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A Prediction Method of Hole Expansion Limit for
6000-Series Aluminum Alloy Sheet*
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Yuki Tizuka **, Toshihiko Kuwabara *** and Hiroaki Hayamizu

This study investigates the applicability of the forming limit strain (FLS) and fracture limit strain (FrLS)
determined from uniaxial tensile tests for predicting the hole expansion limit of a 6000-series aluminum
alloy sheet. Since the stress state at the hole edge in hole expansion is uniaxial, the FLSs and FrLSs
of the test sample are determined from the uniaxial tensile tests at various cut angles from the rolling
direction. The experimental methods for determining the FLS and FrLS are presented. In the hole
expansion experiment, the development of the strain distribution at a position 3 mm apart from the hole
edge was precisely measured using digital image correlation method for three different hole diameters,
and the maximum principal strain along the hole edge, ¢, was compared with the FLS and FrLS. We
have confirmed that the fracture in the hole expansion experiment always occurred at the hole edge and
when ¢, reached the FrLS, regardless of the hole diameter. Therefore, the FrLS can be a criterion for
predicting the hole expansion limit of the test sample.
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Table 1 Mechanical properties of the test material.

Tensile
direction from E 702 75 eh®* | rvalue*
RD 6/° /GPa | /MPa | /MPa
0 674 139 251 0.20 0.75
15 67.2 133 248 0.22 0.58
30 68.0 130 247 0.22 0.37
45 69.9 130 240 0.25 0.30
60 69.5 129 239 0.24 0.37
75 67.3 129 242 0.22 0.53
90 66.8 132 244 0.21 0.72

* Measured at a nominal strain of 0.1
** Logarithmic plastic strain at the maximum tensile force
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Fig. 1 Schematic diagram of the hole expansion
experiment (unit: mm).

UACJ Technical Reports, Vol.10 (1) (2023) 101



102 6000R7 v I =7 A5 MO RIETRR O Tl F 8

A= (1)

C T, dy \FMREE, dIIHBITERORETH 5.
diZ, BHEORREIEDE T4 v T4 v H%
ARAMIS ETE L, RMOBEZEZMET S & THR
D72,

DIC ¥ A7 & ARAMIS® (GOM #L#) # v T
BT ADFERWE L7z KREBICE LT3 M
FTOEBRE I L7z, WEE3Hz, 7y M
4 2 17px, Y7y PAF v Fid6px & L7z (1px
1201lmm)e T DEMITBIT B O A E DR S B
13 1351 mm T& %, DIC I & b lsE & =g 0§
ADEUEORIRE R IZOVTIE, Kt Al #BRE
7z,

23 EEBER

231 BEThsLUEhOREME

FZREBEICBI 2RI ONB L OENh OIS AN E %
Fig. 21278 ¥ o REREANI RN B NAFEAE L 747 1,
HFRIRADOE N, S 1B UNICEE, |
KNI R ONOFENE E R T % BRE d)=45
mm OREETI, 0 =293° TENLFEAE LI2A, /8
Falkd b0 ENT 20, DT (6 =22°, 108 )
IBWTH, ROOENH,S 3BHBICEH A L7,

dy=15, 30, 45 mm 12 BT %, 3 MORERD KILTFH
DOFHMEIZHS % 054001, 052001, 051=0.01 TH

0, REDPEVIZERIETRIIKRE L otz FEE
OENIHIF S 1Y DI D RIET I REE T b i
nTwns,

TREEN TR EN72HNOFEEMEAIRFIC L > TR
BoTWwh, TOFRRO—2L L THEIFEOIZSD
ENEZONDL, MAT, REOZALIZX Y MR D%
B DT PIE L R, SETHRES NS0
WA O3 A L IS O3 RIS EET 2 %R L
DILENIZAL L 72D B 5.

232 RAEUVTHOEEHEDE
RILFRIEEBRICB T 2R KFEOT A e (MEK
MO AR) OPEFNAE de/dr 2 WE L7z, HAR
ML, BEWTERT IS BT 2 k2 © % J7 1) 5 mm
XHEIZBITD et DTFHARE LTde/dr EREL
RD 25 10° H:OPLERRITUY D d e1/dr O VI % W%
fEE L7zo MEMHR%E Fig. 31RT . MR EIV/NE
Wi de/dri3 k&L b,

(b) dy = 30 mm

D

s RD
(c) dy = 45 mm

Fig. 2 Locations of localized necks and fractures. The red
arrows indicate where the fracture first occurred.
The blue arrows indicate the position of the crack
occurring within 1 second after the first crack.
The white arrows indicate where a localized neck
was visible.
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Fig. 3 Effect of initial hole diameter on strain gradient
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Hole edge of Teflon sheet

Hole edge of sheet sample

(a) 30 seconds before fracture (b) 20 seconds before fracture

(c) 10 seconds before fracture (d) 0.3 seconds before fracture
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Fig. 4 Development of the maximum principal strains
measured using DIC (d,= 30 mm).
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Fig. 5 Development of the maximum principal strains at
positions 3 mm away from the hole edge (d,=
30 mm)

KA H 3mm OALE THE L72BEE, —HoREk
P @ A q‘ob\’(?ﬁﬂ;ﬁ)ﬂ@&%ﬂ#%ﬂ%ﬁb, Og A
PMETE Lo/ ThHb, KKLY, BHEHM
TRAEOTAPEAIIELTHKRELD, 209
LEO10%0LITHBOET THEIICES Z %D
o7 (Fig. 8 B,

JRE L CRoRAENES L Ehok iz, wih
DRBFEIZBVWTHRBTH o720 §hbHEIITH
IS IIRETHIET B 2 & Db o7z,

3. KEBRRVT &, BEHRFOTH,
WO HDRES *

MEOMERR LD, D& L dRURM D IFILTF
BRI, s BRI TTIREEIC B0 B Ak S fhic & b B
EENDLETFHENL, T TARETIE, Hllhy|ER
BRIZBUT 2 —BRETEA & B2 5 2 B % M BlgE
T 5, WAMEN T TO—BRERBIIHEL IO
NAHEREL, &SI CMoWNE TR Ot
S UL ICE 2 @ 2 5 ile L, BUERA B &
OB AR % 52 5 0T ADOPE N2 hN5b, X5
WCRE T, RIETFICBIT 2 e M E A o3
H(RRKECT A er) OFEBFEZFEMICBIET 5
ZLTCer EHEMGIRICBU 2 BIERA O T AB L O
WRAOTAEZIETLIEICXY, RIETFICBY
% BB W IRE 3] o> T ) BB & MRE S 5 6

31 BEBRRVOTAEDRERX
Hlls RIS IREBICB VT, &I Tk
WHOER L, 2 ofBh PATINICIRE C Thudssg
BT 5 WHSUNDPIET L L, RFTLIML TR
CHE o S i (R ) 2354 L, /B
R TN OHTOFT AP EHITTEE L TREBEIHMTS
Bo SIT, BIREREBOETHINE Vil WWHIN%E
X#zEn, JFE ThoWNEE L OB o BT h
OFHRBEEL L &, épn &T5E, REBLTIo
TR TOT AL &,/ &y BB T 50 £
CTARMTIE, &/ épn VAT 5 HATOIRE % L
TERAF L e L, WIERFIE L ZKO T A% lE
R O"A (Forming Limit Strain: FLS) & E#% T 4.
énn/ Eyous PIEHIZAL DB % Fig. 6 ISR T o €1/ o
S101EBNT &,/ & BAMBICHIT 5 2 L b b, &
WO, &/ &y, =10 WS B EHT OB BT IR B O
FThe, & FLS LEFHL 7

32 BMRRVOTABLUVHEHOTHAORESE

Wil gl R TId, FLSIZE L% BRI h
PR AMR 2 (PO 3 A5 RIRRBICRAT L, Syl
WWCE 2, €2 TARETIE, FBLTATOOT
FAEHE A O ARG HRAIRTE ISR AT 5 5 Wk ] % 1 Wy o
HEEH R LWL, 20RO VDT A ZBEIRR O A
(Fracture Limit Strain : FrLS) & ¢33 5.

UACJ Technical Reports, Vol.10 (1) (2023) 103



104 6000R7 v I =7 A5 MO RIETRR O Tl F 8

10 mm lo'250
0.225
out #5200
0175
0.150
n ¥
0.100
0.075
Y out ;05
| 0.025
X 0.000
100
% 6116-T4 2°_No.1
80
5 70
>
‘W 60
™ 50
=
- 40
30 © Measurement °
20 H Maximum loading point °
% FLS o
I

0 %
350 360 370 380 390 400 410 420

Time /s
Fig. 6 Method of determining FLS using strain rate ratio,
éYm/ éYuut
0.1 T T T T
—— Strain path
14 - - - - Extension of strain path 1
(.:; - - - - Extension of strain path 2
< 0.0 _ | Y% Maximum loading point
© < ' x| Y FrLS
2 \ﬂr Frs
< [~~~
R
= S
e -
-0.2 e
0.0 0.1 0.2 0.3 0.4 0.5

Longitudinal strain ¢y

Fig. 7 Method of determining FrLS using strain
path change

g R SEATERC B B, IR B X 05
RTINOT A DFEE (O3 AfEH) % Fig. 7128”7,
9, I RIEA DT O —FRATZIRE IS B 1 % O
T AR DOV, R H R E T ORI T
WL, HFH (path 1) TRT LIS +e, HINITHEE
T 5. IR K RN O T AR E LTE, #
WIE RO 3 MABILEBLL, REMRTRT LI
KR T %, €L CljE ﬁ@xﬁ(ﬁmﬂ)%
T OFTERBIG & L CTIRHER < NS @I TEE T 2 Ik
MEARL, MEICBTR5RFNEOTAe, %

0.55
@ 0.50
£
S 045
k7]
< 0.40 Hole expansion
ke Time to fracture /s|
g T
2‘ ----- 10
E T i T A T 03
E RN
;:é .+ {Diagram

—fe— FLS

= 020 | == FrLs

015 1 1 —e— FrS

"0 45 90 135 180 225 270 315 360

Angle from RD 6/°
(@) dy=15mm

0.55 T
-
@ 0.50 g
£
S 045
7]
g 0.40 Hole expansion
5 Time to fracture /s
£ 035 --=30
- s
T LRI S E .y o R 0 S o O 03
£ 025 M
é 4{Diagram

—te— FLS

= 020 e FrLS

0.15 = FiS

0 45 90 135 180 225 270 315 360
Angle from RD 6/°

(b) dy=30mm

Hole expansion
Time to fracture /s

\a
‘|Diagram

| = FLS
e FILS
== FrS

0 45 90 135 180 225 270 315 360
Angle from RD 6/°

(c) dy=45mm

Maximum principal strain &
o
w
[}

Fig. 8 FLS, FrLS, and FrS and the development of
the maximum principal strains observed in the
hole expansion experiment. The red arrows
indicate where the fracture first occurred. The
thick blue arrows indicate the position of the
crack occurring within 1 second after the first
crack. The thin blue arrows indicate where a
localized neck was visible.
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Fig. A1 Thickness strains measured using DIC
compared with those measured using a
micrometer. The measurement positions
were 3 mm away in the radial direction
from the hole edge. The DIC measurement
was performed 0.3 s prior to the occurrence
of fracture at hole edge. The initial hole
diameter was do= 15 mm.
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Fig. A2 Variation of the measured values of
FrLS and FrS.
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