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Abstract

When A2024BE aluminum alloy is artificially aged at 200°C for 10 min (T6 temper), it has been proved that
the shear strength is much lower than the tensile one and that this alloy exhibits severe axisymmetric
anisotropy. The effects of prolonged aging time and cyclic torsional prestraining on the improvement of shear
strength and the reduction of anisotropy were examined in this investigation. Multiaxial stress tests were
carried out on thin-walled cylindrical specimens of the A2024-T6 alloy aged at 200°C for 5.5 hr and the
A2024-T8 alloy aged at 200°C for 5.5 hr after cyclic prestraining. In the tension-torsin stress space, the equi-
strain surfaces of the A2024-T6 alloy lie in the domain limited by von Mises and Tresca s criteria when
offset strains are taken below 0.1%. However, they lie within Tresca s criterion when offset strains are taken
above 0.2% , and the A2024-T6 alloy reveals severe axisymmetric anisotropy. On the other hand, the equi-
strain surfaces of the A2024-T8 alloy almost coincide with Tresca’ s criterion independently of the offset
strain although it exhibits minor orthotropic anisotropy. These plastic deformation behavior can be expressed
precisely by the constitutive equation derived from the anisotropic yield function, Voce' s hardening law and
the associated flow rule.

Key words: A2024BE aluminum alloy, T6 temper, T8 temper, Torsional prestrain, Combined stress,

Constitutive equation, Planar anisotropy.
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Tablel Chemical compositions of A2024BE
aluminum alloy (wt %).

gl Fe Cu Mn HE Cr Zn | Al
0.08|0.22) 464 |0.55|1.63|0.06]0.02] Bal.

s liaa,

T
=1

F[1]

Dimesions: n mm

Fig.1 Thin-walled cylindrical specimen .
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Fig. 2 Age hardening curves.
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Fig. 3 Schematic shear stress—shear strain curve.
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Fig. 4 Coordinate system of stress components and
stress state under combined loadings.
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Fig.5 Equivalent stress - equivalent plastic strain
curves obtained from loading tests of v3z./c
=const. for A2024-T6 aluminum alloy.

RIS IS A, 730 N LT
HIzbDET 5.

FilBr 2 A X B S A MRKIZRO 3 S
L.

) o, -3 JEHVH ET e, /o = DL

i .

@ o,—o, 8N H LTo, /o, =—EDH

farfe .

@ o 0BEU 1, INS=DOIIAN—

TE DETRER.

(1) E@FTENZIUST BN LT 5B K
CFNNEE U7 WSS O A B3 E) 2 31N 5
72O DEMKRE THD. =L TOFERGHEZFN
LI-0DDEAMBHKTHD. EBRIERTITo 7=,

INSOEBRTESNIZIGT — O Az Xk
DY IE S —HL B O AR ZE AW TR L.

c=(c; -o.0, +0'y2 +3z')fy)”2

dE? =[(41)|(del ) +(del el )+ (del

(dyD)? /3]
p= Idé"

1

T I Tdel, de} BEUdy i3zl
TA, HREGHOT HB L CTHEE ABOT A
OO T AN ThH S, ML EE 0T B
deP ZEVEOT AR > TS L2z p&
T5. 2B, ROOH 2 RSP IEIERETEZ%E
BLTERLTNWS.

3. REBRRBIUER
3. 1 BIRY-RLYHEAHAR
Fig.5 L Fig.61C V37, /o = — & O Hufsil £ i il

gy —————— - ——
[ — " Culeulused by Equ.(3) sad (4} |
1

- ATty = 0 ATt = 177 T ml |
A LT A R B
k .,,:-'l":“:._'ﬂ;}E'c:—“: s
I -‘:I:"TFE-.I-_- S
o
3 400 ,rﬁ“.,ri#-‘-FEF'""
H SITigptsr = 3
E :i,-"-' 2 "
= B0 = I T
= 5 J."r 1/2 & 1753
Li:- :
] = .;r.'=I ol 3
Mor Luosadding gl b L2f & |
0 33 _ B4 04 88 _ 18

Espuitvalenl plaibe plems 3 5

Fig. 6 Equivalent stress - equivalent plastic strain
curves obtained from loading tests of V3 z/o:
=const. for A2024-T8 aluminum alloy.
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Fig.7 Equi-strain surfaces in o371, plane [ o/ :
Tensile flow stress given in equation ( 4 )].
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Fig.8 Plastic strain paths under combined tension-
torsion loadings for A2024-T6 aluminum alloy.
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Fig.9 Relation between plastic strain increment
ratio M and loading direction B for A2024-T6
aluminum alloy.
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Fig.10 Plastic strain paths under combined tension-
torsion loadings for A2024-T8 aluminum alloy.
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Fig.12 Equivalent stress - equivalent plastic strain
curves obtained from loading tests of o,/c, =
const. for A2024-T6 aluminum alloy.
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Fig.13 Equivalent stress - equivalent plastic strain
curves obtained from loading tests of o,/0, =
const. for A2024-T8 aluminum alloy.
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Fig.15 Plastic strain paths under combined tension-
internal pressure loadings for A2024-T6
aluminum alloy.
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Fig.16 Plastic strain paths under combined tension-
internal pressure loadings for A2024-T8
aluminum alloy.
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Fig.17 Equivalent stress-equivalent plastic strain
curves obtained from loading tests in off-axis
tension for A2024-T6 aluminum alloy.
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Fig.18 Equivalent stress-equivalent plastic strain
curves obtained from loading tests in off-axis
tension for A2024-T8 aluminum alloy.
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Fig.20 Plastic strain paths under loadings in off-
axis tension for A2024-T6 aluminum alloy.
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Table2 Values of o5, F and n for A2024-T6 and -
T8 aluminum alloys in Voce’s equation(4).

Material | s MPa| F MPa i
A2024-T6 327 141 pe ]
A2024-T8 32T 100 51T
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Fig.24 Variations of anisotropy parameters as a
function of equivalent plastic strain for A2024-
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20 HE R (%) #30%  FR204: 2 A

J518] &2 5 1 CHREASE U T db % O et i
PEM EARE L CTRMT 24T 5 72, 20 & S FRgtt:
13 A=A E 722 ), BTN T A —F Ay
Ay BE VA & KD D ERREHERZRET S
ZENTES. INS3BOESENT A5 %
R % 7260 DI 5 5R ST o DRI 3
EBETHD. T TRIAICHEIKNE (0, -0,
i Lo,/ =coDATREH) BRUHMAU
DIzk> THENEIENE (FhEho,, 3,
EBL) BEAE RO IEORE EEIFRID
1IN TA—=FREITHT HHEER LEEEL, 3.3
fiD 0=225", 45° BLUBT.5° DEFHEEN S
BonrziEEo, 2 W THR/N2 RFEITE DR
Wiz,

Fig. 24ICTOMLERA ITBI L THE L MINT A —
& SO THORME L TORT. SR
INT A—=FIFOTHIVNS WEIE TIZOT A O
TITHES T D 2 WA T %553, p=0.5% LA
FOTANKEL 2D E—FEM/ITWET S, Zh
5028 ERATEMIL .

Au=pexp(q o) +r ®)
ZZTp, g BEUHIMEEERTH D, Table 31T
RT RISk 5N,

—75, TSHLEEM DB EIIXE ST R MEM & ATz
LU CENT 21T o 72, 2 OHE I3 duy=Aae SR AL
LI2WOT, RIS HEEEERIS o, O/ 4
ENEEIRD., 2 TH2HEEBIED (0, —0,F
i koo,/o, =1 OARRKE) Ick> TR
oo % INA TC Rk & [FEk 72 55 TR LG
INT A—% ZRE LTz, TSULEM 0% 03 A il
347ty MEEFEEERIIRNDT, BT
A—4% DfEildTable IR LD ITENFN—E
DEi&T/esd. 2T, ClaZTOUEMDOGE &
BRIZC=2.25EREL T 5.

YR OF B9 de V3 RS DR R BT R 2 MM R
T v)LE U THEEREBAIN S HmENEBD &
T 5.

del =(0f10 o) dA

wf@m”ukwngb}
ZZTAdAIIEDOA N T TH 5.

PLEok iz, BEREIE, fE(LAIS K OB ER
BAIZED 5 N7z O THARREIEIB T 24
J—HAEROT R, BEOTHAREB LD

Table3 Values of material constants for A2024-T6
aluminum alloy in equation (5).

-1|||:.| P )

=AY g termioct| -a %01 w107 -1 ondwyn-
(= Azrrr

lypzs -5 00010 | ~1.009= 107 =2. TE3 2 10

lrury | 9 488w | -8 M win?] 4. 00w 167]

Table4 Anisotropy parameters in equation (3) used
for numerical calculation of A2024-T8
aluminum alloy.

Arryy Aypes Azirz
=1 _Td =16 L l'.I'.!'Irl_l_| =1 03810 1 E.ETd

SOTHMEAEETE 5. Figsn 5Fig.2210m
L7233 R@Q0n 5 O DEIEERTH 2. FHE
FERIL 2RI TS K OTSULEE b4 D YA M 48 JE 2%
BEL<ELTWEHOEEbNS. kb, /K5
A= PREIEEIBVEO T B HEM, NOFHER
DOWTIIEFRTHRRTN S,

KIZ, BAMEN OS5GSR — Y
O BERER IR T Z &2 slz. K
MO 1 X TIEE 1 KEM & U TMisesTE D4
ISHZEEALED, T2 TIRRQDARES MR
REAE 2 IS T DORITICAER L, BGEEZEEICA
NIH TSGR & Oy BT 5. ZHIEAE)
IZBNTO,, =0, EBL TEIREDVEL ZENT
x5,

_mﬁ@+%¢@ywﬂ“

Coy = )

1=4C/27 = 3(Ay, + Ar)

72720, MM AICBE L TR o3 AL
WEOE, XOOEIXEFMEBDET S, fHY
WO H 0 2RO TERT EROLD IR,

p= 7 (@B dst de " ®
Fig.25&Fig.26 1255 ] & U Toff-axis5 15k ik b
TERITDVTTES K UTSUEE M D T, —p HiIAR
ZRT. W BNWTERMEIXIZ & A EF—ifR
(or — pifR) LiIC#-> THD, LEHEEREE
BEf—mIckE 5.

5. #& &

TIVI T AEELA2024-T6H L OTSULEEH D
LIS TR BRRE RB L RIS R 2 BT 5 &R
DEXDITIRB.



B 7V 2 A S 4A2024-T63 L T 8M D Ll ¥8 1458 21

500 icalated by Eqld )
&£
= 400 -
g

[
B 300
= imental
4 o 7 ]
£ g L YT
: TFFE i b

Tzw 1 L v »

= F=th=0] Lr | "

Hiress stats |

- 8 £

02 04 06 08 Lo
Exquuvnlent ploetic strmin

Fig.25 Equivalent stress-equivalent plastic strain

curves in off-axis tension for A2024-T6

aluminum alloy [&,,: Equivalent stress defined
in equation ( 7)].

(1) BI5ED —R U DHETEAR FOFEOT Al
IZDONWT
T OEVT AMIEIEA 71y FOT A
0=0.05%0 & &EMisesD il & Tresca® i O H
BHCAIE L, 0= 0.2%Lh ETlidTresca® i oA
BNAIET B L DI/ D. —F, TSN O5E
HOVOTAHMEITA 7y MFEZ RS T,
Tresca® i _FIZ A& T 5.
2 BIRL —NEMEEEAR FOFEOT Ahmic
DT
TOMLIEE AT D% g™ A il Hi 13 Mises O il T O PN ]
IZAET %, 0=0.05%0D & EHxHMisesD I IZ
<, A7ty hOTHPKREL LD EMERT
BRI INR E W THE/NT 5. R/ T8ULIM D%

OGP JE B T R 53 YK & W AR TR/ L,

TOALEH D p = 0.5%D & & DOl & 48R3 5.

@) off-axis5[R D A FIZBIT 2 BRAHEDFEH
IZDOWT (RHREEOTHREDRGEDMH
T RHTHRE S
TOUEEA DA, 0=05%D & EHxbd RITHED

FHDFIND, ISHRETO=50" DL E6.2%,

VDFTAHRETH=225 DEEMEREO — 0=

2.2° OBRAKEFEZERT. 71y NOT ALK

E <725 &R EROEEA T S TRENS T A

XOETFL, AERAEDBRELARD. 0=05%

ETRIEHRETO=50 O&EE182%, VT H

RETO=15" 0&E0'—0=12" OEKEHMH

L] iCaleulatbed by Eqf4 )
g
E,,E-III -
LNt e e
B _opar
B
5 400 .
- o Experimontal
i ]
? B0 e 12 b &) x5
E o4
< . w [67.5°
. Ty=Fj= () o ﬂ{l‘
b1 Siress sints
1 . .
i 0.2 LLE | k& 0.8 1.0

Eqavalent plastic strain @ %

Fig.26 Equivalent stress-equivalent plastic strain
curves in off-axis tension for A2024-T8
aluminum alloy [ : Equivalent stress defined

; ; Oeq
in equation ( 7)].

ZRY. —HTSIEM OGS, ARG
RETHSDE0=675 DEEHEL,11.8%TH5.
OTHRETIZO=225" OEX0'—0=36" &
5.

@) T6B X UTSULEEM DL EMEA T2 T3 42
R UTARRESVERRBI%L, VoceHl 3 K UBYE
WENAIZ O L2k lic k> TRT I ENT
x5.

G) E5IT, NRESVERRBEE S EH U /=4
VIR ZEHAT 5 E, ToB X UTSUEH D%
WA AR T ) & i — BT R E 5.

12, A2024-BEO® AW E O ER XU
BAEOEM & WO Mz TENRERm» 55
RIDHE, MRV NS WERZ 2T & EIZITT6
WEENEENTHO, REWEBEZT S EEITZ
T D HMENWZ &2/ %. LinLss, T
FERITIF200C E WS IREITEIR TH O GEN,
120CHEETH 3), LH.5KFM ORI D EW
F7z, T TIEANR LD B REVWRQLD T
T HEMATH SR L AR ZTTZATNES B
LB LNRNDY, FEHN D, Ko T, A
T > 72 T6B K OTSMERIT T3MITiInd L
HbEHATHDEEFIEAR W, £IT, HEEHD
EARMLALER 2242 U 0 At N GRIEBREE DT D7)
TR %, WHWDDIEHRERNIC DN THFEH T
H5.



22 HE R (%) #30%  FR204: 2 A

SE K

1) RHRAE - SiEhoe - g — - IRk -
YAPE &N, 30-344 (1989) , 1324,

2) W EBKERRE @ 7V O AR OHEE & T
A, (1985) |, 310, BE B,

3) T. Takeda &Y. Nasu :J. Strain Anal. Eng.
Des, 26 -1 (1991) , 47.

4) IHEUE - % HET— - IR H AR g
A, H40 FH2E R No.4704(1986) |
13.

5) T. Takeda : Proc. 34th Japan Congr. Mater.
Res., (1987), 100.

6) J. M. Silcock: J. Inst. Metals, 89 (1960), 203.

7) A EBEKER ¢ <@, 13-7(1974), 479.

8) &Fifi— : BULEE, 21-6(1981), 331.

9) D.W.A. Rees : Proc. R. Soc. Lond., A383
(1982), 333.

10) sCHEE - B E - % & T, 34-395
(1993), 1344.

1D KRG - BiRE - g — - BME— [
., 39-454(1998), 1118.

12) RHERE - B A& - &4 Ak 51-7
(2002) , 788.

13) D.C.Drucker : J. Appl. Mech., 16 (1949), 349.

14) R.Hill : The Mathematical Theory of
Plasticity, (1950), 317, Clarendon Press,
Oxford.

15) t&@Hlr - HHPEE = - MR — 1 HERA, 51-
467 (1985) , 1750.

T g

HlR PR HERIC DNWTDINT A—F RiEik s
YOG A4 LM, N G L1397 Tl Sk
RD) THALTVWDBODT, ZITIIERZRSE
MIZDNTIRRS.

FT, Rt E (RIS ) EEnTh
(,=0,/0,, (,=0,/0;,(,=0,/0, BTN, =
V3 z/op EB < (I I112BI9 % Nomenclature
(FLH) KDOWTIRHAESR. 2L TIN50
ez XQITRATEEX A-1) o5
(A—4) DfFon, BRIGMENITA =T 4w, A
A BE VA BIRET B2 T ENTES.

Agyy= S aghy/ % a3 (A—1)

ZZT
ag= 1*{16003229
. (1/4)¢°(1-c0s20){1-(1-5,)1- &)}
& =86 -¢°

@f{l(lﬁ)(l;ﬁ)}}
&' =806 -

{1—@%

X {(1/4) &*(1+¢c0s2 ) ~1} _(WJ
4g

X{]_l—g—a:)(i—;b:)}
6 =66 ¢

- (1/12)(A-4C/27)¢° ¢ (1-cos20)*(1-£,°)
0 6 6.6 6
gh - gh é/b - ;b

. 1/3)1-4C/ 21 1-&")

1/3)1-4C/27
o-gigi-cr )

% (1—4;’)}{(1/4) C1%(1+cos20)* —1}

; (3&"’ sin: 29} {(1/3)(1 —4c/ e -4,
4¢’ G =66 =4

+(13)(1—4C 271 —&,H—AR3)(1 4C/27§,"’£|r

+(1B)Y1—4C2TY(1—¢, )

AJ’WZ
(1/3)(1-4C/271)¢, (1= &) = A, (1= (1= 5)A= )}
$' =8¢ =4

(A—2)

Aee = (13)1—4C 27)(1 =30 )~ Ay 1 = 1)
+A4,,28° (A—3)

3(1-4C /27— &/° = 3(Apyy + Are)}
Ao = 4¢

(A—4)
KIT, IO B M, NiZR() 2w
THZELZELDRDODEDIZLTRDBZENTE
%,
M=de}lde = (6f/00,)/ (0f/00y) (A—5)
N=dpy, /de '= 20f/0z,) /(0f/05)  (A—6)
X (A—6) OHEUTHor, Z2 2L ThiDI
TVINHKIC K D7D TH %.



B 7V 2T AG8A2024-T6H K UTM D L 1 4 25 5 23

of 100 =)* (0. —20)) +Q/31)2 (20, ) ey +
Az o’ 124 10 0:0y (A oy F A y22) Uy2 44, Twz}
5% A gy Aze) G240y} — 2C5[(1/27)
X{2(0r 20)(0xt0) +R20;: —0)(oto) 2o —0)
X(0 209} H1) 7,/]

of 190, = =D (0. —20) —2/3>(0: 20N Aoy

+ Az o’ 124,01y 0:0y (A gy tAy22) O'y2 T4 Ay Twz}

+o” 2y 0 —AA gy +A,yz2) 03 —2CI (112D 0%
—20, )(ovtoy) —2Q20; —o)(ovto)H2o; —0)(0r —
26)}+18) 7, ]

20f 101y, =6J2" 1y +4Jy Tyl Apgyt+ Ae) O +
24 00y 0:05 (A gy TA4,22) OE’ZMAXWY Tx,vz} 18/ 2A«wy Ty

—@/3)Cls(0+0) Ty

Z TS O%E

H=(1/3( 07 — a0yt

J=(1127)20, —03)(0 —20) (0 a)H{1 Aot o))zy

& < IZoff-axisH R B RAEHA T2 & &
3R] DAL O

0. =0icos 6, =0 sin” @, 7,=07 sinfcos &
EB<L. EBITT,, J, RDWTIEK

h= (1o, J= QI2)or’
EBNWTHKE), X A-5) BXUKX (A-6)
ZEIHET 5.

SEXM
R1) RHRGE: I RELE (%), 292
(2007) ,83.





