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Enlaergement of a Circular Hole in Strain Hardening Materials Under Uniaxial Tension

Akio TAkiMoTo, Masami NAI1 and Toshitaka INATOMI

Abstract

Defcrmation contour of a circular hole in a flat thin sheet has been investigated under uniaxial tension
by using engineering materials of copper, brass, aluminum and the low carbon steel of SS-41.

By elastic and plastic constraints arcund the hole, especially the strong constraint of the zone about the
minimum section in the perforated sheet, the circular holes intrcduced in copper and brass which have
strain hardening exponents varying from 0. 30 to 0.52 deform into nearly elliptical holes as the tensile
load increases. The hole in the aluminum sheet, due to its low exponent of about 0. 22, deforms quite
differently from the ones inthe above materials. The hcle in the low carbon steel sheet, having upper

and lower yield points and yield elongation, takes in three steps to deform intc a nearly elliptical hole.

Inall cases the diameter (2b) parallel to the tensile axis is elcngated and the cne (2a) perpendicular to
it contracts as the plastic tensile strain increases. The axial ratio (b/a) is shown as functions of the
plastic strain applied as well as the strain hardening exponent of materials.
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Table 1Mean grain diameters (d®¥) and strain hard-

ening exponents (n) of employed materials.
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Fig.1 True stress and true strain curves of copper,
6-4 brass, aluminum and SS-41.
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Fig.2 Quadarnts of deformed circles in four
different materials tensioned to the average

plastic strain of about 0. 12.
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Fig.3 Schematic presentation of a deformed circular
hole.
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Fig.4 Variation of the relative radial displacement
(dr/re) as a function of the angle to the
tensile axis.
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Fig.5 Variation of the relative radial displacement
(dr/re) as a function of the average plastic
tensile strain at angles of 0-deg. and 90-deg.
to the tensile axis. (copper)
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Fig.6 Variation of the relative radial displacement
(dr/ro) as a function of the average plastic
tensile strain at angles of 0-deg and 90-deg.
to the tensile axis. (6-4 brass)
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Fig.7 Variation of the relative radial displacement
(dr/ro) as a function of the average plastic
tensile strain at angles of 0-deg. and 90-deg.
to the tensile axis. (aluminum)
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Fig.8 Variation of the relative radial displacement
(dr/ry) as a function of the average plastic
tensile strain at angles of 0-deg. and 90-deg.
to the tensile axis. (SS-41)
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Fig.9 Relationship between the angle having no
radial displacement under plastically strained
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B L Th NEAREA TR, 3 BERRCAE L STk
TREND.

wac, TS LRI B O R RS e (T
KPG8 e CHE, GRS DM TERL
S DA, EEBEEOTAORIMI S, BT S
LOmESH, FleTaL0LThE EDXS5CE
fbF 2 DO0T~STD, KO THY, $, 6-4 3
i, SS41 BIUVT A § =w 2o onT, Fig9ild, /i
LTHD. e TE, BRoEuc I %R
13, REA LRV, S84 T LI =T AT
13, FOERNEPR TS, M e/d=10. 00T
RieonTh, AR ADR S, ) #K
DT LB L Ox, FHOTFRIIATEHEOEL
2 (dO)dep ave) VT, XL DR T A, IR LTE
KO HERI R X Il b OfE T OB T, dr/r
=0 L7chfaE, 65E~S5EOEMOHEE LD, U
Fa o L RS EOME, AT 5. I LR
DX SSAL LU T L T =7 LTI, €pave =0%
~2% T, FARETOEE~55 I ABUTA L, €pove. =
3% [J |-CiL, S5EE~60EEDMIT, (RFEDME £
FTs.

hET, MMEERoEE L Ebhb, &

Vol. 30 No. 2(1980)

E¥ - fE HRiE

H, iRk O EMAEM RO SR E L, BT D
FLOMGEYERL TERL, TRTIL, EPHILH
TR, EOBEREME R T HEND BT 5.
L, B RTEOKR TN ET AN EE 2, Th
TR AR N 2 B &, W ro e B, Gl
WA 2T, Bl I OEEEHTAREMN L -10%
HFNSLOBEL, b=ri(l+e) BIT a=ry(1+¢€,)
ChH2 BRA. M, DI Te XU e iE, sIRE
i3 L OVF R L QO e T DO T A TH S, £
Fo. COBEEIE, AERE TR D PEMOITIOL
WTeHbnT, WHREHADEVIETH 5.

Copper wyd=63
g.pave (°.) bya
-2- 200 1.14
-o- 634 1.40
-o- 9.21  1.61

(%)

(fexp-Tellip.) / Yo
N
NS
AN
4
/]

0
-1
0 30 60 90
Angle to the tensile axis (deg.)
. Brass wyd=6.3
g Ep.ave(®h) bsa
-pA- 2.2"2 1.69
2 o 524 130
= -o- 9.86 158
ga
K7
‘.
e 3
K3 l
=~ 2 o——C
’ *_"’éf/‘ s
0 —=fH—t—
-1

0 30 60 90
Angle to the tensile axis (deg.)



FIfLOAEIAR & I TR LIE U o\ T 311 113

SS41 wid=63
s Ep.ave. (%) bja
= -a- 1.02 124
-o- 4.63 139
. -o- 8.00 156
s
s ¢ |
a 3] /ﬁr\
3 ]
~r 1 | n{_ ./A\
A
0 = -
-1
0 30 60 90
Angle to the tensile axis (deg.)
Aluminum  wyd=6.3
> Epave. (*%%6) bja
3 Ly B KY
f
K
‘-
3
N

0 30 60 S0
Angle to the tensile axis (deg.)

Fig.10 Ratio of the difference in radii of an expe-
rimentally obtained ellipse having a and b
axes to the radius of an undeformed circle
(razp.~retrip.)[reircte is shown as a function of
the angle to the tensile axis.

LasU7e2is, Fig2 GRLAX 51, 2ot
EREL, EUEAE R0 T, Bl X0 E#MeyA
THORMIMEEZL D Z EAATHETH D LREL, Fh
NHDThEFANTHI. FOThoOAXETILEMND
FE ro TRUT, HFR (rezp~reuin)/ro £ LT
bl M, TZT rep (3, EREMOEE,

revip. X, a VIO b EEAEHTHEMNOEETH
. ZOKREXSREIAOHEORK TERL -
DA, Figl0 THH, $H, 6-4 &, SS41 I
DT I=27 80D w/d=6,3 1D TOHEEFL TU
5.
K& b &FRESEE, OFap #ind s &, ®30E
T, ML O RKELSTRBEL, +5% DHEEERL
AP, EROBANT, £ TOBEEN, FHITEH
¥5Zbicieb, ZOFThO Peak fEOMEL, O3
LOWmMEZ, SlEE R (Tiebb, 0 EHR)
CBET5. ZoHKEMREDTH, 8L Peak {#
VEOBEBOK S, MIBLEROKSIAHE X
CBEERE, LB EIEB D/ X7 SS41 8L VT A 3
=7 A LHBT D E, MIBEEIREI VNI MRS
NERS i B g H B N AW

BHROIEA DL, K& LHIFT, Dugdale-type®
& diffuse-type® ” L LS h, BRRIELEO&H T
X, SS41 D/hES s EIRERFCRWT, Thebh, 8
W ERBR R RL, BV Y L X — 2O RTE A
{%, Dugdale-type %5, ¥4:T2%. fhoMEioga,
EH—0F RS L, FHIRBIL, BOH5
diffuse-type DWMIRDOELAH 21K SN 7o,

4 £ g

BEHACHEL L T, EEOZHEEHOLW,
W E S ¥ To, NEMALBROEER, D, &%
B RIE T, EEEETEERA~DOFE D L i
B A -2 B~ TEMBOBIROT I8 D
WRDOTHRAHEE TOEMCHELAYE R, 4EED
MRG0, SN TRGREY T2 LR
TV, FILOBHR S, MEOBED, kiR
KX oT, WCEDNE S EREREARL T X7,

MR X DBR2BH 0% T, Figl RLE
2, EOMBHRDE 20 FHEI RSO0 T4
CXTHIREDERE, Tihbb, 0=0+k"™ Thx
LI BHBEFRDOFT, kBIV n BT LIOE, B
NTHD. 1FHEET LR, MR, A6
BEMILOKE IO L Y, MWL HES @M
TaEP)=2~3 b1, BERVEL 2L, AFE
Do &3, B %D (gross 38 XU net 3t
) ik, MM X DXL, BESEL T TR
L, BHEOFLEA (gross 3 LU0 net 3Li2) (3, W
I DAL, 743 =9 4 &8 57S Tit, Gus
lied[Gyieta=0.5 (ZF\ T, WBHOFREF =7 5 574
DIEA, MEZIRTEH?, 1100F 71 =% 4 Th,
€om. =1.0% T, RO FLEH=6.5 ¥8EL T

WakETHERRE



A g - N

B9, 5T, BARGELDBOBEO TR ATIUE
BASHOTLERL, BMALTUTS I EAELLN
5. CHBBHETOILIES R LT REFE L
FLL TV B0, FOMBOBHATRE L OULD
B oMK O Ak E X, FICThooMETH D, i€
ST, ZHB MRS USRI, R EL T
MILOEHIN Y FET A 2 Ll b, EldEHRIL
MO TR T B HEOIETH D, (6-00) /k=€"

ZxpuE, FRIMEON TELHERTY bR
Lokt h.,

Figd Ao 5 L5, A—OFRixd3 2485
TR, TR O K E AR S/ ST AN
L, afHONZIT A I =9 A3, RKDEMY
5kl T\ 5. Figs. 5, 6, 7 35X 0 8 1I/RTHIXIAEN &
(dr/ry) EFEIBHEOT R (pae) OBEFELTY,
ElzBL T, FORAE (d(dr/re)/depame i, nfll
AR EVE, MR IeAEBAYRL, THILEEE
RLTWA. BlziE, 81 (n=0.52) T, TOHRL 4.
1, 7Ai=va (r=0.22) T, ZTOARUL, 6.4 T
H5.

FARIZEG A & PO T 20 BERMH T, N
THALEROKE INEEL, » H2AKEWE, AK
DOEFALBEIT I E <, DD € ave. & ITFRIRZEN LT,
WP T HEAE R LTV 5, n fEVNE e h &,
INK TS € ave. DI THECELELARKELS D LN,
FRELEOOTHRTIE, 3EAEBLERL TWgl
RS OMGIL, BRBEOIEND Finbd FHITS Z
EMTE, 7 fHAVA R BT EE O RER R DL
Mo sk E L, o @EIVNIVEZOMHEIVNIVEK
BRI bR 5.

KRB O ThOBFERK Figd #&AThH, =z i
PAEVE, FOThoAEIE NHILIehH, DF
D on fEAAKE LB, MILAEHMOEHER O
BH—eoEE» D& L, X ORIFILLaET S Z &
A, M, nfEAVAEE, BWATRS REHME
XhBHESAE L, KoT, MILEBFILS, FH
NHOBENAEMIIANE 7D, FH, FTIL €.
=10% THAHMNHMLLE=2% HEHEOTHhLIE
LT ALWDIcKL, 74 3=y DR8I, #8
% DMHEPHOTHTL, 2#5E<D 4.5% THED
FhaiL Thbd, &2 AT, ot ahokkic
T —OFR GO GaE2 THRE 5. 4, X
OFRS s EbL b\ L 5 Ie—HREW £ 4, Vi
o MR T, By BEE I, 9k R
Dl (z,y) B (xyy) B - D ETHIE 21=2
(1+e), yi=y(l+e) DOBEFBET, Wik oT 5

114 (312)

Vol. 30 No. 2 (1980)

EE - fE ®E

ho (22T, € BIV 6 iE, ik IV y 8
DO FHTHD). Tihbb, HMA, 2?+y=r
ik, 2t/ rt(1+ e+ y/rt(1+€,)?=1 TRIh 5
&bk Ths.

sz, MILBHEOELEM & KM & «QIET 5
ORISR, FEOTHR (6 BLU &) AT
ExXTHE S, BEEENOLEHED a B J0V b
DEXRYEL B ETHIE a=ry(1+e) BID, b=
ro(l+€) THZLRBZEZIED, LHLIITE
2T AT, dfErnTiad, MHIlodhER
DOBETH DN, &4 OB by 38 X0 ke DELlFR
KT TELDLEIDY, 57T,
a=ry(1+ke,) BI b=r(1+ke) b E %, TL
T, MEOFE7 v v, v=—(&/6) ®EXDHLaD
iy, a=ro(1— ksey) ETch. M, TIT, ki3,
k& v OHDHIEFRK (KER OB THHINhD
ERTH D, 65T, HEL Rald, RATHZHR
5.

Ry = FUEM O,/ A H ORI
=mab/wr
=1+ (ko —ky)ey—kokse,’

L HEREEH Figs 5~8. 1 ky(=a LR <) BIV
ke (=L <) DIEARED, 1%, Brerae &EFX
HIEMTESLDT, #D Ry 1% Ra=1+(f—a)
€r ave —ABEpave® 70D, Ra & €pave. DERITHE2
¥ TEZ UL EFETERIND, € w.’ DHFE
ThE2HE, TREIfRELSHH Figll TIX, Ra
L o€pave DY, 10%0E5E TROGERELRL TV 5,
Zhud, Figl0 CZERL i EBOER ML, 5
MIbhhkEELNDEBEDTTNE D, €’
DA LAY YR - TWDHZ EiCied, O
BoAR L, #HEHCI DRy, n HARKEZVE

Copper wyd=6.3

= Mean grain diameter (p)
3
2
:
13
o
.2
8 12
¢
< 1

1.0

0 2 4 6 8 10

Average plastic strain in tension (%)




FFLOBRRK & hn TR L iz o\ T (3813) 115

- Brass wyd=6.3
":‘ Mean grain diameter ()
~
.g -a- 13
; T 8
A —n—
&
5 1.3
i<l
S 1.2
o
-
< 1
1.0
0 2 4 6 8 10
Average plastic strain in tension (%)
Aluminum w;d =63
'1.3 14 Mean grain diameter (p)
5 - 33 [ o
] ,
A
- 13
o
2
8 12
g
< 1
1oL
0 2 4 6 8 10
Average plastic strain in tension (%)
SS 41 w/d =6.3
: Mean grain diameter (u)
r -a- 26
S - 690 /
4 -o- 226 A
~ 13 [./
bS]
2 Q/V
o 1.2 A °
_
g 3 /
< 11 /A ~
f,o

1'oo 2 4 6 8 10

Average plastic strain in tension (%)

Fig.11 Ratio of the area enclosed by the deformed
elliptical hole to that of an undeformed
circle is shown as a function of the average
plastic tensile strain.
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Fig.12 Effect of the strain hardening exponent on
the radial displacement (47 /r) per unit plastic
strain at angles of 0-deg. and 90-deg. to the
tensile axis.
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