplicated geometrig21-23].

Springback is oa of the most challenging issues of &t affectforming accuracyn
SPIF [24]. As shown inFigure 1.5, undesirablestrong springback of the part
manufactured by SPIF could be observed after trimniihgre are two basic methods to
control springbek, reducingstress gradient through thickness or introducing additional
deformation to compensate for springb§2% . Based on these methodwo variations

of ISF have been developed. The first one is TRHF. In TPIF, only partial diés needed,
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the male die or the female die, as showRigurel.4. The die is not necessarily made of
steel, it can be made with wood or other matetlzsare easy tive manufacturd thus
the cost ofmateriab and lead timean still be reduced. Theparial die providesa
supporting force to the sheehus less tensile force is needed to achiinee plastic
deformatiornrequired to deform the she&ress gradierdcross the thickness is reduced

thusspringbackcanbe reduced

Figurel.5 Strong spingback of titanium sheet afenture part after trimmgn[27]

However,designing and manufactugrthe partial dicompromisethe flexibility of the
ISF process. Instead of using a traditional Bi8|F introducesa rear tool as a partial die
on the other side of the sheet megtd shown inFigure 1.4. The two tools can be
independently contrtgd andtheir relative positioncan be adjusted. When the rear tool
is pressed against the top forming tool, additional compressive force is afdpleed.
pressure can be applied by {s&tinterference fibetween the rear toahd the shegp8,
29], flexible spring orir compressdr30]. The DSIF process was first proposed by Meier
et al. [8].By developinga purposely designed DSIF equipmgz, 30, 31], no backing
platesare requed for specific geometries DSIF, thus the manufacturing time is further
reducedln addition to maintaining athe advantages of SPIF, DSIF improyesning
accuracy as well asprocess flexibility when manufacturing highly complicated
geometrieg32], as demonstratdal the parts produceldy Wang et al[28] and Smith et
al. [31].

According to the tool movement strategy, DSIF can be dividkedtraditional DSIF and
Accumulative DSIF (ADSIF)[33]. In ADSIF, the tools move outwards rather than
inwards. Geometries with more complicasdthpes can be manufacturedAlySIF due

to thereduction of the tensilirce and less geometric consttdiom the formed part of

the productAs a resultthe flexibility of the process is further enhanced
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1.1.3Improved material formability in ISF

In the field of the sheet metal forming, in order to quantify material formability,
formability of a material is defined by the maximum level the material can bentedo
before the occurrence of fractuif@4-36]. According to this definition, material
formability can be reflected by the maximum elongation, maximum bending depth or
maximum drawing angle of a forming patepending on the interpretation of the specific

process.

Forming limit curve (FLC) is widely used to evaluate material formabitigonventional
sheet metal forming processs |t is a curvan the major strairminor strain spacend it

is determined bthe maximum principadtrain components in the planar directions in the
uniform deformation process he FLC define the boundary of stable deformation and
unstable deformation of the material ifoaming process. If the strain point is lower than
the FLC, the deformation process is stable, otherwise it isA®shown inFigure 1.6,

the FLC for material AA1050 in the conventional sheet metal forming process was a V
shape curve. By comparisoripr SPIF,a FLC witha negative slope in the first quadrant
was obtainedn addition,the FLC for SPIFwasabovethe FLC of the conventional sheet
metal forming proces®specially undeplane stain condition, indicatingghermaterial
formability for AA1050 in SPIF than that the conventionaforming processeg37].

In addition, a&cording to the experimental investigations conducted by various
researcher$38-40], material formability for various materials, including ainmm
alloys, steels and copper alloysuld be significantly improvesh SPIF, compared with
conventionalsheetmetal forming processe&or DSIF, the material formability was
reported to be further enhand&®, 33].

FLC incremental forming
1.0
09
0.8 A
0.7 7
06

05 |
- e
0M

03Y-"" '>-<
0.2 o
01 /’f FLC conventional forming

! T T T T T T ™ €min
02010 010203040506

Major strain, €,

Figurel.6 Comparison between FLCsrfoonventional forming processd SPIFor material AA1050

(37]
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1.1.4Factors affectingnaterialformability
Formability of a naterial is subject tats intrinsic mechanicaproperties loading

conditionsand the loading path

Materialmechanical properties can lefiected by various parametemscluding yielding
stress, workhardening, maximum tensile stremsd hardness\mong these parameggr
the most commonly evaluated parameatematerial workhardening In the uniaxial
tensile test, Considée criterigd 1] is widely used to predict the effect of welnkrdening
coefficient on the occurrencef the material deformation instabilityFor SPIF, the
individual and inéractive effects of these parameters the formability of various
materials were investigated byafini et al. [39] and it was concludethat work-

hardening coeffient¢ and the combiedeffectof € and strength coefficienit were the

mostinfluential factors.

In the microscale, material mechanical properties caaffeeted by its microstructure
[41], including grain compositi@andgrain size [42]. The material microstructure can
be affected by the temperature. Increagemmperature wouldacilitate the annealing
process whictreduce the propagation of dislocations and pronsatecrystallization,
thus affedng the material formability43].

Different loadings such as tension, compression and sheariag be applied to the
material in different manufacturing processes in different phases of the same
manufacturing proceskoading conditions affect the distribution of stress and strain in
the part being deformedgased on the MarciniaK u ¢ z y EKk theory [M], the
influence of throughthicknessshear(TTS) and normal stress on theaterid formabiity

was investigadby Eyckens et a[45] and Allwood and Shoulga6] respeately. In the
theory proposed by Emme[6], fracture would eventually occur at the weak sgdhe
materialunder tensile loading. As a result, anygdion that culd suppress the damage
propagation at the weak spot should improve material formabihtythe stamping
processby adjusting the clamping force, the tensile condition may be alleviated and the
formability of the material can also bmproved without sacrificing the geometric
accuracy of the parfg7]. In the continuous bending under tengiGBT) test performed

by Emmens andon denBoogaard[48], by applyirg cyclic bendingoading onto the
material, the weakest spot in the testcapen kept chnging, leading to a significantly

increasednaximum elongation of 430% for material DC04
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In monotonic loading, as reflected in the traditional Fb.€igurel.6, thematerial shows
clearly differentdeformation behaviouunderdifferent strain paths, such asiaxial
tension, plane stmiand biaxial tensiofi35]. Generally,a material undergoes higher
degree of deformation under biaxial tensile condition than it is under plane strain
conditionin the conventional sheet metal forming proceddsgg M-K model, the path
dependence of the FL&f the materialvas reported by Yoshida et §.9] by adopting

two broken linear loading pathdnder cyclicloading, theBauschinger effect will create

cyclic softerng of the material and improweaterial formabilityfor some materialgs0].

Serrated loading pathwererepored by Eyckens et d51] in SPIF pocess by performing
FE simulation. By applying the obtained loading paths into th& khodel, higher
material formability was obtainetllsing prestrained specimens the twostep tension
tension test, He et a[52] also concludedhat strain path would affect material

deformation behaviour.

1.2Current ReasnedarQhhaldaepnsg e s

The wique advantages of ISF are accomparbgdts dstinct material deformation
behaviour fromthe conventionalsheet metal forming processes. It has alrelaggn
widely acknowledged that the material deformation in SPIF is a localized deformation
caused by the combination t#nsion bending, shearing and cyclic effect. For DSIF,
additional compression from the rear tdmings more complexity to the material
defamation behaviour.

Current researchn material deformation and fractureechanism in ISF mostly focuses
on ISFprocesstself, as revewed by Li et al[16] and Gateaet al.[53]. However, owing

to the complexity b the processincluding the contact conditions and geometric
constraints the deformation modem ISF are cl®ely interconnected so that their
influence on the material deformation and fracture behaviour in d&fot be
investigated in a separaaed caotrollable way by conductintpF tests themsees.The
influence of the deformation modes on the deformation and fracture mechanisot ca
be fundamentally explained, especially for DSIF.

As discussed in Section 1.&part from material properties aholading conditions,
material formability isalso affected by the loading pathh& strain state of deformed
material in ISF is between plane strain and dmaial tension conditiof40, 54] and the
deformation accumulates incrementalBased on the strain distribution characteristics,

conc shapes and pyramid shapes are widely used in the ISF tests as benchmark
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geometries. For a conic shape, the material is deformed under plane strain state. For a
pyramid shape, the corners of the geometry undergo thebeyal tensile deformation

while the rest of the geometry is still under plane strain condition. However, most of the
research only focuses dmetplane strain condition, whikeaxial tension conditions have

been largdy overlooked, making the understanding of ISF process incomplete.

In conventionalsheet retal forming processesdgeformation behaviounf a materialis
commonly explained by the matertakting and its related formability test resutigch

as the FLC. However,as shown inFigure 1.6, the material formability in ISF is
significantly improvedthetraditional material formabilitygsting methods are incapable

to explainthe observation ofmaterial formabilityimprovement m ISF processin
addition,in ISF, the material is under a combination of multiple deformation modes and
the its deformation generally follows a serrated strain path While in traditioral
material testing methodsnateriat are generally testashder monotonic and simple
loading conditios, making itinsufficient to describe material deformation behaviour

ISF.

Based orthe above consideratiordevelopingmaterial testingnethodsconsidering the
unique deformation characteristics of I8HI| be essentiako achievea fundamental
understanding afmaterial deformation and fracture mechanism in. I3&wever,unlike
standard material testing methods, in wmchmally only simple loading conditions are
applied, multiple deformation modes exist in ISF. How to extract the key deformation
modes from ISFand to integrate thenmto a simple testing method achkallenging.
Furthermore, for thestandard material testing metrgydcommercialpurposelybuilt
testing platforms are widely available to perform the test.thenew testing methax]
considering theomplexity of the loading conditionap testing platformexist to carry
out the proposed research containing multiple loading conditibesting platforms
suiting the research purpose should be developed.

1l3Research Aims and Objectives
An in-depth undersinding ofmaterial deformabn and failure mechanism IBF process

will facilitate the analysis and designing procedui@sthe processmaximizing the
potential of the ISF procesbhis PhD project aims tovestigate the influence afaterial
properties, deformation modeand loading patbn the material deformation and fracture

behaviour in ISF. he research objectives are:
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To obtain deformation characteristics of the investigated matanabF by

experimentatestingand finite element modelling;

To develop simplified testg methods which represethe loading conditions
and loading patin ISF and @ develop testing platform on whidheproposed

simplified tess can be performed

To designand to performexpeiment to investigate the individual and
interactive effects of the deformation modes on the material deformation and
fracture hehavioumi the simplified test methods usitite developed testing

platform;

To design and perform experiment to investigheeeffect of loading patbn
the material defonation and fracture behaviour usitige simplified test
methods on the developed testing platform;

To explain the deformation and fracture bahaviour 8#F Ibased on

experimental and FE ndelling resultsfom the simplified test methad

l4Research Novelty

The novelty of this PhD. project lies in usisgnplified material testing methadstead

of the ISF test itself to get an-depth understanding of material deformation in the ISF

processlin terms of thedetails, the following novel contribution to the knowledge has

been achieved in this research:

10

1 Implemented the sheanodified GTN model in the damage modelling of ISF

process to identify the complex loading conditions and the deformation
behaviour during the ISF process;

1 Proposedwo simplified material testing methods to investigate the etiect

key factors, including material mechanical properties, loading conditions and
loading paths on the material deformation behaviour and fracture behaviour in
ISF;

1 Developedwo material testing platforms to condube proposed simplified

material testnethodsbased on whickthe influence of the investigated factors

on material deformation behaviour wasmined
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15Thesis Layout and Structure

This thesis is structured infchapters.

In Chapter 1, the research backgroumdntroducedand research gapme identified,

based on which the research aims and objectives of this PhD project are proposed

In Chapter 2, a literature review of the material deformation and fracture mechanism in

ISF, the material formability tasg methods and the damage thesragepresented

In Chapter 3, the experimental and FE modelling of the ISF process, includingr&PIF
DSIF are conducted to evaluatee deformation characteristics of 136r material
AA5251-H22 and AAGOSZT6.

In Chapter 4, the Tension underydlic Bending ad Compression(TCBC) test is
presengd as a simplified test method for ISF process. The experimental investigation and
FE damage modelling of the test are conducted and analysed.

In Chapter5, to investigate theeffect of biaxial tensile loadingcondition on the
deformation behaviour inSF, the Biaxial Bending under @nsionand mpression
(BTBC) test is developd and correspwling experimental and FEhodelling are

conducted.

In Chapter 6, aonclusion sumnré&ing theresearclof the projectis made, based on
whichthe contribution of currré research to the knowledge is stated fatute worksto

improve the current work are proposed

Equation Chapter (Next) Section 1
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2L TERATRREI EW

In this chapter, a literature review of the deformation and fracture mechanism of ISF,
including SPIF and DSIF argresented in Section 2.1. To investigateterial
deformation behaviour and materisrmability under different loading cdlitions,
varioustesting methods & been developed, asviewed in Section 2.2. To reveal the
damage evolutiom the tests and manufacturing processes in an explicit wayarrBage
modelling has been developed in various studies. Conynusad damageheoriesand
damage modelm the field of metal formingarereviewed in Section 2.%5pecifically,

the sheamodified GTN model and its application in the FE modelling are introduced in

Section 2.4A summaryof the literature reviews presentedn Section 2.5

21Def or mati on and Fracture Mechani:
Traditional sheet metal foring processes generally presesty straightforwardand
predictablenmaterialdeformatiorbehaviourand failure mechanisnror examplein deep
drawing procesgshe entie sheet under deformation can be divided into three parts based
on the stresstrain distributionsThe flange area is subjeict compressive stress in the
circumferentialdirection and tensile stress in the radial direction, and the rim opening
area undegoes bading and tensiqrthe straight wall area is under simple tension in the
depth direction while the bottom area around the head of the tool is under bending and
tension. With a clear understanding of thaterialdeformation mechdcs, thematerial
deformation behaviouand failure mechanisnm deep drawing processn be clearly
explained. It leads to the conclusion that wrinkling will happen in the flange area while

fracture takes place in tlmthertwo areas affected by bending.
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For SPIF, it is new widely acceptéd that the deformation mode a conbination of
tension bending, shearing and cyclic loading. For D3life, superimposed compression
further improves the matial formability However,for ISF, it can be quite difficult to
identify the dominant deformation mod#ecting the deformation behavia@onstantly
changing contact conditions and localized plastic deformation mh&siito identify the
stressétrain distribtions in thesheet materiainder deformatiothus hinering further
analyis of the effect ofthe material deformation modes on material deformation
behaviour The failure behavioum ISF, especially the suppression of necking before

fracture,is still in needof an indepthinvestigation

2.1.1Single pant incrementasheetforming

2.1.1.1Deformation mechanism of SPIF

Due to the complety of its deformation mechanismat the early stagef ISF research,
the ISF process was deenmathlogoudo shear ginning because of their similarities in
process configuratiomnd gradual material deformatioduring the forming process,

especailly whenforming the simple conic partss illustrated irFigure2.1.

!() I() ;()
r r r

Stationary
frame Tool moving

on spiral path Stationary support

”

Roller
spinning on
Stationary, own axis

Stationary,

workpiece; Tool moving workpiece, workpiece,
on spiral path

(@) (b) (©

Rotating |

Figure2.1 Schematic omparisonof process configurationsetween SPIFTPIFand shear spinning5]:
(a) SPIF; (b) TPIF; (c) shear spingin

In fact, the thickness distribution in thermed parts manufacturetdy SPIF couldbe
predicted by the same rule derived from the shear spinning prtoeSse Law[56]. It
further strengthened the theory that sheaxirag the dominant deformation modae
SPIF.To detect the existence of shearing effect in SPIF protesst al.[57] drilled
holes in the sheet blank used in the test. Shearing effect was confirmed by different degree

of distortion of the hole throughe thickness direction after deformation. The difference
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of shear strain components was reflected by different degrdee dible distortion in

different directions.

However, it was recognised thatsimilarthickness distributiorrould also be achieved
under other deformation modestich as a combinetformaton of bending and tension
[58]. In addition, by setting pins in the direction perpendicular to the tool movement
direction, Allwood et al[59] discovered that the pins were still perpendicular to the
surfaces of the sheafter deformationwhich was unexpectafishear deformation was

dominant The deformation modein ISF might be more thanst shearing.

(a) SPIF

Successive
laps

(b} TPIF

(¢) Pressing

4‘&?\ o >
TR > cm

3,0
" v

e T — —

Figure2.2 Crosssectiors of the deformed pastwith inscribed gridin different sheet metal forming
processefs5]: (a) SPIF; (b) TPIF; (c)r@ssing

To obtaina better understanding of the existing deformation modes in ISF, various
experimendl tests have been carried out by the research&ckson and Allwoofs5

used welded copper sheet C101 with two layers of marked grids in theseobss in
SPIF, two point incremental forming TPIF) and pressing processe$he strain
components after the deformation could be obtained by megdte distortion of the
grids, as shown irFigure2.2. It was obsergd that in SPIF and PIF, the deformation
modewas a combination of tensipbending and shearing, while in pressingais only
bending and tensiornn terms of shearing effect in ISF, shear strains were detected both
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in the direction parallel to the tool movement directiod gn the radial direction however
shearingn the tool movement direction was more obvious. Botlast@mponents were
also obtainedy Allwood et al.[59] by measuring the deviation of the scribed lines on
the top and bottom surfaces of the deformed shembrding to th& results, the shear
strain componenparallel to the tool moveent direction was much more obvious than

thatin theradial direction.

Filice et al.[37] evaluated the strain evolution the SPIF processy tracing marked
circular grids on the surface of the sheet with the help of digital image corréaton
measurementt was found that the circular shape was stretechiedan elliptich shape
with its long axis positionedlong the wall of the part in the depth directiorhiet

indicated that tensiowas a mairdeformation mode

Fang et al[60] studied the effect of bending in a theoretical analysis by considering strain
gradient in the thickness directiomthe simplified SPIF modello validate the model,

the morphology of the cracks wasaminedby using scanning el&émn microscope
(SEM), which showed that the crackvidentlyinitiated from the outesurface of the
sheetand developed towards the inrsenrface. It clearly indicated the effect of bending

on the occurrence of the fracture.

In addition to the experimental work, FE modellinftbe SPIF process was also
performed in various studies to reaeghmore comprehensive understanding of the
deformation modes in SPIBy performing a FE simulation with material AA70Th Li

et al.[61] obtained the strain components of the elem#ntsugh the thickness of the
sheet at a certain depths shown inFigure2.3, for a single elementhe stain alongthe
wall direction was the largest, which indicated #xistence of strong tensaéfect. The
shear effect was demonstrated by thelane and tangentiahear straircomponents.
While the bending effect was confirmed by the variation of the strain comporiehés o
elementsalongthe thicknesslirection.

Combining the analytical calculations and FE simulation, Magbool and BaméZch
obtained the quantitative energy contribution to the plasticahafiion from membrane
tension bending and shearing effedts manufacturing a pyramid shape with SPIF
Comparing them withthe total internal energy, it wasonfirmed that these three

deformation mode dominated in the SPIF process.
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Figure2.3 Strain components of elements along the thickdésstionin FE results of SPIproces§61]

By simulatingSPIF processef manufacturinghe conic shape anithe funnel shapeising

FE software LSDYNA with an incorporated damagmodeldeveloped by Xug63],
Malhotra et al[64] observed higher plastic deformatiand higher value of the dage
indicatoron the outer surface of the sheet than the inner surface, which suggested the
existence of local bendin@hroughthicknessshear was also detected in the FE model

by examining the shear strains of the elements

A similar distribution of thedamage accumulation was observed in the simulation
performed by Mirnia and Shams§é5], in which the Modified MohCoulombductile
fracture criterion was use®Vu et al.[66 implemented the modified GTN (Gurson
TvergaareNeedleman) model ithe SPIF process modelling, in which the shegeffect
was taken into consideration by introthgs a sheaaffected factor, demonstrating the
existence of strong shear strain through thickness direciatea et a[.67] adopted the
GTN model withthe NahshorHutchinson shear extensiom predict the fracture when
deforming pure titaniumin their simulationscompared with the original GTN model,
the GTN model with shear mechanism predia#ferent maximum forming deptHsr
both the conishape and the pyramid shapdiich suggested a clemfluence of shear
deformationin the SPIF process.

Based on the experimental, analytical and FE findingshas now been widely
acknowledgedhat material deformation in SPIF is localized plastic deformation owing
to the combined effect of tensipbending, shearing and cyclic loadifgg], as shown in
Figure2.4. However from a statigpoint of view,it is still debatable which one is the most
dominant deformation modamong tensionbending and shearingffects affecting
material formability in SHE. According to the digital image correlation (DIC)
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observation b¥yckens et a[69], differentdeformation modgdominatedn SPIFwhen
different process paramegsemwere used Bending effect was more dominant whe
manufacturing parts with a greateall ande while TTSwas more dominant for the parts

with asmaller wall angleThe same conclusion was reported by Magbool and Bambach
[62). By varying process parameters including tool size, sheet thickness and wall angle
in the FE simulation, the composition of the internal energy and the ratio between
different energy components in the FE model also varied, suggesting a shift of relative

importance of the deformation modes.

Cyclic Movement

~ﬁ--------- -

”dfng Sheet Metal
Figure2.4 Schematic of deformation mechanism for SPIF

The individual and combinegffect of the deformation moden material formabilithas
already been repted insheet metal forming process@$ie combine@ffect of bending

and tensionwas investigated by the stretbknding test performed by DemgrD] using

AK steel, HSLAF50, DR80 and AA2036T4. EFDomiaty & al. [71] developeda
mathematical model, in which the effect of material properties as well as the loading
conditions on the material formability could be investigatédvas shown in their
devebped modethat the introductionf bending into pure tensiaould lead to material
formability improvement due to the reduced tensile effect caused by the compression
effect on the concave side of the sheet along the thickness direction. Howexendit

not produce such a dmaatic change of material formabilitgs observedin SPIF

compared with that predicted by the traditiofmetming limit curve(FLC).

The contact stress between the tool and sheet metal will also lower the tensile stress
needed foryielding thus strengthening localized deformation resulted from bending
effect. In the monotac loading case, the existencé localized deformation will
eventually propagate to fracture since it creates a weak spot in the material. However, in
SPIF, thecyclic contact between the forming tool and the sheet metal will create a shift

of the weakest spot, thus suppressing the development of damage in one spot and resulting
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a significantly improved material formability. This theory has been proved by the
Tarddsen test, in which OFHC copper obtained a maximum uniform elongation of 600%
[72] and the mild steel reached 590%43].

Eyckens et al[45] investigated th effect of TTS on the rmaterial formability under
various strain modes including plane strain and-begaxial strain conditions by usirtbe
extended MK model It was foundthat the existence of TTS could ate a slight
decrease oobvious increase of the forming limit depemglion the strain modé&he
largest increasef the material forming limibccurred when the TTS was in the plane
perpendicular to the direction of the majorpilane strain Using an extended N
analysis and aewly developed paddle teli9], Allwood and Shoulef46] proved that
repetitive normal loading onto the material and tle@megated TTSwvould leadto a

significant improvement to material formability.

The research on the dividual deformation moden the materia formability
undoubtedly enharedthe understanding &PIF.From this perspective, considering the
difficulties in adirect approacto studythe ISF process itself, replitag the defornation
modes of ISF by developirg simplifiedmaterialformability test will provide indepth
insights into ISF.

untested

!‘ common test
SERS S

CBT test

(©)

@) (b) (d)

Figure2.5 The CBT tesf4§]: (a) schematic of the CBT test; fiart of thedesigned CBT test rig; (c) a
comparisorbetween untested specimen, tested specimen from uniaxial tensile test and tested specimen
from CBT testusing material DC04(d) microcracks observed on the surface of the fractir€d4

specimertested in the CBTest

The latest representative test of SPIF propasede continuous bending under tension
(CBT) test. The CBT test was filgtproposed by Benedyk et 4] to investigate the
enhanced formability of materials and then explored by Emmens and Bop4j@|aiar
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SPIF. In the CBT test, as shownHigure2.5, the complicated contact conditions in ISF
were simplified into a twalimensional model. The tension, bending and cyclic effects
were superimposenhto each other. They could be independeimestigated by simply
changing the controlling parameters of each deformation. For example, the bending depth
of the roller could change the degree of bending, while the travelling speed of the rollers

could vary the frequency of the localized deformatio

Using CBT testdocalized deformation and reduckedels of tensile forceo achieve the
required plastic deformatiowere observed. In addition, multiplecations of necking
were observed othefailed specimens, which supportie Noodle Theory posed by
Malhotra et al. [67]. It waslso observedhatwhen the tensilspeed was high enough,

the CBT condition was degerated to be simple tensiand the bending effect was less
noticeable. Hadoush et al. [8pgrformed complementary finite elemestnulation of

the CBT test and tracked the tensile stress distribution sa¢hes thickness of the
specimenlt was found that the fracture of the CBT specimen occurred when the bending
effect was overcome by the tensile effect and the whole thiclsezisn was under

tension A similar test was performed by Barret et al. [86ing material AA602X 4.

2.1.1.2Fracture mechanism of SPIF

The existence ofamplexdeformation mode also leads to unique fracture behaviour in
SPIF.Investigatiorinto thematerialfracture behavioun the sheet metal forming process
includesthe damage initiation and evolution to fracture in the deformeddpang the

forming process

# Outer LR f:;fii Dimple
surface / 4’/ ¥ 1 ¢
SN AN E( ¢ Y #7 pr 1

Figure2.6 Fracture morphology of the crack in a fractured conic part made byuSPif material
AA1100[60]: (a) overview of the micratructure of the crack surface; @pse observation of the

distribution of dimples in the crack surfac
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According to the fractograghanalysis of the cracks in the conic parts manufactured by
SPIF with material AA1100, Fang et §0] reported that the fracture of the parts was
Mode Ifracture namely openindracture as shown irFigure2.7. The same conclusion

was made by Silva et g5 when manufacturing both conic and pyramid shapes using
the material AA105H111. In additionFang et al[60] recorded the development of the
crack while manufacturing a conic part and observed a zgjzaged fracture, as can be
seen inFigure2.7 (a)(d). A similar shape otie cracks was also obtained by Hussain et

al. [76] andSilva et al[77]. Silva et al[77] reported that the fracture was triggered by
the meridional tensile stress in the plastic deformation zone in the contact area, which
then propagated to the elastic zoag illustrated ifrigure2.7 (e).

A tool path ,'\\.
C'\"'Q 0'¢’ 0'¢ A
- - o ” ///
A > g

A e | —

(e)
Figure2.7 Zigzag shaped crack afradured conic parin SPIE (a)(d) crackinitiation andpropagation
in the part in four consecutive stepgh material AA1100bserved with high speed cam¢§gé); (e)

schematic of the crack propagation proamsshe basis of the stress staté]
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Plane of maximum
plastic strain

45°

(@) (b)
Figure2.8 Development of theigzag pattern cradk’8]: (a) orientation of the maximum plastic strain;

(b) propagation of the zigzag crack

The zigzagshaped crdcis a typical appearance of the tensionduced fracture under the
Mode | loading condition and plane strain condition. For the conic shape, the ratio of the
radius of the forming tool to the curvature of the part is quite small, the material would
be gemrally under plane strain condition in SPIF. Under the plane strain loading
condition, the maximum plastic strain occurs at alégree angle from the crack plane
because of the existence of the tensile force, however the global constraints from the
neightouring material create a zigzag pattern according to ductile crack growth theory,
as explained by Anders¢i8] in Figure2.8.

0.95 4

g - : A section of the
0.9 4 o : test specimen
: . near fracture

0.85 4
0.8 4
0.75
0.7 A
0.65 4
0.6 -
0.55
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04 :
Fracture point
0.35 4

0.3 { [— Analytical thickness *e
025 | |_® Actualthickness A N

0.2

Transition point

Thickness of the specimen (mm)

0 5 10 15 20 25 30 35 40 45 50 55
Depth of the specimen (mm)

Figure2.9 Thickness variation along the depth of fractured part made by aluminiuni@jlloy

Regarding thematerial deformatiormechanism behind fcture occurrence in 3P,
different theories have been proposed by the researéseshiown inFigure2.9, in the
experiments using aluminium alldyy Hussain and Gaf6] and commercially pure
titaniumby Hussainetal79),a At ransition pointo was f ou

sheet started to be obviously reduced than the predicted thickness distributthoated
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that the facture of the material iBPIF might ben intinsic propertyof the material and

it followed the fracture forming limi{FFL) or forming limit of the materialOnce the

limit had been met, fracture occurred.
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Figure2.10 FLCs, FFLs obtained from material property tests andSkeests using materialA1050-
H111by: (a) Silva et al[75] ; (b) Isik et al.[80]

Based on the FE analysis and experiments using material AA050, Silva et al[75]
concluded that the failure of the SPIF parts should be predicted by the FFL curves rather

than the conventional FLCs. As can be seeRigure2.10 (a), the FFLs folSPIF are

quite close to the FFLs derived from conventional fracture tests, especially near the plane

22
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strain condition. A similarity of the FFLs between conventional tests and SPIF was also
reported by Isik et a]80Q] by testing the same material AA1GBI111, as shown iRigure

2.10 (b). According to their findingshe fracture in SPIF purely depended on an inherit
property of the material, thus a FFL should be used to predict the forming limit of the

material in SPIFThe same opinion was also sudpdrby Martins et a[54].

Incorporating the FFL curveelatedfracture criterion into the FE simulatisoftware LS
DYNA, Suresh and Regal[®&1] predicted the maximum forming depth of the iccamd
pyramid parts using EDQextra deep drawirgsteel Compared with the experantd
results, the maximum errof FE simulation resulivasbelow 4%, which was acceptable.
This study supportetthe conclusion thatlthough the fracture in ISF could belayed, it

still could not go beyondhe intrinsic material fracture point for the material used.
Therefore, the fracture forming limit of the material could be a useful solution method for

the fracture prediction in SPIF.

N i
B Deformation Stability Model o B Deformation Stability Model
139 AISF Test : AISF Test
~
164 ¢ S @ Fracture Formmg Limit 18 \\ ®Fracture Formmg Limit
N » \
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o »
04 .
0
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(a) (b)
Comparison between the FFLs obtained from conventional material tests and SPIF tests for:

() AA1100; (b) AA50520 [82]

Figure2.11

However, thelimited types of materials tested by the researchers are not sufficient to
reach the conclusiothat the FFLcan be a universalrediction of the faming limit in

SPIF for materials with varied mechanical propertids et al. [82] compared the
thickness of the sheet near the cracks obtained from different tests using material
AA1100 and AA50520, includingthe dome test and SPIFgieundercommonly used
process paramets. It wasfound thatfor one material,a competition between the
deformation instability limit and aterial FFL existedwhoever wageached first, the
fracture occurred, as shownkigure2.11. For mateial AA1100, the onset of the fracture

was predicted by the conventional FLC, while for AAS@32rupture happened aiitd
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was predicted by FFinstead Generally, mateals with different propertiesauld follow

different fracture criterizn SPIF process.

One step further, more detailed ragdh was carried out to investigdtee development

of thefracture in the parts made by $Rind suppression of necking phenomenon before
fracture was observeth the experiment conducted by Silva et{@b] with the material
AA1050-H111, no prior necking was olxwved before the final fracture.iftdicatedthat

once the thickness strain had reached a threshold value, abrupt fracture from uniform

thickness occurred without any sign of necking.

In the dudle fracture, it was common that localized necking appeared before the
occurrence of final fracture for the processes in which tension heasdéminant
deformation mode, as reported byEgbaie and Melldi83]. Silva et al[84] and Madeira

et al. [85] observed a necking phenomenon in the parts produced in SPIF by using
conventional deep drawing steel and AA10%D11, respectively. Bambach et (86
detected visually noticeable necking when using the material DC04 with a sheet thickness
of 1.0 mm in an incremental groove test, as showhRigare2.12. The necking of the

sheet appeared in the contact area near the lowest point of the tool.

Rupture at 18 mm Necking at 16 mm
forming depth forming depth

Figure2.12 Fracture and precedent necking in itheremental groove test using DC[B5]

Figure2.13 Schematic of the neck losimgntact with the todi87]

From a static perspectivan interesting theory was proposed by Emmens and van den

Boogaard[87] to account for the suppression of development of necking in the tool
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bending process. In their theorynias assumed that the necking zone in the contact area
might lose contact with the tool, as showrFigure2.13, thus minimizing the effect of
stress concentratioan the development of the necking based on the vyield criterion.

Furthermorebased on this explanation, the forming limit of the material can be enhanced.

e
Visible crack al the e ¥ AT l_
point 3 (x,, ¥ ),
5 observed with naked eye
Figure2.14 Micro cracks above the final cracktime part made by an aluminium allaging SPIF
procesg52]
Fixed Fixed
End End A
String K
- —
Y F
(a)
. A, D
— -/ r'-/ =
M= fllﬂ
v
==
(b) A PN C e Ciae D'
7 (c)
» QJW@@@
(c) ()
Strategy 1: Conventional Strategy 2: SPIF

Forming
Figure2.15 Schematic of the Noodle Theory proposed by Malhotra 64l (a) original specimen; (b)
development of necking in conventional forming process; (c) final fracture in conventional forming
process; (d) initiation of the first necking in SPIF process(fjeJevelopment of multiple necking during

SPIFprocess

Hussain etal. [52] observed numerous micro cracks above the visible crack when
manufacturing a cone with an aluminium alloy by SPIF, as showagure2.14. They
attributed it tothe neckingike phenomenon in tensile tests. Multiple visible neckings
were also observed by Malhotra et[&H] in the part manufactured by SPIF. In order to
explain the suppression of the necking phenomenbdlgaglle Theoryvas proposed by
Malhotra et al[64]. According to this theory, although the bending effect contributed to
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the damage accumulation in the material, the weaknesses created in the previous passes
shared the total necking so that the final necking was still postponed. An illustration of
the proposed theory is shownRigure2.15. Therefore, instead of obeying the traditional
necking or fracture limit theory, developing a new damage model may be required as a
more appropriate method for predicting the fracture in the ISF @oces

Both neckingprecededailure and rupturgghenomena were observed by Silva e}

in the SPIFexperiment by changing the toaks. As shownn Figure 2.16, when the
incremental tool ratio (the ratio of the part radius to the tool radius) was increased, the
failure behaviour for material AA105A111 changed from abrupt rupture to necking.
The tiansition of the failure modes was explained by the stabilizing effect from the
dynamic tension under bending. When the tool radius was large, the stabilizing effect was
not strong enough to spress the necking phenomenon compared to the tools with
smallersizes. However, there was only one material being investigatedsirsttidy.
Different materialsmight presentdifferent fracture behaviosreven under the same
experimental conditions. The influence of the material mechanical properties should also

be taken into consideration.

20

15

10

Incremental Tool Ratio

0 10 20 30 40 50 60 70 80
Tool Radius (mm)

Figure2.16 Two different types of failure in SPIwith different incrementalool ratios and tool radii

(A) fracture with supmssion of necking an@) fracture with neckingg4]

In the ex@riment conducted by Ai et dB82], two types of materials, aluminium alloys
AA1100 and AA50520, were tested using the same sets of process parameters. In
addition to bending, the influence of material properties on the deformation and fracture

behaviours was investigated. The conic sheampkthe pyramid shape with an increasing
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wall angle were adopted, representing plain strain andleaxial tension conditions.

Fracture occurred when the depth of the part reached a certain value.

The thickness distribution along the meridional direttiear the cracks in ISF parts were
compared with that under the bulge test. As showRigure 2.17 and Figure 2.18,
obvious necking watund in the AA1100 sheet under deformation conditions in both
ISF and bulge tests. However, for the material AA5052, necking appeared before the
fracture in the bulge test while only abruptciare could be observed during the ISF
process under both plain strain and dgakial tension conditions, indicating that

necking was suppressed in the AA5052 sheet in SPIF.

w1 QI S

B S

Figure2.17 Crosssectional view of the fidure region fothe materialAA1100: (a) conic part in ISF
test; (b) pyramid part in ISF test; (c) bulge test part under faaa condition; (d) bulge test part under
equibiaxial tensioncondition[82]

In addition, in the incremental groove tf§], it was found that the FFL for SPIF varied

with different testing geometries, process parameters and strain paths, which contradicted
the contusion reported by Silva et dBB4] that the material forming limit in SPIF was
determined by its intrinsic propertids. the experiment conducted by Ai et [@2], the
appearance of necking or rupture in the process was found to be dependent on the type of
the material tested. However, only parameters commonly used in tRen®&Rd tested

during the reported study, even though different fracture behaviours for different
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materials were captured, the transition from necking to rupture using only one type of the
material was insufficient. The fracture behaviour in SPIF shouldbacan inherent
property of the material only, it should also be progetsted. The fracture mechanism

in ISF is far more complicated than that in the conventional sheet metal forming processes

due to the existence of the multiple deformation modes<anmplicated toolpaths.

Figure2.18 Crosssectional view bthe fracture region fathe material AA5052: (a) conicpart in ISF
test; (b) pyramid part ithe ISF test; (c) bulge test part under platiain condition; (d) bulge test part
under equbiaxial tensioncondition[82]

Because tensioand bending are twof dhe main deformation modes SPIF, for the
purpose of comparison, Nakazima tests were conducted by Centen[B88} tl.obtain

the FLC of the materiahlSI 304 steel sheet with a thickness of thé, as shown in
Figure2.19. In the tests, a cylindrical punch was used to push the specimens to certain
depth until frature took place therefore the fracture behaviairthe specimen under

tensionand bending condition could be investigated.

No prior necking was observed before fracture by the eyes or even DIC devices during
the tests. However, by observing the thiclendsstribution of the specimen near the
cracks, necking was confirmed to appear in a considerably short time before the fracture
happened. As a result, the authors proposed that the failure mode in ISF was postponed

necking followed by ductile fracture, tvever the clear evidence of the necking
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phenomenon depended on the degree of bending deformation, which was controlled by
the ratio of sheet thickness to the tool radius. When the bending effect was moderate, the
throughthickness strain/stress gradientulbbe limited. As a result, the final fracture of

the sheet depended on the total deformation instability of the sheet across its thickness.
More specifically, the fracture of the part would be determined by the plastic instability
of the inner side of # sheet due to its relatively lower tensile stress resulted from the
compression effect produced by bending, and necking would happen eventually. While
when the bending effect was severe, the thrabgtkness strain/stress gradient would be
increased, arack would happen even before the whole sheet across the thickness entered
the zone of deformation instability, the fracture of the part would be determined by the
plastic instability of the outer side of the sheet. Once a crack initiated on the owtee surf

it would propagate instantly and fracture happened without the development of necking.

Furthermore, it was concluded that the bending effect was not the only factor that
improved the formability of the material, evidenced by the difference between the
forming limits of the material under ISF and strebgnding tests. This study provided a

valuable insight into the fracture behaviours in ISF.

(©)
Figure2.19 Nakazima tests equipment and dpens[88]: (a) the equipment; (b) schematic of the test

configuration; (c) specimens before and after tests
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e Iy FAILURE CURVES
m dN\- N I Necking on the inner fibre (a-b)
MH=— —— Fracture on the outer fibre (d-c)
=e=ne Maximum curvature (e-f)
e F ailure curve (a-o-d)

Figure2.20 M-N diagram with relationa the failure mode in tensiamder bending89]

Morales et al[89] suggested a similar opinion and proposed a mathematical model to

further explain this phenomenon. In the proposed model, fracture took place when the

maxi mum values of tensile force, 3 and bendi ng
the ratio of the force to the moment, limit lines indicating the onset of different types of

failures were plotted, as shown kigure 2.20. Neckingcontrolled fracture happened

when thetensile stress a the concave side of the sheet reacheertain value (curve-a

b). When the tensile stresa the concave side of the sheet reacheeti@in value (curve

d-c), fractureinitiated failure took place. With the increasing of the ratio, the fracture

mode transited from fractwiaitiated failure to neckingnitiated failurécurve do-a),

which was consistent with the experiment conducte8ilwa et al[84].

Stress N::li(l.ng Limit O
Vo N 9
SR &
Pure High Tension
Bending Bending
Necking " 3
Impossible sl :

Figure2.21 M-N diagram with relationa the failure mode in tensiamder bending90]

An explanation to the transition from fracture to necking phenomena was given by
Stoughton and Yoof9(]. In their theory, as shown iRigure 2.21, only when the
compressive stress resulting from the bending of the tool on the concave side the sheet

was overcome by the superimposed high tension, and the whole section of the sheet was
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under tension, necking became possible. A similar theory was proposed by Seong et al.
[9]], concluding that the occurrence of necking of the material under bending preceding
the fracture depended on the magnitude of the superimposed tensile stress. If the tensile

stress was large enough, necking happened first.

2.1.2Double side incremental sheet forming

Apart from tensionbending and cyclic deformation, additional loading, compression
(squeezing effect) is introduced in the D®IFthe rear toglas shown ifrigure2.22. The
superimposed compression leads to a reduction of the gradientaontipeessivestress

in the radial direction as well as the tensile stress in the inclined wall direction in DSIF.
Redwced tensile stresked to less springback of the deformed part and eventually

increased forming accuracy.

Tool

Cyclic Movement

Sheet Metal

Rear tool

Figure2.22 Schematic of different deformation modes in DSIF

However, compad with SPIFpublished studies on thlexperiments or FEimulations

of DSIF are very limited probably due to greater difficulties in performing DSIF than
SPIF.Malhotra et al[29] compared the forming depth of conic shapes manufactured by
SPIF and DSIF and reported that the forming limit of the material was further enhanced
in DSIF.

In general, the existence of the imposed contacefarouldincrease the formability of

the mateils, as reported by Smith et [@2]. Smith et al[31] compaed the deformation
mechanics of SPIF and9)F by performing FEnodelling and found that the existence

of the compression caused higher hydrostatic pressure and shear strains in the material,

which mightdelay the initiation and development of fractuheis improving formability.
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Figure2.23 Comparisorof stress triaxiality along the stra@volutionbetween DSIF and SHIBO]: (a)
DSIF; (b)SPIF

By establishing an analytical model, Lu et[80] obtained the stress distribution in the
contact areasf the toolmaterial interfacgincluding the singleontact area and the dual
contact area, and obsernaghenomenon definesDrop of Stress Triaxiality (DOST).

In DOST, stress triaxiality suddenly dropped to a negative value in theohiaict area.

A smaller stress triaxiality means less chance of damage development in the material thus

achieving better material formabilitgs shown irFigure2.23.

In the experiment conductéaterby Lu et al [30], a wide range athe supporting force
from the rear toolas investigated, ranging from 160 ta08# As shown inFigure2.24
(@), the maximum forming deptbf the cone wasicreased considergbby about 50% at
first when the supporting force was increased to 48@dWevey it started to decrease
when a higkrcompressive force of 580 was appliedThe derease of the forming depth
underhigher compressive foragas explainedby the observation th#teextremely high
squeezing effect between the shaed the contacting tootsaused surface damage and
severe sheet stretching in the master tool movement direatioch could be réécted
by the mark left on the surface of the part, as shoviAigare2.24 (b).
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Figure2.24 Influence ofsupporting forcén DSIF using material AA70736 [30]: (a) fracture depths of

the cones with varied supporting force; (b) surface marks on the part
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Figure2.25 Influence of contact force and relative positions between the tools on the material formability
DSIF[93]: (a) schematic of the tool positions; (b) achieved deptihyperbolic parts with variedootact
force and shifting angles using material AIMn 9h&

The effect of the compression includes not only the magnitude but alseldtiser
position of the two tools, as illustrated kigure 2.22. Meier et al.[93] changed the

supporting force and the relative position of the tools and achieved a maximum increase

of the drawing angle by 12.5% with an optimized parameters of 300 8Guaegree

using alloy AIMn 99.8hh, as shown ifigure2.25.
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Figure2.26 Forming limits ofmaterial AA7075 irDSIF with different relative locationand different

supporting force§30]

Adjusting the relative position of the two tools in DSIF will simultaneously change the

division of the deformation zones, thus affecting the strain and stress distributions in the

deforming sheet. Consequently, the formingtiocain be influenced. As shownkigure
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2.26, Lu et al[30] found that under the supporting force of 480N, the FLC for DSIF with

tool shift was higher than that without tool shift.

In terms of fracture in DSIFValoppi et al[94] manufctured a double curved pavith
electricity-assisted DSIF and conducted fractography analysis of the fracture surface of
the samples by usingcanning electron microsco®EM). According to theianalysis,

Mode lopening fracturavas prone to occur inane Il due to its higher stress triaxiality

and tapered tbkness compared to that aone Il and I.At the same time, the local
bending and througthicknessshear effect intensifiedeading tothe initiation of the

crack on the outer surfacezane Ill, as shown ifigure2.27. The analysis was supported

by the appearance and direction of dimglbserved oithe crack surface.

a) b) ®: meridional direction
— 6: circumferential direction
‘ r: radial direction

,‘ /& [ zone J
v, ¢ Zone Il /
Undeformed Sheet A — (Heated zone) ~ Innersurface /7

‘ NS /
Bottom tool S / //
/ L
/ Outer surface

Dimples orientation \T'\/
@) (b)

Figure2.27 Deformation zones in DSI&nd its effect on the fracture initiati¢®4]: (a) distribution of the

Zone I

deformation zonem the contact aredb) schematic of the shear stress componergsrie Illand the

locationof crack initiation

Lu et al.[30] observed the location and morphology of the fracture and claimed that they
could be influenced by both the supporting force andéelagiveposition of the toolsAs
shownin Figure2.28, tearing cracks werebserved when the position of the tools was
adjustedBoth cracks weraitiated in the singleontact zones, however, they propagated

in different directions. Ifrigure2.28 (a), the crack propagatéto the dualcontact zone

while in Figure2.28 (b), the crack stayed in the singlentact zone, parallel to the tool
movement direction. The authors concluded that the crack propagakimure2.28 (b)
wascauwsed by the positretchingromthe forming tool. The relative position of the tools

and magnitude of the supporting force applied changed the stress and strain distributions
in the affected zones, leading to a different fracture behaviour in DSIF.
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Figure2.28 Part fracture with different relative locations between the master tool and the rg&0tool
(a) with tool shift; (b) without tool shift

22Mat eTreisatli n gsfoMe tSthaedkt Met al

An accurate interpretation of the material deformation in a forming process requires a
detailed description of the material propertiesingdeformation proces3 o obtain the
material mechanical properties, materiatitegneeds to be carried oétccording to the
number of directiosthe load is applied in the tesbmmonly usednhaterial tensile testing
methods can be divided into thaiaxial tende test andbiaxial tensiletest In addition,

to describe material deformatidmehaviour under complejoading conditions, for

example shearing and cyclic loading, othesting methods hawssobeen developed

2.2.1Uniaxial tensile test

Uniaxid tensile test is undoubtedly the most popularly used material testing method due
to its simplicity and effectiveness to daberthe material behaviour farost sheet metal
forming processes. Testing platform for uniaxial tensile test has already b
industrialized and geometrider testng specimen andesting procedures have been
detailed in ASTMES standardl95].

In the unaxial tensile testfor sheet materiala dogbone shaped specimen is used
shown inFigure 2.29. Reduction of the width in the central part of the specimen
guarantees that the plastic deformation will be limited to the &agaugezone.During

the test, e specimen islampedirst on both ends and then pedl steadily by the testing
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equipmentuntil fracture occus. The elongation of the specimen and thactivetensile
force exerted on the specimen will ieeordedfrom which the flow stress curve can be
obtained. Based on the flogiress curve, the material deformation behaviour in other
manufacturing processes with more complicatefrmation modes can be evakatin

FE simulation models, the stressain data obtained from the uniaxial tensile test is

usually used to descriltke deformation and workardening behaviour of the material.

L

1,
-

P
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i
|

Figure2.29 Geometry of the specimen in uniaxial tensile tleASTM-E8 standardi95]

However, the simple uniaxial tensile test has its limitations. Firstly, the maximum strain
obtained from the uniaxial nsile test is usuly too small compared with actual sheet
metal forming processesFor example, for pure aluminium shedhe maximum
elongation rate can be even below 10&hile in DSIF, its formability can be largely
enhancedexceeding the maximum defoation predicted by the uniaxial tensile tefst

a result, material deformation behaviour after the necking point of the specimen cannot
be described by the result obtained from uniaxial tensile test.

To overcome the limitation of using uniaxial tenséet data in theEmodelling of sheet

metal forming processgthe extrapolatiormethod havebeenappliedto coverthe stress

and strain regions where the uniaxial tensile test cannot reach. Difesteapolation
strategies aradopted. For example, ithe software Abaqus, linear extrapolation is
automatically implemented when the strain calcualatering the deformation is great

than the data provided ithe definition of the flow stressurve [96]. To get better
predictions, ariousmaterial workhardening laws havalsobeendeveloped so the flow

stress curves of the material can be described directly by using mathematical equations.
Hol l omonds | aw and Voceds | sewataquite wellfoo v e d
the materials when the strain is not too Iqig§. However, diversiosappear after the

strain reaches a certain value, which means that the extrapolation strategies are not

reliable without experimeat validation of the flow stress curve.

In addition, in uniaxial tensile test, the material is testezhig one direction. However,
in sheet metal forming, material anisotropy is a significant factor that cannot be ignored.
Material anisotropy will cause distinctive deformation behaviours in different directions.

One of the most common effects resultingriranisotropy is the earing effect in the deep
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drawing proces$98]. Consequently, in order to describe and simulate the anisotropic
behaviours of the material, material properties in different directions should be obtained

first.

Material anisotropy can be tested by performing uniaxial tensile tests of the specimens
cut from certain angles to the rollingrelction. Normally, specimersutin parallel, 45
degrees and perpendicular to the rolling directions are used. Howesgl, ¢annot
reflect the influence of loading patim the material formability-or example, materials
generally show higher equivalent strain at fracture under biaxial tensile state than that in
uniaxial tensile stateAs a result, raterial testing methb consideringmore complex
loadingsshould be used to obtagnmore comprehensive and accurate description of the

material mechanical properties.

2.2.2Biaxial tensile test

In order to obtain thenaterial deformatiorbehaviour under biaxial tensile condition,
biaxial testof materialsneeds to be performed. Unlike uniaxial tensile tests, for which
internationaktandards have already been establigimeghrity of biaxial tensile tests was
conducted on the seffevelopé testing platforms and sampleGenerally, thdiaxial
testing methodsan be divided into two categoriascording to the conformity of the
loading axes to thplanethatthe loadis applied out-of-plane biaxial tensile test amat

plare biaxial tensildest

2.2.2.10ut-of-plane biaxial tensile test

Outof-plane biaxiatess includethe hydraulic bulge testnd the doméest According

to ISO 16808 standaf@®9], in the hydraulic bulge tesas shown irFigure2.30 (a), the
clamped circular shebtankis gradually deformed by the pressuriziedd. Theopening

shape of theipperdie can be hemispherical or elliptical to achieve different strain paths
[100. The strain path achieved from the hydraulic bulge test can be varied between plane
strain and eqdbiaxial. The straindistribution at the apex area of théank can be
captured by the DIC equipmt during the deformatiomprocess. Usinghe inverse

method, correspondirgjress ditributiors can be obtairek
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Figure2.30 A schematic of biaxial tensile tests: (a) hydraulic bulge[te&]; (b) dome test102]

In thedometestor Nakazima test103 104 , instead of using pressurized fluid, a solid
hemispherical punch is usenlapply the load onto the blanls shown in irFigure2.30

(b). To reduce the friction between the punch and the blank, lubricant must be applied.
To obtain the material deformation behavior under various strain conditions, instead of
ugng circular blank, different typesf dogbone shaped specingerareused in the
Nakaima test, as show iRigure2.31(a). To accommaate different loading pathgree
parameters of the geometry needbe optimized with the help of FE modellingy
performing the domeest, the FLC can be obtained, as showrigure2.31 (b).
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Figure2.31 Nakaima test (a) specimen geometry; (Ischematic of th&LC obtained from the tesitith

different strain conditions obtained by using different geometries

The adoption of the liquid in the bulge test requires that the testing environment to be
totally sealed to avoid liquid leakage during the testomparison, the simplicity of the
testing equipment for the dome test promotes its application in the inddigtrgver, the

bulge test still has its disadvantage due to the fact that pure tension is difficult to achieve
in the dome test even with proper lubrication used in the domgL@3t The difference
between the flow curves for different materials using different testing methods was

reported by Groseclose et f101], as shown irfrigure2.32.

38 Sheng Ai- February 2020



Tensile test

Chapter2: Literature Review

Al5182-0, t=1.5mm

Extrapolation

AN

—_—

Dome test

JAC 270E, t=0.72mm

7

i "
c _ Extrapolation
Tensile test |

B 1200

500

d e s00
350 = -
— £ 100
F o L H
ige test -
%)sa Dome test g 300
é 200 200
150
100
100
50 ’ 01 02 03 04 05 0.6
0 Strain (b)
0 01 02 03 04 05 c
TRIP 1180, t=1.4mm
TRIP 980, t=1.2Zmm 2000 = Extrapolation
1800 | Dome test 100 Blen e J oo
1600 Bulge test B o

200 200

Figure2.32 Comparison of flow curves under frictionless dome, bulge and tensilaig#stsdifferent
materialg101]: (a) Al51820; (b) JAC 270E; (c) TRIP 980; (d) TRIP 1180

2.2.2.2In-plane biaxial tensile test

The shape of hemispherical punch in the-ayplane testing methods inevitably
introduces bending and contact efteictto the test thus ideal pure tensicannot be
obtained. This defect can be solved by thelane biaxial testing methods. One of the
most popularly used iplane testing methods is the Marciniak tgsf]. As shown in
Figure2.33, in the Marciniak test, punch is used to apply the loddependhg on the
strain path to be achievgethe crosssection of the punch can be cylindrical, elliptical or
rectangular To avoid friction between the punch and the sheet and to @avligr
fracture in the corner of the punch, a rsttaped metallic blank is positioned between the
punch and théest specimen. The Maciniak test shares specimen with similar geometry

shown inFigure2.31 (a).
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Figure2.33 A schematic of thdlarciniaktest[44]
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In order torealize different strain pathsl| ¢he biaxial tensile tests introduced-plane
and outof-plane testgequirean optimization of the geometry of the tool or the specimen
or both beforehandfor each strain pathlhe strain condition of the target area in the
specimen is dependent on the geometric constcagatedby the punch/fluid and the

specimen.

To simplify the designing proces$ the specimenanother in-planebiaxid tensike test,
the planar biaxial tensile testis developedrhis testing method ivvery straightforward,
a cruciformspecimen is directly stretched in two directions perpendicular to each other
so that the bending effect and contact effec¢he tested arezan be eliminateftom the
test The standard for this kind of biaxial tensile tet$O 16842 standar{ll05 is

currentlyunder development

For the uniaxial tesile test, international standards have already Wwedirdeveloped, in

which specimen dimensions and testing procedures are strictly defined for different
purposes, even for ttepecified typs of materiad [106]. As a result, the same rules are
followed by all the researchers, which makes the published literature credible and easy to
compare. However, for & inplane biaxial tensile testshd cruciform specimen
dimensionshave not been defined in the uncompletetérnational standardThe
cruciform specimen has to be desed for the specific materials or to suit specific

purposes

The specimen proposed thelSO 16842standard is based on the geometry developed
by Kuwabara et a[107] andHanabusa et aJ108, as shown irFigure2.34. The four

arms transfer the stretching to tlentral target area while the &®an the arms reduce the
influence of transverse foredrom the arms.lt has already been confirmed by FE
simulation results that the existence of the slots leads to a more evenly distributed strain
field in the target central regioithe number, dimemsns and the position of the &t

could be crucial to the stress/stralistribution in the specimefil09. However, the
effective strains obtained from test using this shape of specimen were comparatively
small. Fraatre first occurs in the arms rather than in tleate asexpecteddue to the

width reduction caused by theots.
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R=(0,0034~0,1)B

Figure2.34 Standard shape proposed30D 16842 standaid 05

Geometries that cagenerate greatemiform deformation irthe inplane biaxial tensile
test should be developed. According to Hannon and Tiddi®, in order to design an

ideal cruciform specimen for the biaxial tensile test, three criteria should be met:

1 The pastic deformation of the specimen should happen in the gauge area,

which should be in the centre of the specimen;

1 The plastic deformation should be as homogeneous as passthke guage

area

1 The centre of the specimen should stay in the same fdathe convenience
of measurement and more importantly; fhe determination of the principal

strain and stress axes.

FE method has been proved effectimeoptimizing the geometrgf the specimens in

order to satisfyhe deformation requirementsthre biaxial tensile te$l11, 112]. In order

to guarantee homogeneous deformation in the centine gpecimen, imperfections have
beencreated in the central area of the specinigmere are two methasdto create
imperfectionin the central area. In the first methdbe thickness of the target area can

be reduced. The sheet can be thinoeane side or on both sides. The shape of the area
with tapered thickness can be circular or rectangWile in the second methpdn he
contrary, the thickness of the arms can be reinforced, making them thicker than the central

area so that imperfectiaran still remairin the centre.

Based onltie work done in the previous studi@sdane et al[113 concluded thatour
geometrical parameters were the most important vdeerding the shape afuciform
specimen, including the length between the end of the slot and theftigecentral

squard., the fillet between the armg, the thickness of the central test regioand the
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diameter of the central test regi@n as shown ifrigure2.35. By performing parametti
study with the help of the Fahalysisthe best set of parameters was obtafaethaterial
AA2017, L=4.5mm,Y =8mm, T=0.75mm ‘0O =10mm.Using the specimens dgsied by
these parameters, eeuiaxial tensile experiments witiolled AA2017sheet metalvere

conducted and it wagroved that the central area of the circle wader equbiaxial

tension
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Figure2.35 Cruciform gpecimen design optimized by Zidane efkl3

Standarddeviation of the stress in the gauge avea proposelly Demmerle and Boehler
[114 as the criterion to quantify the effect of the specimen parameters on the distribution
of the stress and straiSeven shapes of specimens waenaparedirst and he specimen

with uniformly thinned central region ofjgare shape was proved to be the onstmo

close to the criterion, as shownHigure2.36.

Figure2.36 Parameters of the specimen optimizedlia4]

Furthermore, 10 parameters of the specimen geometry were selected in the optimization
process, including the halength of the thinned central sectiégnhalf-thickness of the
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thinned central sectiof transition radius of the fillets between the initial thickness and
the thinned central secti@n length of the arm®, radius of the corner fillet between two
adjacent arm§) area of the slots, width of the slots, width of the limbs, length of the grip
headi and halfthickness of the grip hedd Using the criterion proposed, the best two
sets of parameters were aioted. In addition, it was proved that the thickness of the

thinned section was the most important parameter, while the influence of the slot width
was negligiblg114).

]
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Figure2.37 Thin auciform specimens with thickness reduction in the cegmtoposed (a) Green et al.
[115; (b) Shad116]
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However, for the thin sheet material, excessive thickness reduction of tha cegion

or keeping a grip area with larger thickness is not realistic considering the manufacturing
difficulty and cost. Green et aJ115 proposed a cruciform specimen with tapered
thickness on both sides of the centre of the specimen, as shéwguie2.37 (a). The

flow stress curves obtained from the experiment and predictions from the FE simulations
using the yield criteria of planer anisotropy were compared. The experimental results
showed great uniformity with the yielding locus predicted by the yigtdra, which

meant that the homogeneous biaxial tension area in the centre of the specimen was large
enough and the shear effect from the arms nearby was eliminated by the introduction of
the slots in the arms. A similar specimen design with a circliekriess reduction area

in the centre was designed by Shao dtldlg, as shown irrigure2.37 (b).

The disadvantage of the specimen with thickness reduction on both sides is that the high
manufacturing costompared with the one with thickness reduction on just one side. In
order to constrain the fracture location to the very centre of the specimen|[19&hg

concluded that two criteria should be met,

1 The length of the slots in the arms should not be equal and the tips of the slots

in the arms should form an angle;

1 The thickness of the central arslaould gradually decrease and the central

point should be the thinnest.

Based on the criteria, FE optimization of the specimen geometry for the material AAS086

was performed and the optimized geometry is shoviigare2.38.
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Figure2.38 Geometry of thehin cruciform specimen optimized by Sofl2]
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In order to apply the biial tension, a testingachine needs to be desigrsgetcifically

Various testing equipment has been developed by the researchers, as reviewed by Hannon
and Tiernan[11(. According tothe structureadoptedto apply biaxial loading, the
developediaxial tensile testing platformsan be classified into two types. In the first

type, a mechanical structure, as showrrigure 2.41 (a), normally consisting of four

arms with different length in the opposite directior@nverts the downward movement

of the CNC machine into stretching in the planar directj@d3-119. By adjusting the

(b)
Figure2.39 Biaxial tensile platforms with fixed strain ratios developed by: (a) Ferron [@tlal,; (b)
Merklein et al[119]
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length of the arms, the tensile speed in the planar directions can be varied, so that the
strain ratio of the two stretching directions can be changed. As a result, the strain ratio is

fixed if the length of the arms is kept the same.

In the othertype of test platforms, the tension onto each arm is directly applied by the
linear motion generated by hydraulic cylindgtr&Q or motorg121]. As shown irFigure

2.40, in the biaxial tensile test platform designed by Makinde gtl&], the cruciform
specimen could be stretched in four direci@multaneously by the actuators, one on
each side. By changing the speed ratio of the actuators, various strain ratios can be
achieved without changing the structure of the test platform. In order to control the motor

movement, a control system is reguirfor this type of test platform.

actuator

load cell
hydraulic wedge grip

cruciform specimen

Load frame

Figure2.40 In-plane biaxial tensile test platform designed by Makinde ¢12l]

In the commerciatesting platform developed by the company Zwick/R¢eH7], as

shown inFigure 2.41, the tensileforces are supplied biyur electremechanicalinear

motas which can provide up to a maximum test force of BSOThe mobr sd tr av el
resolution can be as high as @.1Im. However, the motors are cost

and the synchronizatiof the movenent of the motors are complex

Compared with the second type of biaxial tensile machine, the whole link mechanism
structure used in the first type is much simpler since no controlling system needs to be
integrated into the system. While theovement of the punch is normally driveg a
commercial CNC machine, the positioning accuracy of the punch can be guaranteed.
However, it also requires that high manufacturing accuracy and assembly accuracy of the

structure. For example, the length of #vens needs to be precise in order to guarantee
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the speed ratio in the two directions. By comparison, the highly integrated system in the
second type maintains high structure rigidity and robustness. No more structure needs to
be replaced to change thediirag path. The positioning accuracy mainly depends on the
structure rigidity, precision and degree of synchronization of the motors. In addition, in
the second type of structure, more space can be allowed for a further development of the
machine. For exanip, a DIC measurement system can be mounted on the frame to
measure the deformation evolution history during the test on the platform developed by
Zwick/Roell[122.

Figure2.41 Biaxial tensile test platforrdeveloped byhe companywick/Roell [122]

2.2.30thertest method$or sheet metal

In the uniaxial and biaxialensile testsonly monotonic tension is applied onto the
specimenHowever, in sheet metal forming processes, material can be deformed under
various loading condition®\ better description of material propertiesthe sheet metal
forming processes reqes that the material can be testeder more realistic conditions
Commonly existing compleboading conditions include netension dominated loading,

such as shearing, and cyclic loading.
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Figure2.42 The shear test setup and specimen geometry for: (a) Miyauchi tesidif)led ASTM
B831 test; (c)win-bridge tes{123

For material under shedominated loading condition, the material deformation behavior
cannot be predicted by the data obtained from these terstg¢li24]. As a result, pure

shear test methods were proposed by the researchers. In the test proposed by Miyauchi
[125, the pure shear specimen was divided into three plagtends of both the left and

right part were fixed so that pulling the central part would generate two shear deformation
zones, as shown Figure2.42(a). While in the pure shear test with the modified ASTM
B831[12€ specimen, only one shear zone exists, as showigure2.42 (b). A third

variety is the irplane twirbridge torsion tegtl27], as shown ifrigure2.42(c), in which

the disk is fixed on the outer edge while the central axis is fixed to tool. The shear could
be generated by the rotational movement of the tool in the connecting region bitsveen

central area and outer ring area. All the three types of tests showed good agreement
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between the shear strastress curves obtained from the experiment, as proved by Yin et
al.[123.

T e——— Cross head

—— Load cell

Specimen
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Vaseline coated _———li i Specimen holder
teflon sheets L IFog Vaseline Specimen
i holder to
prevent buckli

(@)

(b)
Figure2.43 Cyclic tests (a) cyclic tensioncompression test conducted by Yoshida et1&§]; (b) cyclic
test using a cruciform specimen by Claidio and Frefified)

Furthermore, material capresent different deformation behaviour when the loading
applied is not monotoni€Change of yielding strength of the material when subjected to
cyclic reversed loading condition, or the Bauschinger effect was first revealed by
Bauschingef13(. Material can be softened or hardened under cyclic lodd®3d. To
describe madrial deformation behaviour under cyclic loading, material cyclic tests have
been developed. The ASTM E606/E604K standard defines the basic requirement for
the strairbased cyclic tegtl37. To avoid buckling of the specimen in the cyclic tension
compression test, laminated sheet specimens were used by Yoshifia28 ahs shown

in Figure2.43 (a). A step further, the material response under biaxial loading conditions
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were investigated by adopting cruciform specimdr2, 133, as shown ifFigure2.43
(b).

In additionto these traditional material testing methods, various testing methods have
been developed to accommodate the unique deformatioactbastics of sheet metal
forming process, such as the continuous bending under tensi¢ag8est

In conclusion, the purpose of material testing is to accurately describe or predict material
deformation behavioun a sheet metal forming process. Materials are prone to behave in
different ways when subject to different loading conditidbsnsequently, appropriate
testing method should be selected for different processes. The selection of a suitable
testing methodequires an understanding of not only thaterial deformation durindpe

forming proces, but also the purpose of performing.test

23Predincbbif Fhebkbtur Met &Pl ®dF®d®I M@ 1 g
To predict material formability under simple loading conditions, theoretical models were
first developed to predict the materiaimability based on the locaéz necking theory

by Hill [134 and Swift [135. To improve its applicability and accuracy, more
complicated modsl including the MK model [44] were proposed. Although the
mathematical models are straightfard, they can be complicated and require a sound
understanding of the continuum mechanics theories. In addition, simplifications of the
loading conditions and material properties are commonly adopted in these models to
facilitate the analysis process,sudting in deviations of predicted rds from the
experimental observation&s a result, for material under linear and proportional loading,
for example the deep drawing process, the material formability can be assessed by the
forming limit diagram/cure (FLD/FLC). For complicated loading conditions, other
methods, for example the stress based forming limit diagi&® or damage maels

[137, 138, have been developed to predict material deformation failuregtal forming

processes

2.3.1Forming limit diagram

TheFLD is the most commady adopted method to predict material failure in sheetiam
forming processes. It was first proposed by Keeler and BacKaf2%h and Goodwin
[14Q. Generally in FLD, a forming limit curvgFLC) is used to delineate the boundary
between the safe zone and the potential failure zone in the majomsin@instrain space.

To draw the FLD for specific materidhe material forming limgunder various loading
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paths should be obtainedarious testsanging from the pure shear test to the uniaxial
tensile test and the eghiaxial tensile testeed to be conducted using thsting methosl
reviewedin Section 2.2. Normally, the FLC follows a trend of V shape, as shown in
Figure2.31(b).

However, Emmens et gl141] claimed that FLI3 couldonly be an effective method to
predict the formability of the materials under tlreqondition that plane stress wiag

main loading condition and linear strain path waapplied While in the conventional
forming processes, the critical areas are usually under simpie giiiess conditions but
more complicated loading conditions may be present in other areas of deforming part.
Taking deep drawings an example, the bottom edge of deformingpartis under
bending and tension so thhe fracture generallgccurs thereWhile in ISF, howegr,

apart from simple tensigrbending and shearing effects also contribute largely to the
materialdeformation. In addition, progressive toolpaths in ISF creatdinear loading

strain paths. Consequently, as explained by Benedyk [6¥4hlthe FLDs for ISF could

be easily influenced by the process parameters, such as vertical feed and toolpath
generation algorithmt makes theFLD unreliable and unrealistic to predict the onset of
the fracture accurately for a specific case in I86.a result, the FLB cannot be
considered as a reliable tool to analyse and predict the processing failure of thalsnateri
in ISF. Furtlermore, the FLDmethod is purely empirical, it is not accurate enough to
account for the occurrence of fracture in ISF. More fundamental studies taking into
account of unique deformation chaexestics of ISF and their effects dme prediction

of thematerial processing failure should be pursued.

To overcomehe issue of th&LD6s dependence on the strai
thestressbased FLC wafirst proposed by Kleemola and Pelkkikan§fg42 and Arrieux

[1364, andit wasfurther developed by Stought¢h43 and Stoughton and Yodi44].

Direct measurement of the stress paments during the formingrocess is impractical,

the establishment of the strdsased FLD is still based on the strain measurement. Using
thereversed calculation method, the corresponding stress distribution can be obtained. A
comparison between the strdsssed and straibased FLDSs shown inFigure 2.44.
Contrary to the obvious deviations between the FLDs obtained for material 2008 T4 Al
with and without prestrain, the differembetween the streémsed FLD wa minor, the

impact ofthe stran history on the FLD wscompromise144].
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Figure2.44 A comparisorbetweendifferent types of FLDs: (ahe strairbasedFLD; (b) stress based
FLD [144

Haque and Yoofl45 introduced the stredsased FLD to predict the formability of the
materialsin SPIF processAccording to their calculations, in the strésssel FLD, the
influence of the loading history coub@ ignored and a uniform curve was obtained for

the processwen though different pameters were applied.

The second limitatioof FLD is that t cannd differentiate material rupture from fracture
with previous strain localizatior-or some materials, necking would ragipear before

the fracture, FLD couldver or unér-estimate their forming lim# which promoted the
developmentof facture forming limit diagransurve (FFLD/FFLC) [146. The only
difference letween the FLD and FFLD is that the strain components for FFLD are
measured only wdn the final fracture throughe thickness happens while ib[B they

are measuredpon the occurrence of namiform deformation of the material.

2.3.2Damage theories and damagedelling

Unlike strain or stress components, material damage or material deterioration during
plastic deformatioris a parameterthat can hardlybe directly measured. In order to
characterize the severity of structural discontinuity in the mat&@ahanov{147 and
Rabotno\ 14§ first introduced anacroscopiclamage indicatowhen studying raterial

creep deformationTheir research promoted the birth of continuum damage mechanics
(CDM) [13§,.
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Figure2.45 Net area reduction in the CDM concépt9

The CDM is built on a macroscale leyeb itis also callegphenomenological damage
mechanicsin CDM model,the severity of the damage the material is represented by
the reduction of area of the activesisting plane of the materigl49, as illustratedn
Figure2.45,

3 3
3

3
$ 3

whereO is the damage variabléY is the area of active resisting plane avid the total

area of the resisting plan, is the area ofhe cavity. When the damage indicat@r
reached a critical value, the material loses its abilifefend further plastic deformation
andfracture happend.he change of the area of active resisting plane can be reflected by
material physical properties su@asthe density[15(0 and fatigue limit [151] of the
material

By coupling material degradation into the constitutive models, material deformation
behaviour at the matetipoint during the deformatigorocess can be described. The most
populary used CDMmodelis the Lemaitre moddll52, in whichthe reduction of the
area ofthe element surface coutet a reflecton of the change dhe elastic modulus of

the materig|

%

$ P %
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where’ 0 and’O are the elastic modulus of the damaged and undamaged materials
respectivelyln theconstitutive model, the stressrieplaced by the effective strekse to

the resisting surface area reductibtoreover, the damage indicator evolution during the
plasticdeformation isgovernedby the stess and strain stat€he Lemaitre model has
been successfully applied in predictisi@mage evolution imarious sheet metal forming
processes, including the pehless piercingl53, blanking[154] and hot rolling process

[155.
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Figure2.46 An illustration of the evolution of the voids in the material during material deformgt&n

Straightforward as CDM s, it oversimplifies or ignores the effect of material
microstructure on the damagnitiation and development. According to the experimental
evidence concluded by Garrison Jr. and Molddf and Andersoifi78], ductile fracture

is fundamentally a result of the nucleation, growth and coalescence of voids in the
material, as shown iRigure2.46. The voids exist in the material even before the plastic
deformation. With the deformation progressing, the voids grow to larger sizes, new voids
appear due to nucleation arouretend phase particles such as inclusions, and larger
voids coalesce thus micro cracks can be formed. Micro cracks ultimately develop into
macro cracks, leading to fracture of the material. In order to model the behaviour of the
voids during deformation antheir effect on the material mechanical behaviour, the

micromechanical damage mechanics (MDM) was developed.
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The MDM is based on the micraechanics/porosity plasticity theory, in which material
deterioration is caused by the voids in the material. Itpi@seered by the work done by
McClintock[157, 158, in which the growth of a cylindrical or elliptical void in an infinite
base material was modelled under axial stretching. While Rice and Tt&&nodelled

the growth of spherical void under high stress triaxiality. In both models, only void
growth wasconsidered. The void growth was defined by the normalized void radius.

When the radius reached a critical value, fracture happened.

Gurson[160 further improvedhetheory by taking account of the interactions between
the voidsand softening effect of the material due to the groviithe voids, leading to
the development ohe Gurson modeln the Gursonmodel,the void volume fraction

(VVF) was treated as the damage indicator.

However, it was foundhat theGurson model was limited becauseitsfincapability to
describehecoalescence between theids and its inaccuraag predicting void growth
To overcome itgdisadvantagesTvergaard and Needlem&h61] modified the Gurson
model by introducing new parameters into the origiiatson model. The new model is

known as the GursenvergaardNeedleman (GTN) model.

Nevertheless, the GTN model wstdl reported to be inaccurate in predicting damage in
processes wherhe material wa under sheadominated deformation or under low or
negative stress triaxialifyl62. To promote the application of the GTN model in these
areasfurther developments the GTN modelvere reportedby various researche$63

164). However, Nielson and Tvergaditb5 discovered that the effeaf shear extension
introduced was exaggerdterhen the material was under plane strain condition and high
stress triaxiality. Toaddressthis, an additional stress dependent coefficient was
introduced into the modified GTN modgl62 166. The GTN model and its variants
havebeen proven to be in good agreement with the experimental results when applied in
the modelling of tearing procegs67], deep drawing proce$$68 and small punch test

[169.

In spite of their differencesplth the CDM and MDM models provigehysical meanings
of the damage inside the material in the form of cavity or Boath nodels are developed
based on theystematicdamage mechanics theoridhe incorporation of these models
into the costitutive models not only ebkes thedescription of theevolution of the
damage, but also modellingateral deformation behaviouiThey are called coupled

damage models. Another widely applied damage models are the uncoupled damage
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models. Different from the coupled damage models, tltewpled damage models are
largely phenomenological anthe damage criteria are independent of ¢bestitutive
equationsFor example, in th®yane damage criterigd7q, fracture occurs when the
influence of hydrostatic stress reaches a critical value along the plastic deformation strain
path,

S

0
ce, &

Where# and# are material dependent constants. While in the Cockcetftam

f

+

DY,
.

criterion[171], fracture takes place when the integral of principal stress along the strain
path reaches a critical valU@ompared with coupled damage models, the uncoupled ones
are generally presented in a simpler form and tleffictents are easier to calibra@ther
widely applied uncoupled damage models include Joh@amk model[172, Xue-
Wierzbicki model[173 and BaiWierzbicki model[174].

Malcher et al[175] made an assessment of four popularly adopted isotropic damage

models, including GurseivergaardNeedleman (GTN) model, GTN model wihear

mechanism enhancemdi63, Lemaitre mode]152 and BaiWierzbick model[174].

by comparing the simulation results with the damage models with the experiment. In the

experiment, diffeent geometries were designed to achieve a larger coverage of stress
triaxiality. According to their research, the
and the Lemaitre model presented better accuracy in predicting the damage location and
deformation inlow stress triaxiality zone than the Bafierzbicki mode] while all of

them achieved acceptable agreement wite experimental refts underhigh and

moderate triaxiality zone.

The inability of the damage models in predicting ductile damage evolutiow atress
triaxialities promotes the development of more advanced damage models taking stress
triaxiality and Lode angle parameter into considerafibng 177). The selection of
damage mdel for a specific formingorocess should takine characteristics of the

forming process, including loading conditions, material properties into consideration.

2.3.3Damage modelling of ISF process
The equipment configuration and uniqueature of progressive localized material
deformaton in ISF make it hard to obserdamage accumulation in the critical locations

during the manufacting process. Unfortunately, geneFdt modellingtools offered by
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the commercial FE modelling softwarsuch as Abaquscan only provide material
deformaion indicators such as stress/strain distributidmwever, these indicators cannot
predict material damage during tHerming process in an explicit way. FE damage
modelling provides a sation to this problemA few damage models has already been
incorporated in the FE modelling software, for examples in Abaqus/Explicit solver, the
JohnsorCook model[172] and the FLD model can be usedr fmaterial property
definition directly. However, & mentioned in Section 2.3.1, for some materials or some
processes, a specific damage model maynbee appropriate than others. Under this
circumstane, if this damage model have not been included in the commercial FE
software, itheeds to be incorporated into the FE solwethe second development tool

provided by the solver

As a popular CDM modelhe Lemaitre modedasused in the FE daage modelling of

ISF processesKumar [178 used Lemaitre model coupled with Johnse@ook
constitutive equation to model SPIF process with material AAGI{ 1t was reported

that the FE model provided a good prediction of the crack location and the fracture depth.
An enhanced Lemaitre model was adopted by Wang [@t74]. in the modelling of TPIF
processwith material AA7075 it was concludedhat the FEdamagemodeling
overestimated thedcture depth of theemisphericajeometry by 3.93% compared with

the experiment

Compared with the Lemaitre modtie GTNrelated damage modelere more widely
explored in the FE damage modelling of ISF prockgss et al[18( conductedhe FE
damage modelling of the incremental groove test with the original GTNelnfod
material AA20240 on LSDYNA. Premature fracture was guticted by the FE model,
neverthelesghe error between thd.Csobtainedrom FE prediction and the experiment
wasnegligible. It suggested that the GTN model could be used for the modelling of SPIF

process

The GTNmodelswith two different shear extensiongresuccessfully applied by Gatea
et al.[67, 18]] in manufacturing pure titanium sheet with SPBHtheAbaqus/Explicit
solver, as shown irFigure2.47. The predicted maximum forming depths of the cones
matched well with the experimental testising GTN model with NahsheHutchinson
extension Smith et al[182 performed the FE damage modelling of the SPIF process
with material AA7075 on th€S-DYNA solver. It was found that varying the value of
the shear coefficient affestlthe forming depth of the formed pantthe model, which

acknowledgedhe existence of shearing effen the SPIF proces$ncorporating GTN
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mod el I nto the Hil |l [@344L8et al.d183 invedtigated tte equati o

influence of GTN model coefficients on the fracture behaviour of the conic part with
DCO06 steel in SPIF process. It was fotimatthe fracture depth was significantly affected
by the nucleation related coefficien®u et al.[66] compared the original GTN model,
GTN model with Xué extension and Lemaitre model in the modelling of pyramid shape
in SPIF process. It was shown that during the SPIF process, a wige dastress
triaxiality occurred Compared with the GTN models, the Lemaitre model overestimated

the fracture depth of the pdarmed.

Sbvs
(Avg: 75%)
+3.183e:
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Figure2.47 Comparison of the crack locations in the FE damage modelling result and the experiment by
Gatea et al[67]

As for DSIF,the research on its FE simulations is limited,damage modellingf éhe

process has been reporiadhe published literature.

In conclusionthe GTN models with shear extensions were proved to be more suitable to
model processes in which low stress triaxiality would occur than démeage models
considering their currently reported applicatiovhile in ISF, the contact between the

tool andthe sheet and localized material deformation inevitably creates a variety of stress
triaxiality. Moreover, based on the current investigations on the applicability of various
damage models in the ISF process, the GTN models with shear extensions have
demamstrated considerable accuracy in predicting the fracture depth and location of ISF
made partsThe sheamodified GTN model can be used as a tool to investigate the

material deformation and fracture behaviours in. ISF

24Shemadi fied AN MbdaBpoph

In this section, thenathematical expression of ti&IN model and itshearmodified
extension are first introduced, based on which the discretization of the mathematical

model andts incorporation into the FE solver Abaqus/Explicit is presented
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2.4.1Introduction to the GTN model
Based on the work of McClintockl57] and Rice and Tracejl59, Gurson[160
proposed the micromechanical damage model to describe micro void evolution in plastic

deformation. The mathematical expression of Gurson model is,
&s., 0 3s
F = § 2f cosh™ {1 f#) ( 2-1)
Q‘SO - 2 .%

In the Gurson model, VVFfis treated as an indicator of the severity of the damage in the
material. Assuming that the initial VVF in the material"@, when the material
deformation is elastid,stays constant ari®@ "Q If the deformation continues and the

material is plastially deformed, VVF increases. Eventually, wh@eachesQ, fracture

occurs.

The increase of VVF consists of two parts, growth of the existing voids and nucleation of

new voids. The increase rate of VVF can be calculated by

f=f + (2-2)

g

where'Qis the growth rate of the existing voids afids the nucleation rate of the new

voids. Their values depend on the severity of the plastic deformation,
fo=(1-f)& (2-3)
f =A&" B85 (2-4)

where- is equivalent microscopic plastic straincadrding to Chu and Needleman
[184,! mand" T for straircontrolled material deformiain, and! can be

calculated by,

(2-5)

€ 18- € )
A=—1—exXpé —=—— §

SwW2p g 2(; Sy +
where- is the mean critical values for void nucleation aitlis the appropriate

standard deviation.

However, it was found by Tvergaati61, 185, 184 that the accuracy of Gurson model
was limited by its incapability to describe void coalescence phenomenon in the material

when the plastic deformation reached a threshold value. To overcome this disadvantage,
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Tvergaard and Needlemgmh61] introduced new coefficients inttné original Gurson

model,
& 8, s 8
F =™ ¢ 2q,f cosh &2 5 g, %) ( (2-6)
< ¢ Ty (&)

where the coefficient§ ,f; andr] were introduced by Tvergaafdi85 to account for

the interactions between the voids. In the GTN maglel, 5 .Ifn 1 1 p,

the GTN model degrades to the Gurson model. The damage coeflitieas introduced

by Tvergaard and Needlemé&h61] to describe the rapid closure of the voids when
rupture happens. The void coalescence takes place once VVF reaches a critic&l value
"Q is defined as auhction off,

é f f<f
f' =3 . ¢ 2-7
(fork, & f) f2f (27)

whereQ is a constant determined yand™Q

k, =4 ¢ (2-8)

And "Q is a constant related to the coefficientsry andr ,

2
fr=2NG % (2-9)

G

2.4.2Shearmodified GTN model

The original GTN model was pved to be inaccurate in predicting damage evolution for
processes in which the material was under relatively low stress triaxiality or under shear
deformation when the hydraulic tension was [@é2, 187]. To improve the GTN model,
additional shear contribution to the void volume fraction has been introduced into the
GTN model using shear extensions, among which the extensions proposed[igXue

and Nahshon and Hutchinspb64 are the most widely adopted by the researchers. In
both extended GTMhodels, shear damage mechanism is incorporated into the damage
model by introducing the void shape distortion fat@®®As a result, the accumulation of

VVF is contributed by void growth, void nucleation and skieduced void distortion,

f=f # & (2-10)

g S
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The comparison between Nahshkdatchinson extension and Xue extension was reported
by Reis et al[188. Compared with NahsheiHutchinson extension, Xue extension was
shown to be inaccurate in predicting fracture location under tensile/shear loading
condition. Tvergaard and Nisen[166§ compared the original GTN model with the
modified GTN model with NahseHutchinson extension in a plane strain-gell test, it

was found that the modified GTN model showed reasonable accuracy in both high and
low stress triaxialityln this study, Nahsim-Hutchinson extension was used in the FE
damage modelling of ISF process. The shelated VVF increase rate in Nahshon
Hutchinson extension can be calculated by

fo=k, ® w@) S8 (2-11)

S

m

where’Q is a shear related coefficient aid, is defined by

o 2,
8273,

w(s)=1 B | (2-12)
¢ ea f
wherev is the third invariant of the stress, gnd is the equivalent stress,

J=det(s) 45, 5) (O oF( o O)

S 335572

2.4.3Application of GTN model in FE modelling
Two solvers are provided by Abaqus to simulate neltdeformation, Abaqus/Standard

(2-13)

and Abaqus/Explicit. The differnence of the two solvers lies in integration algorithms
applied in the solvers. For Abaqus/Standard, implicit integration procedures are followed
and in each step iterations are performegli@rentee equilibrium and convergence in the
model. While in Abaqus/Explicit, the central difference integration method is used and
no iterations are needed for the convergence check. For-gjatsi problems where
smooth nonlinearity exists, the solveb&qgus/Standard is more efficient and accurate.
While for extreme discontinous problems, in which large quatities of nonlinear equations
need to be solved, Abaqus/Explicit is computationally less expensive with good accuracy
[96]. Inthe ISF processes, high nonlinearity exists due to large displacement, large plastic
deformation and complex contact conditions. As a result, the FE models in this study
were all established by using the Abaqus/Explicit solver.
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The damage model can be incorporated into the commercial FE software Abaqus by the
user subroutine to define material mechanical behayf8jr For the Abaqus/Standard
solver, UMAT (userdefined mechanicahaterial behavior) subroutine is used. While for
Abaqus/Explicit, VUMAT (vectorized usetefined mechanical material behavior)
subroutine needs to be applied. VUMAT subroutine was used in this study consequently.

In the VUMAT subroutine, the damage modeleds to be discretized so that the stress
components and other state variables can be updated at the end of each analysis step. The
backwardEuler numerical algorithm was proposed by Simo and Huft#4 for the
discretization of constitutive equations and first applied to the GTN model by Aravas
[190. Generally, in this algorithm, the updating process of the stress components and
state variables are split into tweeps. In the first step, elastic predictors of the stress
components are calculated based on the prescribed strain increment determined by the
solver. Using the predicted stress components, the yielding criterion will be checked. If
the yielding criteriorhas been satisfied, the plastic correction will be made in the second
step. If not, the elastic predictor will be used as the updated stress components and preceed
to the next time step. Therefore, this algorithm is also called return mapping algorithm.
The mathematical description of the return mapping algorithm for general plasticity
model and one step further for the GTN model will be detailed in this section.

2.4.3.1Return mapping algorithm for general elaptastic model
In the elastic stage, the stresscompe nt s can be obtained accordin

s=C°: & (2-14)
where the elastic modulids can be updated by,
(:ljekl =2Geg, £ - " i€ (2-15

where'Qy_ are material property e | at ed constants and they are

modulusOand Poi sonds ratio

E
G=
2(1+n)
/ =K _2
3
E
K=
3(1- )
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The yielding criterion is a function of stress state and-s&déged variables. The stress
state can be determined by the hydrostatic sfressid the equivalent stress . As a
result, the yielding criterion can be expressed as a function of hydrostatic stress,

equivalent stress and statdated variables,

F(s, $p H?)=0 (2-16)
where 0O ,|  plthB I, is a series of statelated variablesAnd,
1
= = 2-1
$h= 39 (2-17)

(2-18)

eq

%)
I

N | w
“\

where, is the stress tensor.

After entering the plastic deformation zone, according tonttrenality rule, the flow

direction of the material is normal to the yielding surface,
pe’ = EF (2-19)
Us

wherex is a coefficient. The stress tengois a function of, and, , accordimg to the

chain rule, Equation (29) can be expressed as,

a
De” = 51“5 _ER (2-20)
Q 3“Sh u%q

where¢ is the material flow direction in the yielding space, in the von Miskded

yielding laws,¢ can be defined by,

3s
n==-->_ 2-21
Zseq ( )
Assume,

De, =d —”L—F
”SIQ (2-22)

De, = L“—

eq useq

Equation. (220) can be rewritten as,
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Dep=::l—3' @+ (2-23)

On the other hand, the stress tensor can be decomposed into,
2
s= -sl Z?‘JF o, (2-29)

Combining Equations 24), (215), (223) and (224), the stress components in the next

time step can be updated on the basis oélatic predictor from the last time step,

sp= 5 K e

5,2 qu a6 D? (2-25)
As a result, by solvig the values o¥- andY- , the stress components can be
updated. Eliminatingys from Equation 2-22), it can be obtained that,
pe, L+ HFp (2-26)
MS eq T
At the same time, the state related variables will be updated,
DH'= B *(e’, s H ) (2-27)

The yielding law needs to be satisfiedktime, combining Equations {P6), (225) ard

(2-26), the value of- andY- can be solved. The stress components and state

related variables can be updated subsequently.

2.4.3.2 Return mapping algorithm for GTN model
The initial condition at the beginning of time s@p Y{s given as,

s, €& H, D.§ (2-29)

In the GTN model, there are two core state related variables defined, the void volume
fraction "Qand and the equivalent microscopic plastic strdinBased on the elastic

assumption, the trial stress for the next time step can be calculated,

trial — .
Sup= § €1 Pa,

S hﬂalm: 3 S B (2-29)

. 3 . .
trial — rial . ial
seqt+ D E Sij : $

H
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The state variables are related to the plastic deformation, so the trial state related variables

will remain the same with the last time step,

.I:trlal — f
tt+ IlD _t (2_30)
ety =B
Putting the trial values into the yield function, it can be obtained,
F:rlaln) - FES:riath Hlt) :( :ial t+ D ital t+ IZHt) (2-31)

If y 1 the material is still under elastic deformation, so thattrial stress
and trial state related variables are the final values to be updated. Otherwise, if
11, the yielding criterion has been met, the trial stresesds to be corrected to meet the
yielding criterion.As discussed in Section 2341, plastic corrector can be obtained by

solving the set of equatisn

s, (2-32)

The high nodinearity of these equations makes it impossible to solve the equations
explicitly. Instead, NewtoiRaphson method is used to solve the equations mcatig

by assuming

_H
s, (2-33)

Taylor linearization method is further used to simplify the equations, k#théeration,

$f1k+1_fk ' l’j'fl d @k-& |Hk d gljh
A (VR") " M @ K
i q (2-34
~ I-If f—&k
,I\fk+1—fk 2 d @ki d gljfﬂ
AT T A

So the values ohYr andAYRr can be obtained as,

W

Th
édDe, ' @ gh
= 29

g i

é e
nge’seqk+l i 2 uf i (299

g1 Y2

—h
=~

Eﬁﬁﬁ@a
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Figure2.48 Flow chart for the development of GTN VUMAT subroutine

Then values of the plastic correctors can be updated as,

FDeShk+l — [gk d+ P-}L
JrDeseqk+l = I:Eqk d+ é?{

Accordingly intermediate variables can be updated during the iteration,

(2-36)

66 Sheng Ai- February 2020



Chapter2: Literature Review

sk+1_$ +h(O‘ k+1

y =
k+1 trial t
sh - ‘%t+ D K I% (2-37)
k+1 — trial t
seq - Seqﬂ- o 3G %(

According to the energy conservation during plastic deformation,
(1- f)sd@& = = P (2-39)
Equivalent plastic strain increment can be obtained by,

s:d é __sth & Qq

de’ = (2-39)
(- f)s, (1) g
As a result, the stateelated variables can be updated by,
k+1 k & i 1+
De Pk _"Sh DQ +e§< Qé
(1- fk)syk
Dt {1 §°) eD'* A+ eO'DKw f¥w O (2-40)

fk+1:fk +f[b-]}.

The iteration will continue until the values @ and™Q are smaller than the
tolerance values defined, which means both constraint equations are satisfied at
acceptable accuracy. A flow chart for the stress update algorithm of the GTN model in
the VUMAT subroutine is shown iRigure2.48.

25Summary

In this chapter, thenaterialdeformation and fracture mechanswf SPIF and DSIF are
reviewed For SPIF, the material is locally deformed by the forming toed,lted from
the combination of tensigrbending, shearing and cyclwading effect. For DSIF, the
introduction of compression furthemproves material formability, owing to the
decreased tensile effect and increased shearing effedhermore, he deformation
modes ad material mechanical propms bring variations tothe initiation and
propagation of fracturan the metal shean the ISF processsuch as the suppression of

neckingin SPIFand drop of formability with higher supporting foragpliedin DSIF.

However current research ahe materialdeformation andracturemechanismsn ISF
is more descriptive than explanatidextensive observations on thkeformation and

fracture behaviowrof materials in ISF havieeen reporteavithout further consolidating
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explanations. An irdepth understanding on thdeformation andacture mechanisaof

ISF has yet to beleveloped.

Material testing methodsave leen widely useah both academia and industoydescribe
material deformation behaviour and evaluate material formability under different loading
conditions The testing methods not only provide a straightforward and fundamental
understanding towards the material deformation behaviours in the foetaing
processes, but also a standard to compare different procéssesommonly used

material testing methods are reviewed in this chapter.

However,for SPIF and DSIfprocesses, the material is under munbre complicated
loading conditionshan traditonal sheet metal forming processEle traditional testing

basel material formability methalcannot provide accuradescription omprediction of

the material deformation behavioussid formabilityin ISF processNevertleless,a
propematerial testingvill provide a viable way to investigate ISF process in a simplified
and structureananner.For example, the effect of different loading conditions, such as
bending or compression can be investigated by applying the loading conditions onto the
material repectively and the effect of straiatio can be effectively analgd by using
biaxial tensile testA suitable testing method will help to advance the investigations into
the deformation and fracture behavior in ISF.

The theories for the prediction of material forming limit in sheet metal are also reviewed
in this chapterThe complicated contact conditions and localized material deformation
characteristisin ISF prohibit a direct observation of material deformatiehdviour and
damage developmenhaking the fracture prediction in ISF challengiDgmage mods
providea promisingool topresenthe damagevolutionin ISFin an explicit wayand to

give an explanation to the unique deformation and fracture mechamniSf. The shear
modified GTN model has demonstrated its applicability in predicting material
deformation and fracture behaviours in ISF. As a restigstbeen selected to model ISF
processes in the current research. The smealified GTN model canéincorporated

into Abaqus/Explicit solver by the VUMAT subroutine using the return mapping
algorithm.

Equation Chapter (Next) Section 1

68 Sheng Ai- February 2020



Chapter3: Experimental Investigation and FE Modelling of ISF

SEXPERI MENTAL
INVESTI GATI BNt AND
MODEL LI NIGSGF

To obtain the material deformation characteristics in SPIF, SPIF experimettt
aluminium alloysAA5251-H22 and AA6082ZT6 was conductedvhich will be described

in Section 3.1 To obtain the material deformation history in both SPIF and DSIF
processes, FE damage modellmith the sheamodified GTN modebf both processes
were carried outThe calibration othe coefficients in theshearmodified GTN model

will be reported in Section 3.Zhe development of the FE modés ISF processewill
bereportedin Section 33. The experimentand FE modelling results will be presented
and compared in Section 3féllowed bydiscussios of the resultsn Section 3 anda

summary othe work in this chapten Section 3.6

31Experi ment al eAnal ysos&bi Mat y
As presentedn Chapter 1, according to the research by Hussain and[&adhe
maximum formng angle can be an indicatorttee formability of the material in SPIF.

As a result, the conic shapes with varied forming angle along the diepthion have

been widely selected by the researchers to test material formability in SPIF p6i;ess

67, 79.
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3.1.1Design oftheexperiment

In theSPIFtest the dimensionef the tested conic shape atewn inFigure3.1 (a). The
profile of the georatry follows a circulacurve, whichforms a startingorming angle of

10 degrees andn ending angt of 90 degrees.he forming angle increases with the
forming depth.According to theSine law[56], when the forming angle reach88
degrees, the thickness of the deformeekshvill be zero. As a result, the sheet will lose
its ability totally to defend further deformation, whichill definitely lead toa final
fracture of thesheetunder deformationTherefore, the maximum forming depth the

conic partcan be an indicator to the material formability in SPIF process.

Tool with ahemisphericahead was used in the test, and the radius of the tool hesad wa

5 mm.Based on the CAD design of the geometrgpmaltoolpath was generated by the
toolpath geneation algorithm developed by Lu et B8], as shown irigure3.1 (b). The
vertical step per revolution about the central axis of the conic part was set to be 0.3 mm
to ensure that theurface quality of the part would not be damaged whilleeasame time

a reasonable manufacturing time could be achi¢vgd

Figure3.1 Geometry of the test specimen d@ndlpath (a) CAD model of the test specimen; (b)
schematic of the generated toolpath use in the SPIF test

The SPIF tests were performed oi€CAlC machinethe experimental seip is shown in
Figure3.2. Squaresheets with a dimension of 170401 mm were used in the tests. A
backing plate with an opening radius ofreth was positionednder the sheet tacrease

the stiffness as well as tlgeometric accuracy of the part to be manufactured. The tool
wascontrolled by the CNC machine, and it moved along thedpsgégned toolpath at a
constant linear speed of 1860n/minto avoid oscillation of the CNC machine at higher
speedsin order to redce friction between the tool and the sheet, a liquid lubricast w

applied omo the surface of the shedthe process was terminated when obvirasks)
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was observed in the part. The coordiratd the tool upon fracture of the pamas

recorded to calculate tmaximumforming depth of the fractured part

Support with N
backing plate ®

N
=

Figure3.2 Experimental setp of SPIF process on a CNC machine

In order to investiga the influence of the material propertiestba material formability

in SPIF, different materials should be usedhe researchAccording tatheexperimental
and theoreticahnalysis performed bai et al. [82] and experimental investigation by
Fratini et al.[39], material dictility could be a deciding factor affecting material
deformation behaviour in ISAs a result, materials with different degrees of ductility
should be chosen in this researdbonsidering the material properties and their
applications in the academind industry,two types of materialsvere testd, the
aluminium alloys AA5251-H22 and AA608ZT6. In order b test the mechanical
propertiesof the materials, uniaxiaénsile tests were performed. Tégecimerused in
the testwas designed based on the AHES8 standard19]1], the geometry of the

specimen ishown inFigure3.3.

The test was performed on the Zwick Proline Z020 material mechanical testing frame.
The test speed was set to be 0.9 mm/min and the displac@ranturves were recorded
during the testas shown irFigure3.3. Compared with AA525H22, material AA6082

T6 underwent much higher deformation before final fracture of the specimen, while at
the same timeAA6082-T6 also required much higher loading force for the plastic
deformation of the specimen to continue. The necking phenomenon of the specimen was
much more obvious for material AA525122 than AA6082ZT6, which could be reflected

by the necking part othe forcedisplacement curves. Judging from the distinct
deformation behaviours of the two materials in the uniaxial tensile test, it is reasonable to
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use these two materials in the future tests to investigate the influence of material

properties on mateai deformation behaviour

5000

—s— AA5251-H22
4500 | —e—AAGOB2-TE
4000
3500
3000

2500

Force fM

2000

1
S—rzg

500 258.0

1500

1000

!
?

0 1 2 3 4 5 & 7 2 g 0 11 12
Displacement/mm

Figure3.3 Geomety of the specimen for uniaxial teile test and the obtained forcksplacementurves
for material AA5251H22 and AA6082T6

3.1.2Experimental procedure

In the SPIFtest, thesquaresheet was first placed on the backing pkidthe edges of
sheet were firmly clamped’he generated toolpath was imported into the CNC machine.
After that, the tool was positioned to the centre of the spedianghe calibration of the
starting point.Then the tool was moved away from the sheet surfaceharidbricant
was applied onto the surfaoéthe sheetvith a brushThe moving speed of the tool was
first set to zero to avoid potential damage resulfimgn possible wong operations
before. After the tegpreparations wereompleed, the CNC machine was started. The
moving speed of the tool was slowly increased to thegdesdi speed if the tool was
confirmed to follow the designed toolpath and no cdrttetween the tool and the clasp
happenedThe test would be terminated when obvious dg@&ppeared ithe partThe
coordinate shown on the screen of the CNC machine would be recorded to catbelate
maximum forming depth for every te§iach matedl would be at least testéwice to

ensure the repeatabilitf the test.
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32Coef ficient Cambdbrfatido®TINN MS ld

According to Equations (8), (26) and (211), there are 10 coefficients in total needed
to be calibrated in the shemrodified GTN model, consisting of nine damage coefficients
A M M RYROAORCRQ in the original GTN modeland one sheaelated

coefficient (Q ) in the shear extension.

For metallic materials, the values proposed by Tvergf88,n  p®h pand

N ¢& vhave been widely used in a number of studies. The standard deviation
coefficients’Y and- were found to have little influence on the simulation results, and
Y 1 and- i@ were proposed by Chu and Needlef84] . As a result, for the
original GTN model, only four coefficients, naméiiQand Qneed to be identified

in this study. For the shearodified GTN model, five coefficients are required to be
calibraed in total. According to Nahshon and Hutchingld], the value ofQand "Q
should be decided before the calibratiorCbf

3.2.1Verification of thedevelopedsubroutine

The VUMAT subroutine for theGTN model was developed using the programming
language Fortran. Thaevelopegrogram can be seen in Appendix 1. In order tothest
accuracy of the developed GTN modeleaification procedure was proposed by Aravas
[194. In the \erificationmode]| onlythe enlargement of the existing voids andleation

of thenewvoids wereconsidered Wile the modification of the VViwasneglectedBy
comparing the evolution history of VVF in the model with that obtained from theoretical
calculations, whether the developed subroutine was canrewxit could be verifiedThe
material propertylefinition and \alues of the coefficientssed in the vefication model

are shown imable3.1.

Table3.1 Material properties andalues of the coefficientused in theerification model

~ ~ ~
g g

Parameter  © » i | | H H e Ne

Value P, . ™ 0 p® T8t T8 ™ T

The material hardening behauroin the verification modelvas also defined in the

verification model

Lo (3-1)
) :

Ss
S

vy €

i
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where,, is the yielding stress of the material during dieéormationand ,, is the initial

yielding stress of the material

In the verification model,a hydrostatic stretch testf a single elemenwas performed.
Theelementvas a cube withn edge length of thmin all three directionsDisplacemat
loading boundary conditiowasappliedonto the elemenDetailed boundary conditions
on eaclode of the element ghown inFigure3.4. Element type C3D8R was assigned
to the element in the meshing process

Figure3.4 Loading condition for the element in the verification mddelthe GTN model

The displacement an®¥VF of the element at the integration poalbng deformation
history were extractedrom FE simulationresuls, based on which the relationship
betweernvolumetric strain and VVF was obtained. A comparison between the theoretical
calculationreported by Avaragl19( andFE prediction with the developed GTN model

is shown inFigure3.5. A good match between them camdbservedwhich confirmed

the credibility andaccuracyof the developedumerical modein this study

03 r
04 F
04 r
03 r
03 r

VVF

02 r
02+
0.1
0.1

I}I} i i i i ]
0.0 0.1 02 03 04 0.3

Volumetric strain

4 Theoretica

Verification mode

Figure3.5 Comparison of evolution of VVF from theoretical calculation and the predictioneby th

developedsTN model
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3.2.2Coefficientcalibration in theoriginal GTN model
Generally, three different methods hdeen adoptetb calibrate the coefficienia the
GTN modei

91 Direct calibration. This includes metallographic methof67] and
tomographic methodl192. Both methods are dei straightforward. Irthe
metallographic methodyith the help of thescanning electron microscope
(SEM) and image processing softwatlee area of the voids in the proceasse
section of the specimen can be calibrated. The ratio of the area to the total area
of the section is treated as the VVF at the current deformation stage. The
specimesfor calibrationcan be obtained frotensile test at different stages
As a result,the VVF at different stage can be calibrated. While ire th
tomographic method, powerful-ky equipment isused to obtairthe 3D
image of the tested specimen and the camgide can be directly observed
The ratio of the volume of the idies to the totalolume of the materiah

the target zone is used to deterntime VVF at that defomation stage.

1 Inverse method[168 169 193. In its simplest form, multiplesimulation
modelswith differentsetsof the coefficient values aran bythe FE software
and the modebroducing the mostatching results with the uniaxial tensile

test will be chosen as the optimizedlues[194].

1 Single representative volume elementRVE) method [195. In this method,
the initial VVF will be calibrated firstand the evolution of VVFwill be
simulated in a single element thus tredue of nucleation related VVF and
fracture related VVEan be obtained.

Guiglionda and Poolgl96 concluded thalower porosityrelated coefficiers might be
obtained from the porosity measurarwith the help with SEMdue to the difficulties

in the metallographic preparatisnof the specimensWhile Zhang et al[197 and
Chhibber et al[198 reported that miscounting the inclusions in the sections as voids in
the porosity measurement process would lead to an overestimation of theyporosi
coefficients.n addition,for the tomograpiec method, the equipment required can be very
costly. For both methag] a large quantity of specimens arealed which is both time
consuming and cosmheffective. The RVE method is not robust enoggimerally. As a

result, in this studythe inverse method was adepgt
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3.2.2.1Flow rule selection for material AA528122

Material AA5251H22 was used in the FE simulat®iirue plastic straistress curve of
the materialfrom the uniaxial tensile tes$¢ shown in Figure 3.6 (a). As reviewed in
Chapter 2,it has been widely provedhat material formability can be significantly
enhanced in ISF compared with conventional sheet metal forming prodessesesult,
the data obtained from the uniaxial téadiest is not sufficient to describeaterial
deformation behaviour when tis¢rainis larger than th@eckinglimit predicted by the

uniaxial tensile test

In order to obtain the material strastress relationsp in the extended range of the
deformationhardening laws should be introducektcording to the experiment reported

by Bhattacharya et a[199, the feed rate of the forming tool did not necessarily
contribute to thematerial formability in SPIF for material AA5052. No rational speed
was intoduced in the ISF test tocrease the frictional effect and lubricardsvapplied

to reduce the friction, the heat generate by the friction between the tool and the sheet was
notenough to present significant influence on the material formafi@§). As a result,

the effects oftsain rate andemperature were ignored when selecting the hardening laws
to describe the éw behaviour of the material¥hree dfferent workhardening laws,
including Ludwik law[201], the Swift law[135 andVoce law[202Z were fitted against

the experimental stresdrain data, as shown kigure3.6 (a). The optimized parameters

for the hardening laws are presented @ble3.2. Corresponding rootusn square (RSS)

of the errors between the predictions and experimental data were calculated.

By comparison, it was shown that the prediction made by the Voce law not only was the
closest to the experimental data but also followed the trend of the dhtt gavas used

in the FE models to describe the plastic ste#san curve in this study. The prediction

of the Voce law in the extended range is showRigure3.6 (b).

Table3.2 Hardening laws and correspongdifitted values of the coefficienfor AA5251-H22

Hardening Laws AA5251-H22 RSS
Ludwik A pt8w T8 PRS 33.16
Swift A op8@ T8I TTC X CRU 8 24.86
Voce A pogipypxmoe p A 8 16.61
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Figure3.6 Flow stress curve fitting for AA525H22: (a) comparisobetween different hardening laws

and the experimental data; (b) extended flow stress curve predicted by the Voce law

3.2.2.2Design of the experiment

As discussedt the beginning of this section, inverse method was adopted in this research
to calibratethe values of the coefficients in t&TN model for a specific materialhe
objective of the calibration process is to minimize the difference between the results
obtained from the FE simulation and the experim&he uniaxial tensile testas used

in this research to provide the experimental results and it has already been cofwiucted
the material mechanical property description, as showrigare 3.6. FE simulatons

were conducted based on thesponse surface method (RSkWd the optimization
process was performed using tenetic algorithm (GA)In detail,the inverse method

was developed in three stapgshis research

(a) Running FE simulations of the uniaktensile test with varied values of the
coefficients according to theentral composite desig@CD) simulation runs

and extract the loadisplacement curve from each simulation;

(b) Comparing the curves obtained from the FE simulations and the experime
and establishing a relationship between the response and the coefficients based
on RSM,;

(c) Running GA optimization algorithm to obtainet optimal set of coefficients,
with which the difference between the ledidplacement curve obtained from

simulation and that from the uniaxial tensile test can be minimized.

More detailed description of thenplementation of the inverse method is reported as

follows.

(a) Design of the FE simulatien
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The combinations of the coefficient values within the rarmgasbe unlimited and it is
impossible to apply every combination to the simulation to find out the optimal set of
these combinations. In order to cover the whole investigated ranges with efficiency, the
response surface method (RSM) was adopted in thay/.sth RSM, each set of input
values will yield an output (response). Then a mathematical relationship between the
responses and the inputs in the investigated ranges can be obtained. By optimizing the
mathematical equation, the optimal combination of itiput coefficientswithin the

rangescan be obtained.

First of all, the ranges of the investigated coefficients should be narrowed down. In order
to determine reasonable ranges of the coefficients for material AAS23] the
coefficient values calibratefbr similar materials in previous studies published in
literature were firstly reviewed, as shown in Table 3.3. Combined with the work by Kami
et al.[168, the ranges of the GTN coefficient values for material AASBIZP were

selected for optimization, as shownTable 3.4.

Table3.3 Values ofGTN coefficiensin literature

Authors Material [ | | B .

He et al[203] AA5052-0O1 0.002978 0.0249  0.030103 0.04854

Brunet et AA5182 0 0.035
al[204] AA5754 0 0.034
Chen et al.
AA5052 0 0.04 0.02 0.045
[205]
Liu et al.[206] AA5052-0 0.003 0.025 0.027 0.043
Amaral et al.
AA5182-O0 0.001 0.01 0.021 0.04
[207]
Teng et al.
AA5A06 0.0012 0.032 0.034 0.042
[208]
Feng et al.

[209] AA5052-O  0.00112 0.0132 0.0206 0.0299
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Table3.4 Ranges of the GTN coefficients investigated

Coefficient Minimum limit Maximum limit
Q 0.0001 0.005
Q 0.005 0.05
Q 0.01 0.05
Q 0.02 0.06

Although the ranges of the investigated coefficients have been narrowed down to certain
limits, the combination of the coefficients can still be unlimited. To obtain the relationship
between theoefficients and the response in the GTN model by RSM effectivighya

limited combinations of the coefficienta fourfactorsthreelevel central composite
design (CCD) method of the coefficients was adopbeded on the research by Ying et
al.[169 and Abbasi et a[21(.

The CCDmethod is used for the RSM to obtain quadratic response, the combinations of
the simulation runs by the CCD can be generated using the software Minifab1L7

with the boundaries of the coefficients defined in Table Bl generated design is
shownin Table 3.5in which 30 sets of simulations needed to be run. In each set, different
values of the coefficients in the GTN model were used and conéspFE simulation
results wereoutputted, basedn which the response value could d¢edculated and

analysed.

Table 3.5 Test runs based on CCD

Run [ | B B & Response

1 0.005 0.05 0.01 0.06 217512.8
2 0.0001 0.05 0.05 0.06 29707.2
3 0.005 0.005 0.01 0.06 28646.0
4 0.00255 0.0275 0.03 0.04 268408.4
5 0.00255 0.0275 0.03 0.04 268408.4
6 0.005 0.005 0.01 0.02 81608.6
7 0.0001 0.005 0.05 0.02 260498.3
8 0.0001 0.005 0.01 0.02 165271.2
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9 0.00255 0.0275 0.03 0.04 268408.4
10 0.005 0.05 0.05 0.05 75965.2
11 0.005 0.05 0.01 0.02 246451.5
12 0.005 0.05 0.05 0.02 178374.6
13 0.0001 0.05 0.01 0.06 139611.3
14 0.0001 0.05 0.05 0.02 114441.4
15 0.0001 0.005 0.03 0.04 258601.8
16 0.00255 0.0275 0.03 0.055 268408.4
17 0.0001 0.005 0.01 0.06 258601.8
18 0.005 0.005 0.05 0.06 258044.7
19 0.005 0.005 0.05 0.02 154372.4
20 0.0001 0.005 0.05 0.06 260498.3
21 0.005 0.0275 0.03 0.04 61833.9
22 0.00255 0.005 0.03 0.04 255332.6
23 0.00255 0.0275 0.03 0.02 219862.1
24 0.00255 0.0275 0.03 0.06 268408.4
25 0.00255 0.0275 0.05 0.04 45908.5
26 0.00255 0.0275 0.03 0.04 268408.4
27 0.00255 0.0275 0.01 0.04 149209.0
28 0.00255 0.05 0.03 0.04 124206.3
29 0.00255 0.0275 0.03 0.04 268408.4
30 0.0001 0.0275 0.03 0.04 29665.2

(b) Response calculation and response surface generization

The response can be defined based on the specific process investigated. In this study, the

response variable was defined as the aggregation of the difference between the loading
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forces obtained from the experiment and from the FE simulation at seleabechaldn

stages,

Felxp - FI

num

R=§ (3-2)
i=1
where'Y is the responsé&ls the number of the point selected in the tensile displacement

load curve,O is the force in the experimental tensile test wide is the force

obtained from the FE simulation at the same displacement.

To describe theelationship betwen the input anthe response, a quadratic or cubic
model can be used. According to the Engineering statistics hand@adk in the
industrial applications, aecondorder quadratic model should be sufficieémtdescribe
the relationshipFrom the CCD simulation run resuls quadratic polynomial regression

analysis between the response trdfour variables can be obtained in the form of,

4 4 3 4
R=h A bX AbX & @XX (3-3)
i=1 e i Hid4+
where X (i=1,2,3,4) are the variables. Based on Equatie®){all possible combinations

in the investigated ranges outlined in Table 3.4 can be analysed. The optimized values of
coefficients can be obtained when the displaceffne curve obtained from the

uniaxial tension simulation is as close to that obtained from the uniaxial tensile test as
possible. That is, from mathematical point of view, when the response variable R reaches

its minimum value possible in the defined ranges.
(c) Optimization of coefftients by GA

With the relationshigpetween the response and the coefficients obtained using the RSM
method the optimization of the values ofgliour coefficients can hgerformedusing the

genetic algorithm (GA) provided by GA solver in the Matlab sofef213. Genetic
algorithm is an optimization method for solving both constrained and unconstrained
optimization problems$Based on natural selection, random individuals are selected from
the population pool and evolve to next generation, which are used for the next step of
optimization. Through the successive evolution, the best set of parameters can be selected
from the poplation pool generated. The difference between the genetic algorithm and
the traditional optimization algorithms lies on the number of the points selected during
the optimization procesBy comparison, oly one point is used in the traditional

optimizationalgorithms, therefore, higher efficiency can be obtained from the G
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3.2.2.3FE simulations andpimization of the coefficients
The dimensiors of the specimen used in the FE modelling of the uniaxial tensile test is
shown inFigure 3.3. Displacement boundary condition svaised in thesimulation
maintaininga constantensile speed of 0.8im/min as that in thexperimentaliniaxial
tensile testin order to reduce theomputational cost while maintaining accuracy, the
first-order, reducedhtegrationcontinuumelementC3D8R was used in thisodel.
3000
2500

2000

1500 |

Load /™

1000 [

500

Displacement/mm

(a)

1 1
1 1
*Central area: 0.5mm
(b)
Figure3.7 Mesh convergence test for the uniaxial tensile test FE modebitg)arison between the

displacementoad curvesobtained from different sizes of megh) final mesh of thespecimen

Mesh dependence of the FE analysis with continuum damage mechavec®den
reported by various research¢t88 214 and by Gatea et dl67] for the GTN model.

To ensure the simulation accuracy without compromisingdmeputational efficiency,

a mesh convergence check was first perforrirethe convergence check, the first set of
coefficients in the CCD were used, and the values were set to be 0.005, 0.05, 0.01 and
0.06 respectively. The mesh size of the arm area ata® e 2mm while the central
gauge area was set to be varied between 0.25 mm and 1 mm. Fdesfgadement curve

was extracted from each test and compared. As shokigumne3.7 (a), it is clear that the
simulation did not converge until the mesh size was close to 0.5mm or Balawesult,

the mesh size in the arm zone was determined to be 2mm, while in the central testing zone

it was set as 0.5 mm in the FE dab, as shown irFigure 3.7 (b). The shearelated
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coefficient’Q was set to be zero. The simulations were terminated when fracture

appeared in the specimen.

Theloaddisplacementurves were extracted from the FE simulatigkscording to the
FE results, ie maximum elongationgefore fractureusing different combinations of
coefficient values varied fro#.40mm tomore than 6.0nm, while in theexperimental
uniaxial tensile testas shown irFigure3.8 (a), the maximum elongden of the specimen
upon fracture was 4.88m. As a resultas suggested by Karet al.[169, in order to
obtain a reasonableslationship betweethe combination of the coefficienend the
responseonly dat obtained befor¢he elongationsof 5.38 mm wasused for the
regression analysighe extreme data obtained after the elongations of 5.38masn
ignored The regression analysis can be done by uding software Minitabl7 by
providing thecalculatedresponsevalues as shown inTable 3.5 The mathematical

regression moddietween the response and the coefficieatsbe solved as,

R=297984 + 66706520 - 1074383 + 12290925- 139562
- 20999029377,” +35502585,° - 18559794f >+ 180847555
+889797571, f, +3182127312,f, + 37953551, f,

- 93932501, f, - 4061B02f, f, + 376408f f,

(3-4)

However, as reported by Gen and Chéxt, GA was effective in searching for the
optimal values in th global scale while it was ineffective in determining the local optima.

As a result, in this study, 100 runs of GA algorithm were performed. Excluding the
abnormal combinations from the results, the average values of the remaining values were

treated ashe ultimate optimal set of coefficients,
f,=0.001, f =0.011, f  =0.023,f,  #.0 (3-5)

The comparison betweehe loaddisplacement curve obtained from the experiment and
the simulation with the GTN model using optimized coefficient values is shokigune

3.8 (a). Compared with the experiment, the FE model overestimated the maximum
elongation of the specimen before fracture. The predicted maximum elongation was 5.10
mm, which was larger than that obtained from experiment by 8% all, at beginning,

the prelicted loaddisplacement curve matched the experimental wek before the
displacement reached around 4.2 mm. After that, the difference between the curves
became obvious. The difference between the curves was probably caused by the
inaccurate predictioaf the response surface method adopted in this research. The whole
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Figure3.8 FE modelling of the uniaxial tensile test with the GTN model using the optimized coefficients:

(a) comparison between displacemkrad curves obtained from the experiment and FE modelling; (b)
evolution of VVF (SDV2) in the FE model

optimization procesby the genetic algorithm was only based on one regression equation,
making the optimized values possibly close to the global optimum and the deviation
between the simulation and experiment occurred. Nevertheless, the difference between

the FE simulatiorand the experiment was below 5%, and the predicted values were in
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the ranges defined in Table 3@onsequently theptimized coefficients would be used

in this study for the FE modelling of ISF processes.

The evolution of the damage indicator VVF (SDV2) during the FE uniaxial tensile test is
shown inFigure3.8 (b). Firstly, the damage was uniformly distributed alorey¢antral

gauge area when the plastic deformation was uniform. It then concentrated on one area
with the test progressing and when VVF in certain elements rea@héeese elements

were deleted and fracture occurred.

3.2.3 Calibrationof sheasrelated coeftient

A similar inversemethodto identify theoriginal GTN model coefficientsvas used to
calibratethe shearsrelated coefficienin the NdishorrHutchinson extensiomodel In
order toachieve low stress triaxialitg,pure shear testas conducted~E simulatiors of
the pure shear tegsing the sheamodified GTN model with varied values &R were
also performedThen load-displacementurves obtained from thé-E simulationsvere
compared with thatbtained from thexperiment and the one providitige closest result

to the experiment waselected as the optimal value of the shretated coefficient.

3.2.3.1Pure shear test

Material AA5252H22 was used in the te$tor pure shear test diin alumirium alloy,
a standard specimen has already h@m@posed by ASTMstandard12€], as shown in
Figure3.9. By loading the specimen onto a uniaxial tensile test machinegle sinear
zone can be createdthe centre of the specimen.

However, specimen rotation was observed during the test using this design of specimen,
which compromised the accuracy of the test, as reported by Yin[&23l. A modified
specimen based on the ASTM stamtiaas proposed by Kang et 216 , as shown in
Figure3.10, which provided satisfactory low stress triaxialievertheless, thprecision
requirement on the manufacturing of the thickness reduction in the centre of the specimen

in a thin sheet cabedemanding, which compromised its application.
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Gao et al[217] proposed a pure shear specimen forrttegerial AHSS, as shown in
Figure3.11 (a). Extra concave cuts were introduced above the central area to reduce the
rotation of the specimen and tensile eff&y. performing test with DIGneasurement

and FEsimulation, it was founthat the deformation in the specimen was confined to the

target central area and it was shdaminated since no obvious thinning was observed in
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the central zoneHowever,the size of the specimen svaomparatively large, making it
hard to perform the s with this specimen in ¢éuniaxial tensile test machingith
smaller clampsSun et al[218 further modified the dimension of the specinfenthe

silicon steebnd proposed the a similar geometag shown ifrigure3.11 (b).

56.90

45.20

(b)
Figure3.11 In-planepureshear speciman(a) geometry poposed by Gao et §R17]; (b) modified
geometry proposed by Sun et[@1§

Considering the size of the specimen, the geometry designed by Surj2di8alvas
selected to be used for the pure shearitestis study Since the tensile force for thin
aluminium sheet would be much smaller than that for the steels, the holes in the clamping
area were not cut in the current desigtowever, the geometries of the specimens
proposed by Gao et 4R17] and Sun et a[218 werebothdesignedor steelsln order

to prove its effectivenessn the aluminium alloyAA5251-H22, a tensile tesusingthe
pureshearspecimen was conducted this study As shown inFigure 3.12 (a), the

specimen was mountexh theTinius Olsen H25K$naterial testinglatform In order to
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observe the strain distributian the target area of the specimguring thetest, a LA
VISION DIC measuring systerwas deployedThe dgital image correlation(DIC)
technology is an optical measurement system, in which the movement of the points in the
area of interest can be trackieg the camera and recorddédne step further, the strain
distribution in the target areean be computegrocessing theanagesobtained219. In

this test, the central region of the shear speciwansupposed to be the area where major
material deformation should happaad it was treated as the area of inter&be bottom
clampwas fixed while the upper clamp was set to move at a constant speeuhfrin.

The test was terminated as soon astdir@coccurredThe loaddisplacement curve was
recorded by the testing platform while tiestirkg process was recorded BYC system

for analysis.

(b)
Figure3.12 The pure shear teqf)the pure shear tegb) fractured specimen

The fractured specimen is shownFkigure 3.12 (b). It was obvious that the fracture
happened without obvious sign of neckibiging the DIC software, the strain distribution
before the final fracturen the central zone near the locatiointhe crack was obtained

and a qualitative analysis of theaterialdeformation in the central was performéd

shown inFigure3.13, the planar shear strain in tbentral area was higher than 0.32 while
the strain component in the lateral direction was around 0.05 by comparison. The

deformation of the material in the central zone was clearly steramated.
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Figure3.13 Planar strain distribution in the pure shear specimen according to DIC measurement

different directions(a) xy direction; (b) y direction

In order toobtain the strain state of theaterial in the central zomiring he deformation
process an FE simulationof the pure shear testas conducted usinghe solver
Abaqus/Standard. Element type C3D8R was used, the central zone was méstzed wi
element size 0D.25 mm while in the arms the element size was 2nim save the

computational time. The mesh of the specimesh@wvn inFigure3.14.
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Figure3.14 Strain paths of the three element$-EB modelling of the pure shear test

In the simulation, the clamp on the one end moved at a constant speed of Imm/min for
two minutes. The maximum and minimum principal stress components of three elements
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in the caatral area along longitudinal directiar the specimenvere extracted from the

FE results and plotted in the minor stramajor strain space. As shownRigure3.14, all

strain paths of the three elements complied well with the ideal strain path in the pure shear
deformation state. As a result, this specimen can be treated as a pure shear specimen and
can be used in this studp determine the sheaelated coefficiat 'Q . The load
displacementurve obtained from the pure shear test with this specimen can be used for

the later studyf coefficient calibration

3.2.3.2 Calibration ofQ

Nahshon and Hutchinsdi64 reportedthat the value of Q shald be in the range
between 0 an8. Instead of running a complicatelesign of experiment as performad
the last sectioto determine the coefficient values in the original GTN mgoithe value
of Q was varied betweed and3 in this part of studyThe simulation was run on the
Abaqus/Explicitsolver using the developed sheaodified GTN model with values of
the four cefficients identified in the last section. The mesélthe specimen was the same
as that in the FE modkhg of the pure shear test ohbaqu¢Standard. The load
displacementurveswere extracted from the F&mulation resultso be compared with
that meaured in the experimens shown irFigure3.15, it was confirmed thahe curve
obtained in the FE model usif@ p provided the most satisfactorgatch to the

experimental result. As a resuthe value ofQ was determinéo be 1

BOO

— Experiment
Kww=0
Kw=1
Kw=1.5

— =2

0 05 1 15 2 25 3 35
Displacement/mm

Figure3.15 Comparison betweerigblacementoad curve obtained from the experiment and FE

simulations with varied values @

Nevertheless, there was a difference betweenxperenental curve and th&bobm the
simulations. Generally, at the elastic stage of the test, the specimen in the simulation was
shown to be more resistant than that in the experiment. On the contrary, after yielding,
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the loads in the simulations kegtable while in the experimeittwas increasing until
fracture occurredThe difference might resuftom the clamping of the specimen in the
experiment. In the experiment, the specimeas wot ideally clamped, a slighliding
betwea the specimen and the clamp mitgad to a postpeed yielding. Another factor
might affect the loadinglisplacement curve in the shear tess the rotation of the
specimen during the test. The geometry ofghearspecimen would inevitably cause
twisting of the specimen during the test, which wouldsgag lead to an increase of the
loading force. By comparison, in the FE modelling, the boundary conditions were ideal
and neither of the drawbacks mentioned would occur during the simulatanresult,

the difference between the results obtained frloenexperiment and the FE simulations

occurred.

33FBEModel |liSHgo aedss s

To obtain material deformation characteristmf material AA5251H22 in the ISF
process, the material deformation history during the processidshewlbtained, which is

not feable in the experimentlue to thecomplexity of theexperiment configuratiarnn

this section, FE damage modellings of the SPIF and DSIF processes with the shear

modified GTN model were developed

In the FE models, as shown ligure 3.16 (a) and (b) a blank with a dimension of
170x170XL mm waspositioned on a backing plate, the tool with a head radiusmh5

was first positioned above the blank. The backiradepbnd the tool(s) were defined as
rigid shell while the blank was plastically deformable. SuHiaesurface contact was
defined between the tool and the blank and Columbus friction law was adopted to describe
the frictional behaviour between the tooldaihe sheet. As lubricant was applied in the
SPIF experimenb reduce frictional effecthe frictional coefficient was set to be 0.1, as
recommended by Nguyen efaR( and Benedetti et d1221] in their FE modks of SPIF
processes with aluminium allogsdthe experimental calibration by Durante e{2R2]

and Lu et al[57] for material AA7075 and AA1100 respectively.

The backing plate was fixed during the whole process, as well as the edges of the blank.
The tml movement was controlled by the displacement boundary conditions. The tool(s)
moved at a constant linear speed of 1800 mm/min to asddllation of the CNC
machine To save the computational time, mass scaling was applied. Mass scaling reduces

the timeincrement by artificially increasing the density of the material. In this study,
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adaptive mass scaling was adopted and it would be applied onto the model automatically

if the stable step time was less than p 1T s.

Forming tool

Backing plate
(a)

Major tool

Rear tool

\

Backing plate Axial connector

Anchor
(b)

Backing plate

(©
Figure3.16 FE modelling of the ISlprocess(a) SPIF; (b) DSIF(c) top view of the models

Threedimensional &ode linear hexahedral solid element with reduced integration
C3D8R was used for the meshing of the blank in the FE models for its accuracy and
efficiency n the modelling of SPIF procef223-226¢. In the FE simulation conducted

by Esmaeilpour et gl225, the elemensize was set tbe 0.7mmin the planar directions
while in the FE modedf TPIF procesgstablished byvang et al[179, the element size

was 0.5mmand a good match between the FE modelling resmitsthe experiment was
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achieved According to the mesbonvergence check in Section 313 FE result of the
uniaxial tensile testanverged when the element sizes@d mm or lessvhen the GTN
model wasncorporated intthe Abaqus Explicit solveConsidering the computing cost

and the convergence of the FE moded, ¢lemensizein the planar directions was set to

be 0.5mm. In the thickness directioripur layers of elements were used in order to
observe the effect of bending and compression on the material deformation behaviour and
to avoid hourglass effect caused by the reduced integration elements. As a result, the
were 360000 elements in the madéleshing of the specimen is shownFigure 3.16

(c).

The main difference between SPIF andSIF FE modelswas the superimposed
compressioteen added in the DSIF FE mod&s shown inFigure3.16 (b), in the DSIF
model, a rear tool was positioned against the forming tool on the opposite side of the
blank.In the purposely built DSIF platform developedlhyet al.[30], an air compressor

was used to guarantee that the rear tool was kept in contact with thenbidelat the

same time keeping the supporting force constant and controlfabl@ovide a preload

on to the sheet through the rear toolhe FE modelling of DSIwhile keeping the load
constant during the whole process axial connectanodellingmechanism was used

As shown irFigure3.16 (b), theconnector wadefined bya wire connectinghe reference

point of the rear tooland a fixture pint. The axial connector functioneas a spring

generating 200l supporting forcéo the blank

Using the amplitudenodellingtool provided by Abaqus, the coordinates of the tool(s)
movementlong the deformation time could be defined based on the toolpath generated
for the ISF experimentln order to providex constansupporting fore, the fixture point

in the DSIFmModelalso followed the predefined toolpefor the tools.

The simulations were run on the Universitly Sheffield high performance computers
(HPC) system SHARC with 16 coresed. Theyvould be terminated automatically when

the fracture occurreih the sheet metal

34Experi ment al Red uFEsModel I i ng

3.4.1Experimental results
The fractured parts in the SPIF geate shown irFigure3.17. The maximum forming
depth for material AA5251H22 was 21.8im, which correspondedo a maximum

forming angle of 71.4 degrees according to the CAD drawing of theRmartnaterial
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AA6082-T6, the maximum forming depth of the conic pads 15.95mm so that the
maximum forming angle was 60.1 degredfaterial AA5251H22 presented better
formability in the SPIF test.

The cracks in both parts appeared without a clear sign of necking and propagated along
the tool movement directioimilarly, neither @ the cracks locatel at the bottoms of the
tool-sheet contact areas but above that. However, it was hard to tell whether they located

in the contact areas or not.

In addition, compared with the part made by AA52812, the part made by AA6082
T6 presenteanuch higher degree of springback after unclamgiegause of its higher
yield stress during the plastic deformation. The strong springback resudadbvious

distortion of the sheet, as showrFigure3.17.

Crack Crack

(a) (b)
Figure3.17 Fractured conic pastmade by SPtHa) AA525EH22; (b)AA6082-T6

3.4.2FE modelling results

3.4.2.1The effect of mass scaling

In order to make sure that the inertia effeatised by mass scaling did radtect the
simulation results significantly, the ratio of the kinetic energyhinternal energy of
the blank deformain should stay below.050.1 for the majority of forming tim¢194,
227, 228. The history of the blank deformatidinetic energy and thmternal energ
was extracted from the FE simulation results, based on which the evshftite ratio
of the kinetic energy to the internal energpre plotted for both SPIF and DSIF
processes
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Figure3.18 History of ratio of blank deformatiokinetic energy to internal energy in the ISF FE models

As shown inFigure 3.18, the energy ratio was highthan 0.1 at the beginning btit

quickly dropped below 0.1 after 5 seconds. With the processing continuing, the energy
ratio kept decreasing and stayed close to 0 after 10 seconds. As a result, the energy ratio
was below 0.1 for the majority of the forming process and it can be confihaette FE

simulation results were not significantly influenced by the mass scaling applied.

3.4.2.2FE damagemodelling results for SPIF

In the damage modellingf SPIF procesdor material AA5251H22, the cone fractured

after a total forming time of 230.1 sews, which corresponded to the fractured depth of
11.33 mm according to the toolpath and a maximum forming angle of 50.3 degrees, as
shown inFigure3.19 (e).

The deformation history of the conic shape and evolution of the distribution of VVF in
SPIF process with time is shown kigure 3.19. As shown inFigure3.19 (d), element
deletion first started when the step time reached 185s. However, different from the FE
damage modelling of the uniaxial tensile test, in which the concentration of the damage
and element deletion immediately led to fracture, as showiigare 3.8, material
deformation in SPIF continued and final fractured occurred 45.1s later. More elements
were deleted before the occurrence of final fracture, as shokigune3.19 (e).
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Figure3.19 Evolution of VVF (SDV2) in thecoric parts made by SPIF usidgA5251-H22

The history of equivalent plastic strain, VVF, void growth component and shear
componenin VVF for the deleted element 452@01the crack arewere extracted from

FE results. As shown iRigure3.20, a stairlike evolution of all these parameters can be
observed, indicating strong localized material deformation in SRdsti® deformation

only accumulategvhen the érming tool moved past or closethe element. In addition,
VVF and void growth component increased significantly in the last two steps before

fracture, suggesting the existence ofrhignsile effect during that period

By comparing the value of treheaing-induced damage component witte total VVF

and the void growth componeittis clear thaalthoughthe damage contribution resulting

from theshearing effect wanot as much as the dogrowth component, it wasreon
negligiblefactor in SPIFIn the second last contact between the element andoh the

value of the shear component was 0.0031, while at the same time the total value of the

damage indicator was 0.0256 and the void growth component was 0.012.
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Figure3.20 Strainand VVFevolutionin SPIFmodellingof elemen45201

The von Mises stress distributions on the inner and outer surfaces of the sheet before the
deletion of the elements were also extracted from FE redfuBBIF As shown inFigure

3.21 (a), on the inner surface, the highest degree of von Mises stress appeared at the
openingarea of the conic part where bending effect was significant and the contact area
between the tool arntie sheet. The high von Mises stress in the contact area was in agree
with the material plastic deformation localization reflected by the evolution of the

equivalent plastic strain and VVF igure3.20.
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Figure3.21 von Mises stress distribution 8PIF on: (a) inner surface; (b) outer surface

In addition, onthe outer surface of the sheet, as showRigure 3.21 (b), the highest
degree of von Mises stress still existed at the opening area of the conic part where bending
effect was significant and the edge of the bottom. However, comparing with éks str
distribution on the inner surface, the material on the outer surface generally underwent
higher von Mises stres$he difference of the distribution of von Mises stress could be
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explained by the bending effeethich caused higher degree of tensilesdron the outer

surface of the sheet.

To further demonstrate tlegfect of bending, thaistory of VVF for the four elements in
the crackocation across the thickness were extracted from the FE re&silshown in
Figure3.22, the element5201lied on the outer surfaaef the sheetelement 31520lied

on the inner surface while the other two were in the milddlers It is clear thatat the
same timethe elemenon the outer surfaaenderwenthe highest level of damaged it
wasfirst deleted while elemerd on the iner surfacevas the least damaged and it was
deleteduntil about 45 secondsfter the first element was delet@the inhomogeneous
distribution of VVF along the sheet thicknessd postponed deletion of the elements on

the inner layers of the shaatlicted the bending effect in SPIF process.

005 -
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0.03 [
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002 |
- Element 135201
L Element 22520
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[ eeeeenees Element 315201
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Figure3.22 Evolutionof VVF in SPIF modelling of elements along the thickness direction

3.4.2.3FE damagamodelling results foDSIF
For DSIF, the total time of the FE simulation before the fracture of the part was 214.8

seconds, corresponding a forming depth of 10.36 mms shown inFigure 3.23 (a),
similar toSPIF,thefinal fracture in DSIFFE damage modellingccurred long after the

start ofelement deletion
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Figure3.23 FE damage modelling results ©oSIF. (a) fracture location; (b) evolution of equivalent
plastic strain, VVF and VVF componertselement 2984;7(c) evoluton of VVF in thefour elements

along the thickness direction

The evolution of equivalent plastic strain, VVF, void growth component and shear

component in the deleted element 298477 on the surface of the sheet in the crack area
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(shown inFigure3.23 (a)) were extracted from FE results. As showifrigure3.23 (b),

similar to the SPIF process, stiplocalized material deformation also existed in DSIF
process. Shearing played an important role in the material deformation in DSIF. The
difference of VVF in the elements in the crack area along the thickness direction indicated
the existence of bendindfect, as shown ifrigure3.23 (c).

The von Mises stress distribut®an theinner and outer surfaces of the sheet before the
deletion of the elements were extractemin the FE results of DSIF procegs shown

in Figure3.24, similar with the results obtained from SPIF, the highest von Mises stress
appeared at the opening areala# part and the contact areaetween the tool and the

sheet, indicating the bending effect and the material deformation localization.
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Figure3.24 von Mises stress distribution in DSIF on: (a) inner surface; (b) outer surface

3.4.2.4Strain path evolution in ISF processes

In the FE damage modelling of ISF processes, the fracture of the part was premature
compared with the experimern¢ading to earlier deletion of the elemeatsl weakened

part structure As a result, the results predicted by the FE alggnmodels can ndie
accurate for the ISF process especially in the later stage mfdtessin orde to present

a better prediction of the materidéformation in ISF processes, FE modelling of the
processes without the damage model was developed. All the parameters were kept the
same in tb FE models as the previous FE damage mpdgldescribed in $t&on 3.4.

According to the toolpath, for material AA525122, the conic part fractured when the
processing time reach&$60.56 seconds SPIFE As a result strain components of the
element 45201 and element 2984@re extracted frorboth SPIF and DSIFE models
respectivelyfrom which the strain paths were plotted, as shovwigare3.25. The nor
linear strain paths reflected the effect of cyclic loading on the material deforraation

complexity of the deformation modes in ISF
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In addition, as shown iRigure3.25, for both elements, the major strain was much larger
than the minor strain, ultimately the major strain was close to 0.38 while the minor strain
was around 0.05. The neagijanestrain distribution matched the findings in the reported
literature. According to the calibrations of strain distribution on the surface of the cone
shapes manufactured by ISF process by Fang[@&Chl Eyckens et a[.69 and Emmens

et al.[10], the material deformation of the cone shape in ISF process was close to plane

strain condition.
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Figure3.25 Strain path evolution of the element

35DI scussi on

3.5.1Deformation characteristics of ISF

Material deformation behaviour can be influenced by their mechapicgierties As
demonstrated by the forming limits in the uniaxial tensile test and the SPilf Fegtire

3.1 andFigure3.17, materials AA5254H22 and AA608ZT6 presented different material
deformation behaviours iboth tests. As discussed in Chapter 1, in the uniaxial tensile
test, the difference of the formalylibetween materials could be explalri®y their work
hardening coefficiest While for ISF, the effect of material mechanical properties on the
material deformation behaviour and formability is more complicated. The material
mechanical properties not ontan affect the material formability but also he fracture
behaviour, as reported by the research conducted by Fratin[ &j]adnd Ai et al[82].

As a result, in order to obtain a comprehensive utaledsg towards ISF, it is essential

to take the material properties into account when conducting the investigation into ISF

processes.
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However, on the other handdifferent from the uniaxial tensile test, in which the
maximum elongation of the specimendedy AA5251H22 was smaller than that made
by AA6082T6, in SPIF test, the maximum forming depththe conic shape made by
AA5251-H22 was much higher than that made by AAGO®&2The different deformation
behaviours of the same material under differeatling conditionsuggested that loading
conditions playedraimportantpart in deciding the material deformation behaviauhe
deformation proces# the uniaxial tensile test, tension was predominant, while in SPIF,
the loading condition was more cphtcated. Multiple deformation modes including
tension, bending, shearing and cyclic loading existed in SPIF. The effect of the loading
conditions on the material formabilitgnd the current research progrdsss been
discussed in Chapter 1 and Chaay.Since the uniaxial tensile test has been widely used
to describe material deformation behaviour in sheet metal forming prochegethe
loading conditiongxisting in ISANfluence the material deformation behaviour is another

topic worth looking intan the researcbn ISF.

The FE damage modelling with the shemodified GTN model confirmed thabaterial
deformation inlSF, including SPIF and DSIF, was localized deformation caused by a
combination of tensignbending, shearing arayclic loading effectThe ensioneffect

was apparent since the tool moved in the part depth direction and pushed the sheet
material. It could also be reflected by the sheet thinning and void growth component in

the FE damage modelling.

While for the bending effectn the damage modelling of both SPIF process and DSIF
process, material deletion startict on the outer surface of the sheet and ggaped to

the inner surface whethe deformationprocesses contired suggesting the existence of
bending effectlt agreed withthe crack fractography observation made by Fang et al.
[60], in which the formation of the shear bands and the orientation of the closed ends of
the dimpleson the crack location indicated that the fracture of the part initiated from the

outer surface anpropagated to the inner surface

The shearing damage indictor suggested the existence of shearing effect in ISF processes.
However, compared with other deformation modes, shearing effect was less important.
In the FE damage model of SPIF, the shearingadgntomponent accounted for only

8.6% of the whole damage in the targeted elemeinacture while in DSIF, the shearing
damage component accounted for only 8.5% of the whole damage in the targeted element,
as demonstrated iRigure 3.20 andFigure 3.23 (b). It agreed well with the research by

Lu et al.[57] that material formability in SPIF would not significantly affected by
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shearing effectHowever, when comparing the ratio of shearing effect damage indicator
to the void growth damage indicator in the two @&mnage models ditacture, it was

found that it increased from 30% to 38.9%, shearing effect was more obvious in the DSIF
process. This was also reported by Lu ef20] by measuring the distortion of drilled

holes in the sheettat SPIF and DSIF process@swhich the more distorted in the DSIF
process than that in the SPIF process in the tool movement direction, suggesting sharing

effect was more significant in the DSIF process

Shearing effect can be contributed by the foictbetween the tool(s) and the sheet.
Obviously, hidner friction will result in highesurface traction and consequently more
shear deformation. Ithis testthe friction coefficient was set to be 0.1 taking account of
the reported research. Accordinghe analysis by Lu et di57], the througkthickness
shear caused by friction can be both beneficial and damaging to the material formability
in ISF, as a result, theffect of friction is compromised. In addition, in the experiment
conducted byskjalt et al. [7, 229 and Kim and Park23(Q, the reduction of friction by

tool rotationor lubricant application did not necessarily lead to an obvious improvement
of material formability in SPIFThe limited effect of friction on the material formability
was also reported by Silva et[@31]. In FE damage modelling of SPIF process, as shown
in Figure3.20, the contribution of shear deformation to the overall damage accumulation
was considerably small compared whietensile effectBoth of the FE simulation results
and the experimental shaluhot be affected by the selection of the friction coefficient and

the lubricant to an obvious degree.

Localized materiatieformation carpe reflected byhe progressive accumulation of the
damage indicator and the equivalent plastic strain of the elemmmdthe delayed
fracture of the part in the FE damage models. For SRIFDSIF the final fracture of the
part occurred 45 secondad 20 second respectiveldfter the first deletion of elements.
The accumulation of damage in the material only tookeplaben the tool(s) was in

contact with or close to the targeted areas.

In conclusion, the unique material deformation behaviour in ISF is related to both the
material mechanical properties and the loading conditions applied in the processes, a

comprehensi® investigation into ISF must include both factors.

3.5.2FE damage modelling of ISF
Compared with the experimental result, the FE damage modelling with-rsloeiifred
GTN model predicte premature fracture of the conic paradein SPIF process. df
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materialAA5251-H22, in the experimental test, the maximum forming angle of the cone
was71.4 degrees, while in tHeE model, the prediction w&®.3 degrees, resulting in a
substantial difference of 30%. A similar result was reported by Guzman[283land
theyattributed the underestimatiofithe maximum formingragle in SPIF to the inability

of the coalescence modelling in the GTN mo8gl changing the coalescence mditel
methodfor the GTN model thus delaying void coalescence, the predicted maximum
forming angle of DCO1 steel increasiedm 47 degrees to 51 degrees. Neverthelass

the experimenthe maximunmforming angle for DCO1 steel could reah degrees, the
difference between the experiment dnel FE prediction was still significant

By varying the value of nucleation relategefficients- and™Q in the GTN model for
DCO6 steel in the FE simulation of SPIF procésst al. [183 found that the material
deformation behaviour could bsignificantly affected by the nucleation related
coefficients.The coefficient would affect the distribution of plastic deformation and
damage indicator while the coefficiéft could affect the maximum value of the damage
indicator, thus affecting the deletion of the elements and fracture behavior of ¢heshe
the process. Ae coalescence model in the GTN model or the nucleation nmoagInot
besuitable for thdSF process.

However,in the FE damage modellings of SPIF using pure titanium with different shear
extengons byGatea et a[67, 181], the prediction®f the fracture deptbf the conic parts

were both in good agreement with the experimeByscomparing the modelling results
obtained from the GTN models with shear extensions and those from the original GTN
model, it was found that the original GTN model overestimated thtufeadepths of the
cones. In this case, the sheandified GTN model was appropriate for the modelling of

SPIF process.

Current research on the FE damage modelling of ISF pracds&TN-related damage
modelsis still limited. Based on the research by Guznja83 and Gated67], the
applicability of the GTNrelated models in SPIF pressmay be affected by uitiple
factors, includinghte materialnechanicapropertiescomplex loading conditions &PIF
process and the resulting stress and strain distribu@mse materials, for example pure
titanium, may be suitable for the FE darmagodelling in ISF, while others for example
steel DC04 and aluminium alloys may not. The GEMited models may also have
inherent drawbacks in modelling complicated sheet metal forming procéesaentact

conditions in ISF process provides a challefigehe damage modellore research on
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the GTN model and its applicah in SPIF process are required a clear explanation to

the difference in the reportéditeratureand in the current research

For DSIF, the maximum forming depth at fracture rfaaterial AA5251H22 predicted

by the damage modelling wa®.36 mm, which was even smaller than that in the SPIF
FE damagemodelling. Although DSIF experiment has not been done in this study,
according to the experiment reported by other researdberthe similar types of
materials[31, 234], material formability should have been improved in DSIF compared
with SPIF. The even lowdiormability in DSIFin the FE damage adelling can be
explained by the ineffectiveness of the GTN model underdowven negativstress
triaxiality in DSIF due to the supporting force from the rear,tasldiscussed in Section
2.3. As a result, the apiphbility of the FE damage modelling with sheaodified GTN
model for DSIF process questionable.

Nevertheless, thEE damage modelling method provicedhore direct way to study the
material deformation behaviour in ISF processes than the conventional FE modelling
method.However, the selection of the damage model for a specific process, especially
for the processes with complex loading conditionschallenging. Considering the
incapability of the GTN model in simulating DSIF procesther damage models or
different materials should be tested in the futnr@der to select a suitable damage model

for the ISF process

3.5.3Coefficient calibration for thehearmodified GTN model

The inverse method comprised ofsponse surface method and the genetic algorithm
provided an efficient way to calibra@l'N model coefficientsHowever, the accuracy of
the response surface method is affected by the investigaiges of the parameteiss

well as the complexjt of the problem to be investigatelth the original GTN model
coefficients calibration process, four coefficieatsneeded to be identified, leading to a
possibleinaccuratemathematical description of the relationship between the caeftei
and the respons&Vhile the optimization process by the genetic algorithm is stochastic

by its naturethe predicted values cannot be precise.

In this study,using the optimal set ofoefficients generated from inverse methtite
maximum elongation of the specimpredicted by the FE model of the uniaxial tensile
test was larger than that obtained from the experiment. According to the meaning of the
coefficients in the GTN model, chang the values of the coefficients can bring the

prediction closer to the experiment. For example, increasing initial void volume fraction
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"Qor nucleation coefficieiQ can lead to a decrease of the material formability. However,
five coefficients exst in the sheamodified GTN model, it is possible that multiple
coefficients predicted by the inverse method are not accatsagingthe value obne
coefficientmay make the predictioof fracture inthe uniaxial tensile test more accurate,

it will not necessarily lead ta betteroptimization of thevalues of the coefficiers.

Instead of optimizing the four coefficients with one regression model,rémiession
modek wereused by Ying et al[169 and Abbasi et al.l21( to run the optimization
process Compared witlthe method adopted in this research, in which the accumulation
of deviation between the loatisplacement curves obtained from the simulation and the
experiment of the uniaxial tensile t@gtre treated as the pEmnse in the work conducted

by Ying et al.[169] and Abbasi et a[21(, the coordinates of the highest point and the
fracture poin{R1, R2, R3, R4in the true straifstress curve were used as the responses
as shown irFigure3.26. As a result, there were four regression models in total, one for
each coordinate valu&he genetic algorithm was adoptin each regression model to
make the response as close to the experiment ablpo3he average values of the
optimized values obtained from the optimization of the four regression models were
treated as the ultimate optimized coefficienthe adoption of four responses in the
method could avoid the randomness of the genetic #igorio a degree since more
constraints were applied onto the optimizing process. On the otherihahis$, method,

the tworesponsgoints representing the initiation of instability and fractuezemreated

as the optimizing objectsas a result, the ohihed values may present a better
performance in predicting the material deformation behaviour after the initiation of the
deformation instability in the uniaxial tensile test compared with the method used in this
research.

700
600
500 -
400 -
300 -

True stress(MPa)

200 }

100 F R1

0 i M i L 1 M | M i \ N

0.00 0.056 0.10 0.15 0.20 0.25
True strain
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On the other hand, in the direct calibration method, making samples and performing the
tests can be timeonsuming. In addition, possible errors may be introduced when
processing the specimens or atdating the void volume fraction using the image

processing software or mathematical equations.

A combination of the direct calibration methadd the inverse method may proviae

more accurate calibration of the coefficients in the GTN model with coabide
efficiency.The inverse methochn provide a rough prediction for the coefficemhlues,

which can be further improved by the direct calibratibor example,n the direct
calibration methodn the uniaxial tensile test, the initial state and final fracture state

be easily obtained without trying multiple specimen, while the identification of critical
status and the nucleation requires constant monitoring of the deformation process and
preparation of samples at different stagés a result, thevoid volume fraction of the
untested specimen and the fractured specimen can be calibrated using the direct
calibration methodWhile the void volume fraction related to the critical deformation
status and the nucleation can be obtained by using the response surface ftethod.
reduction of the optimizing factors in the regression model may increase the randomness
of the optimized value. As a result, a compromise between the efficiency and accuracy
can be achieved.

3.6Summary

In this chapter,in order to characterize the material deformation behaviouSF
processes,SPIF experiment using mategalAA5251-H22 and AA608ZT6 were
conductechindFE damage modelling of the SPIF and DSIF processes wasmed with

the sheamodified GTN modelBased on xperimental and FE results, it swaonfirmed
thatdeformationmechanismsn SPIF and DSIF processes were both localized material
deformation caused by tension, bending, shearing and cyclic lo&iffeyent material
presented different deformation behaviours in IBBwever, theshearmodified GTN
model predicted premature fracture in both SPIF and DSIF processes for material
AA5251-H22. The reason can be the limitation of the GTN model itselieeffect of

the material propertyon deformation and fracturé&or a better prediction of the ISF

process, other damage models, materials, or material models should be evaluated.

Equation Chapter (Next) Section 1
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4TENSI ON UQGYDER C
BENDI NG AND
COMP RE S STEGN

In this chaptera new teshg method, named as Tension under Cycliadeg and
Compression (TCBC), wateveloped to investigate the material deformalbiehaviour

in ISF. The concept of th& CBC test andhe test rig developed for the TCBC tesl

be introduced in Section 4.JAn analytical model for the test was first develdpas
presentedn Section 4.2.The design of th& CBC experiment will be elaborated in
Section 4.3 and thesultsobtainedwill be reportedn Section 4. FE damagenodelling

of TCBC test was developed for a better analysis of the TCBC test, the ¢ amol
results obtained will beeportedn Section 4.5Based on the experimental, analytical and
FE simulation results, discuess will be made in Section 4.6he key conclusions
obtained from the studyn the TCBC test i be summarized in Section4

41T CB @ sTt

As reviewed in the Chapter 1 and Chaptearzl confirmed in Chapter, 3naterial

deformation in ISF is a localized deformation combined with tension, berahdgyclic
effect (SPIFand compression (DSIFDbviously, naterial formabilitycan be inflenced

by theloading conditions. Under simple loading conditions, for exampégerial under
low or negative stress triaxiality generally will reach higher material formabAlitg the

existence of pure bending will affect the distributionsbkss, the concave side of the
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material will be under tensile stress while the concave side will be under compressive
stress, the final fracture of the material depends on the severityddiage created by

the tensile stress on the convex sidbe $earirg effect can prevent the necking
phenomenon, which is generally induced by the tensile effasca result, the material
formability can be improvedCyclic loadirg alone on the other handhas already been
proved to be able to influence materiafadenation behaviour due to the Bauchinger
effect. The effect of these common loading conditions alone have been thoroughly
investigated by the researchers using different material property testing method, as
reviewed in Chapter 2. The obtained data, f@megle, the FLC curves, are widely used

to describe material deformation behaviour in different material processing protesses.
addition, the simplified and standardized testing methods provide a benchmark, based on
which only the effect of the focusei@dctor can be investigated independenthile the

effecs of peripheral factors are minimizeéor the ISF processsimplified testing
methods representing the loading conditions in ISF process provide more insights into the
deformation mechanism in ISEpecifically Eyckens et al[45] investigaéd the TTS

effect by performing the M test

However, in the real material forming processes, loading conditions are generally more
complicated and different combinations of different loading conditions lead to the final
plastic deformation of the matati For example, the sheaffect generall}comes with
tension and it will lower the tensile stress needed to reach the yielding point, thus creating
localized deformation. The combination of the loading conditions and the magnitude of
each loading condiin will both affecthe material deformation behaviour in the process.

The interaction between tensieffect and bending effect was investigated by Morales et
al. [89] using the Nkazma test Furthermore, Emmens ann denBoogaard[4§]
adopted the continuous bending and tension test (CBT), in which the cosglmading
conditions in SPIF wersimplified into a twedimensional problem. Each defortiza
mode including tensionbending and cyclic effect, could belependently investigated

by varying corresponding magnitude

In ISF, theeffect andexistenceof these defomation modes were mainly investigated by
the ISF tests themselvdy varying the process paramet¢is, 53]. However, he
existenceof multiple deformation modes armbmplex contact conditions prohibits a
systemic evaluation of the influence of individual deformation factors on the material
deformation behaviour in ISF, especially in DSHar example, in ISF test, the conic

shape has been widely used as the benchmark geometry and the maximum fracture depth
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of the conic part is used as an indicator of the material formability. The larger the
maximum fracture depth is, the higher the mateivamability can be.However, at
different depths, the ratios of the tool radius to the geometry radius are also different.
According toSilva et al[84], material formability could also affected by the ratio, which
means the effect of the target factor cannot be iddally investigatedIn addition
changing one parameter may affect multiple loading conditions. For example, cyclic
effect can be affected by changing the linear moving speed of the tools, which in turn
creates an impact on the tensile effect. Moreawvetgerial formability in ISF has already
been reported to be affected by the toolg&it235. Different toolpath strategies have
been adopted by different resdagcs to investigate material deformation behaviour in
ISF process, which makes the test results hard to be compared. In conclusion, the ISF test
itself is not sufficient in understanding thedividual and combined effect dbading
conditionson the ISF pocess.

The simplified testing methods, including the CBT test, provide an alternative
investigation method into the material deformation in ISF. However, in the CBT test, the
tool moving speed was set to be constant. The tool moving speed is a refdéd¢hen
cyclic effect in the ISF process, ignoring its variation may undermine the significance of
its effect on the material deformatidn.addition, the compression is ignored, making it
impossible to investigate the DSIF proceés. improvement of theest method is
required for a more comprehensive understanding of the ISF prdRegarding to
investigating the damage evolution in the material, the progressive deformation of ISF
makes it difficult to directly observe the initiation and evolution ofdaenage in the

material.

4.1.1Concept of the TCBC test

In the CBT test pliorm developed by Emmens and van den Boogeaigidthe specimen

was stretched in the longitudinal direction while bent at a certain dagdnst a
cylindrical roller, which movedayclically along the specimen length direction, thus the
materal deformation under tensiand bending with cyclic effect coulde investigated.

To accommodate the superimposed compression force from the aaldiaiemployed

in DSIF, in the newly developed TCBC test, another cyigad roller is positioned
against the bending roller to provide a compressive force from the other side of the

specimen. The concept of the TCBC test is illustratddgnre4.1.
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Stretching
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Cyclic
movement ;)

Supporting roller 1
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Stretching Stretching

Compression

(b)
Figured4.1 Schematic of the TCBC tega) simplified configuration of the TCBC test; (b) thending
and compression component moves to one side of the designed travelling pgagpénding and

compression component moves to the other side of the designed travelling path

The compression roller is supported by cylindrical springs to provid@mssion force

as well as to maintain the contact between the compression roller and the specimen. The
length and stiffness of the springs can be adjusted thus the magnitude of the supporting
force from the additional tool in DISF can be varikdorderto ensure the bending effect
applied tathe target zone artd maintain the presence of the bending effect, the specimen

is kept in position by two supporting rollers positioned with a constant distance, as shown
in Figure4.1 (a). All four rollers which forms a&ending and compression component,
move cyclically along the longitudinal directiai the specimenvithin the predefined

travelling distancea schematic of the component travelling to different locations during
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the test is shown ifrigure4.1 (b) and (c) The cyclic movemenwill create localized
deformaion of the target zone on the specimeepresenting the deformation

characteristic of cyclic loading in ISF.

4.1.2Design of the TCBC Testing Rig
Based on the concept of the TCBC test, a test rig has been designed and manufactured to
perform the experiment. Th#eveloped rig is shown iRigure 4.2, consisting of two

specially designed components, a loading device and a motor controlling system.

y —— e |

AR o R
B

Uniaxial tensile  Loading  Slider
~ testing platform  device g = s
frame . ,.,*_x :
g : ~ . .Motor controlling
; -7 system .
Bl =3 e

Various loadings conditions can be applied onto the specimen by using the loading
device. The loading device is mounted on a uniaxial tensile test platform so that its
stiffness and posdn accuracy can be guaranteed. Both ends of the specimen are clamped
and the specimen is stretched from one end by the movement of the linear screw

mechanism driven by a DC motor.

Bending and compression loadings onto the specimen are applied by ting tedce

in which two cylindrical rollers, bending and compression rollers, positioned against each
other with a gap. A CAD schematic of the loading device is shovigume4.3. The
specimen can be inserted through the gap and bent from below by the bending roller and
compressed from above by the compression roller. The compressive force can be varied
by adjusting the length of the springs with the compression adjustiag@nt he bending

depth can be adjusted by another screw set benedtletdengroller. By tightening the
screws on both sides of the device, the dmrnecting the two screwsill be raised,

pushing the bending roller against the specimen to certai.d&lptthe rollers are
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designed to be free to rotate around its own axis to reduce fri¢inenloading device

can move alongslider, which is mountedn the base of the uniaxial tensile test platform
The slider isdriven by another DC motor. On both ends of the slider, a micro switch is
placed, once the loading device hits the switch, the rotating direction of the DC motor
will be reversed, creating a cyclic movement of the loading device. The speed and the

startirg direction of both motors can be controlled by the controller.

Figure4.3 CAD schematic of the loading device

In summary, by using the developed TCBC test rig, the stroke speed of the slider, the
tensilespeed, the bending depth and the compression can be independently controlled and
varied in the experiment. These correspond to the effect of each deformation mode in
DSIF, including cyclic effect, tension effect, bending effect and compressive effect. A
load cell is installed on the ldftand side of the uniaxial tensile test platform so that the

tensile force during the test can be measured and recorded.

42T heor Antailcyasli s olféest he TCBC

Material deformation can be determined by the stress and sti@i@s during the
manufacturing process. Theoretical analysis of the targeted deformation area can provide
a detailed and explicit description of the stress and strain distributions of the material
under deformation, which in turn enables the formabilitglgsis. Due to the cylindrical

geometry of the rollers, the contact zone between the specimen and the bending roller is
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