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ABSTRACT

The growing emphasis on fuel efficiency and environmental sustainability has significantly
propelled the demand for lightweight materials in the automotive industry. Aluminium alloys,
known for their high strength-to-weight ratio, have a high potential for replacing steel in
manufacturing various sheet metal parts for automotives. However, formability of aluminium
alloys is a critical factor in the success of sheet metal forming operations. In the assessment of
formability of sheet metals, stretch flangeability is an important aspect. The stretch flangeability
refers to the local edge formability to avoid cracking during the expansion of a hole in a sheet
metal part to form a flange. It is evaluated by determination of hole expansion ratio (HER), which
is the ratio of final hole diameter to initial hole diameter in a hole expansion test and it is a measure
of the local formability at the edge of the hole. Besides the material properties, hole making method
also influences the stretch flangeability of sheet metals. While the stretch flangeability of steels
has been well reported, it has been studied only to a very limited extent in the case of aluminium
alloys. In view of this, the present work is aimed at an investigation into the hole expansion test
and stretch flanging processes, particularly focusing on aluminium alloys of different grades and
comparing their performance with steels.

In the first part of the work, stretch flangeability of five different aluminium alloys
(AA2024, AA5083, AA5754, AA6B061 and AA7075) and two grades of steel (DP600 steel and
EDD Steel) has been investigated by numerical simulation of the hole expansion test (HET) along
with characterisation of their tensile properties, anisotropy and forming limits. The HET
experiments were carried out on a customised formability testing machine to validate the predicted
hole expansion ratio, and strain and thinning at failure. It has been found that AA5754 and AA6061
exhibited the highest hole expansion ratio (HER~67%) among the Al alloys studied in the present
work and it is significantly higher than that of DP600 steel also. AA2024 and AA5083 also
exhibited higher stretch flangeability than DP600 steel in HET making these four alloys potentially
suitable for lightweighting of sheet metals parts involving stretch flanging operations.

The quality of the hole edge plays a major role in the determination of stretch flangeability
of sheet metals. Therefore, the effect of hole making method on HER has been studied in the
second part of the work by preparing the samples using three different hole making methods
(punching, abrasive waterjet cutting and laser cutting) from two aluminium alloys (AA5083 and

AA5754) and DP600 steel. A hydro-pneumatic press along with a suitable die assembly has been

iv



developed for punching the holes. The hole edge quality has been found to be very high in laser
cut samples resulting in the highest HER in all the three materials. An improvement of 36.8% and
22.5% has been obtained with laser cutting when compared to punching in the case of AA5083
and AA5754, respectively. Though WJC produced a better-quality hole edge than punching, the
presence of a small notch resulted in early cracking resulting in lower HER when compared to
laser cutting. However, in the case of DP600 steel, WJC resulted in a much higher improvement.
In punched holes, presence of voids and microcracks and work hardening due to plastic
deformation caused lower HER.

In the actual manufacturing of sheet metal parts involving stretch flanging, circular hole
flanging and square hole flanging processes are commonly used. Therefore, in the third part of the
work, stretch flangeability of Al alloys has been investigated in circular hole flanging and square
hole flanging processes by numerical simulation and experimental validation and the results of
formability, strain distribution, thinning and flange height are compared with steels. Among the
aluminium alloys, AA5754 and AA5083 alloys showed highest formability in circular hole
flanging indicated by their lowest minimum hole flanging coefficient (HFCmin ) and AA7075
exhibited the highest HFCmin. It has been observed that HFCin of AA5754 and AA5083 alloys is
nearly equal to that of DP600 steel. The final flange thickness in circular hole flanging has been
analytically predicted incorporating the anisotropy of sheet metals. AA5754, AA5083 and
AA6061 showed better formability in square hole flanging process as indicated by their HFCnin
values which are lower than or equal to that of DP600 steel. But in general, all the materials showed
lower formability in square hole flanging than in circular hole flanging due to very high strain
localization causing severe thinning and failure at the corners of the hole as indicated by the
effective strain and thinning (%) distributions in the simulation.

It can be concluded that AA5083, AA5754 and AA6061 have high stretch flangeability in
both circular hole flanging and square hole flanging processes and these alloys could be considered
as potential materials to replace steel for stretch flanging applications where very high strength is

not an essential requirement.

Key Words: Stretch flanging, Aluminium alloys, Lightweighting, Formability, Simulation
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§IH &1 fAfY +ft 2fie deq & T wfafrd & guifad et g1 Safd ¥id &t Xd
TRiwalfaferdt &I ol ave I RIS fovan man @, vgfafay iy argst & amva ¥ 9 9gd
e U O 3reme a1 a1 1 3] 9 § @A §U, I B T IE B TaUTH 3%
3R W T Ufshansif &1 i w1 7, faRy w0 @ faft I &t wegfiifaw firsy angait
TR & Higd B gU 3R 7P Y& &I a1 K1d I HRAT 7|

BT o Ugel YT H, Ui fcf1-31eRT Tegfiiaae s ergsfi (AA2024, AA5083, AA5754,
AAB061 3R AA7075) 3R 3l ¥1§ & TIdl (DP600 Td 3R EDD Wid) 1 W Uelsifaiere! ol
B TGUTE X (HET) & TS 3BV gRT Siid &1 T3 ©, 1Y &1 3% a=adl ol
THIerdt SfR Wit ferfirey & Tur &1 quiH forar T 8 | HET TaRT & gl TaquRH SuTd
&1 Hiawaroft BT A B & fore iR fawadt & THa -1 8k T &) Jnfid &3 &
fore v wenrgs widfaferct 2R T=iiA w foar mar| g ur an f AAS754 3R AAG06L
+ 31 ¥ i Tgiaia iy argsll § 9 9ad 3= gl TRURH SUTd (HER=67%)
U iRid foar, St DPe00 Wia & ot BT 3ifer §1 AA2024 3R AA5083 7 +ff HET ® DP600
I T i T Teioifafere] fewars, ford 3 IR iy uqe Ka wifSiT ST & 2t
Yt Aed U & geb aoi & forg JHTAd =0 J Iugad g |

81 & fHAR @ Turax e Aed & W a-oifaree! & FURo & te T Y
T 8 | Safere, 1 & gER HRT B <fiH SrerT-31erT giet s ot fafrat (i, usfra afexoie
HT 3R TOR HIST) HT IUTN HP ol THTH 7 emgant (AA5083 3R AA5754) 3R
DP600 WId ¥ T dIR X HER TR BId &1 1 fafd &1 guTa 3fera fopam man| e &
T SIS SI-—gfe e U 3R U SUgad STs Srial! f[adbRid &1 718 & | ok de gU A A gid
o fohTR B! T[UTaT Sgd 31T UTS T8, TR o=l Irairl § S=dd HER UTWd §3MT1 AA5083
3R AA5754 &% HATHA T AoR &I &t gaTT H Ui &t g1 & SHHRT: 36.8% 3R 22.5% JUR




311 JIT WIC A GFRIT & dgaR TuIa aTell 81 1 fhRT Iael faa, aifds1 U BI¢ A sheta
D1 U A Tedl GRR BT HROT 51, fords GRUMERGEY WoR BT B o1 § 9 HER
T g3 gTefifds, DP600 Wiel & [THe T, WIC T P! GUR g31T| Ud fhT T 81 T voids
3R AEHIha &1 SURRR 3R W [0 & BRI gTe (-1 & HRU HH HER G|

e Acd Uy & arafae Fafor & rad g wafSin mitd 8, 9her 8id Tl
3R WHRR I A=t Uichanaft o1 I &9 § SN a1 S1dl | SHIE, H1H & der
YN ¥, Wd Tei-aIfafere] BT 31eaa WReTed SIdRUT 3R YA FTd- gRT foedr T
3R T fqavun, AT 3R TSt 1 SraiTs b URUMHI &1 qa-T I & WY &1 718 | Teg e
firsr erqgaft &, AA5754 3R AA5083 iy eTgsft 3 TheR Bia il § Ware WiAfarere!
s, ORI Jad gAdH 81 T DIBRIUE (HFCmin) §RT 3RTT fooam T 3R
AAT075 = T RIE HFCmin TGIRIA 0T | T AT 7T fs AAS754 3TR AA5083 firet ergaft
BT HFCrmin TTHT DP600 I & SRISR g | TPHeR gid ot H SHfad Tewt &1 Hiers &l
fazavuTers 9§ yafgar fasar mar g ford 2fie Aew &t Tiierdt &1 enfia fasar ma
21 AA5754, AA5083 3R AAG061 7 WHTAR B Telf~oT Ufehal H SgaR hiHTSere! f[edTs, ST
% ITB HFCrnin Fe GRT AT forart 71 § ST fob DP600 W & SRTeR I1 39 HH 5 | Afce
IHH AR W, 9t IR 3 R 81 T § I$her 8id i &) o # &H
wiAfafere! fewms, Fife I IR S IH1a RIS & HRUT g AT 3R fawmarar gt
8, o1 fop Rygere™ & guTdt 991 SiR I (%) faaRor gRT 2f1a foran man B

g frsem fAmTa ST U § fs AAS083, AAS754 3R AAG061 GIHI TH TR 3R THRR
B Tl Ufehanaf & 3= ¥ed Tiaifafere! X&d @ 3R 3 T8 UT3ft dI 3 I¢d Tl
VRN & forg e & UfiTus & U & Suifad Sl & U & [T off YT § SIal
g4 3ifere Xfdd B Al gl g

T TTeg: X d TRif~SiT, Tegfifam iy o1y, geo aoi, WIATaTere], SR,




ABBREVIATIONS

AHSS Advanced High Strength Steel
BCC Body-Centred Cubic

BH Bake Hardened

BHF Blank Holder Force

CNC Computerised Numerical Control
CP Complex Phase

CT Coldwork Tool Steel

DAQ Data Acquisition

DH Differential Hardening

DP Dual-Phase

EDD Extra-Deep Drawing

EDM Electric Discharge Machining
FB Ferrite and Bainite

FCC Face-Centred Cubic

FE Finite Element

FEA Finite Element Analysis

FEM Finite Element Method

FLC Forming Limit Curve

FLD Forming Limit Diagram

GPA Grid Pattern Analyser

HAZ Heat Affected Zone

HB Hyper Burring

HER Hole Expansion Ratio

HET Hole Expansion Test

HFChin Minimum Hole Flanging Coefficient
HRC Rockwell Hardness C

IF Interstitial-Free

IH Isotropic Hardening

LC Laser Cutting
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LDH Limiting Dome Height

LDR Limiting Draw Ratio

LVDT Linear Variable Differential Transformer
ND Normal Direction

PHS Press Hardening Steel

PLC Programmable Logic Controller
RD Rolling Direction

SAZ Shear Affected Zone

SEM Scanning Electron Microscope
SF Super Formable Steel

SPIF Single Point Incremental Forming
SRS Strain Rate Sensitivity

SS Stainless Steel

TD Transverse Direction

TE Total Elongation

TRIP Transformation Induced Plasticity
TWIP Twinning Induced Plasticity
UAT Uniaxial Tensile Test

UE Uniform Elongation

UTS Ultimate Tensile Strength

wWJC Waterjet Cutting

YS Yield Strength
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