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Modification of flow stress curves and constitutive equations during
hot plane compression deformation of 6013 aluminum alloy
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Abstract: The hot plane compression deformation behavior of 6013 aluminum alloy was investigated on Gleeble—3500
thermal-mechanical simulating tester in the temperature range from 613 to 773 K and strain rate range from 0.001 to 10
s '. The mathematical expression of temperature rising is optimized based on the influence of the heat conduction during
hot deformation. Meanwhile, the effects caused by deformation energy and heat conduction on the measured stress errors
were analyzed. The results show that the influence of heat conduction cannot be neglected and becomes more obvious
with increasing true strain and decreasing strain rate. The relationship between the change of temperature rising corrected
by heat conduction and deformation heating is nonlinear. The temperature rising and the steady flow stress are seriously
affected by deformation energy and heat conduction during higher stain rate and lower temperature. The peak flow stress
can be represented by the Zener-Hollomon parameter (Z) in the hyperbolic sine equation with the hot deformation
activation energy of 364.48 kJ/mol. The corrected measured value exhibits a better agreement with the flow stress
predicted by the constitutive equation, and the average relative error is 5.54%.
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Fig. 1 Schematic diagram of hot plane compression

T3 B AR PR ARG R K, 3 B (R 5 B W
RIS TAL AL, HRDE TP IR R A
SE s INLAEAE LS AR RIS BIRFA -

2 BFSiIHE

SBEBVEAIU I SRR RER, B/ DUH
BRI AR B AE G R A, 4o Ak A gl
RN AR A R (6 <1 s W), BBHTKK, 28
REFERC B AN, RO RUA 2 SR A L R M
ERNARHAE R (6 =1 s W), ABIRHEE, 2ZH
HLA R AR BRI, 2 IR wr R LS, TR, A
AT RE A M ABERAS SR s R (e A TaCATE S I )
SR BT, SEEEIEE R B AR AR B
FECULE 3)RT %, AR R b Sk 1R B s ek, 3K
FEAZ T DS AR A A AR T DRI s Sk ARARE /5
b, BRSO ARE G R, B SR 554
DAL BE 5 D AR A B R T RE S . 25 EPTig,
AL IR AT 10 < A g I AR RN IRAR T AL

s ZHH I AR i XA P AT B IE.

2.1 TREMRESHLTRIEER NG
RN, AT e i AR AT 0 G T

AT = 770Qdef (1)

PV ger

AR B B~ e A S s, (DB IE A

_ 110Qaer =AQ _ 110Quer —1AQ) —11,A0)
PV ger PV ger

HTAQ, 43 3 R i FEAR T D3 ) Hs Sk AR AR T X 3 A%

AT

(2)



1270 TEA (R AR 2014 45 JJ
130F () 1— 613K 190_(b) 1— 613K
2— 653K i 2— 653K
Y 3—enK | 160 3— 693K
= 4— 733K [ 4— 733K
S 90r 5—773K | 2 130f 5— 773K
S 5
g 70f g 100}
0] (9]
g 1| 2 !
E 50F 2 % 70F )
= =
L 3 i 3
30 . 40 i
1of ! . . . " 5 10k 2
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
True strain, ¢ True strain, ¢
250F (c) 1— 613K 300 (d) 1— 613K
2— 653K | 2— 653K
« 2101 3— 693K 5 20 3— 693K
[ 4— 733K o i 4— 733K
2 170t 5— 773K = 220 5— 713K
S S 180F
@ 130F @ 1
£ 1 5 1401
g 90r 2 2 100} %
= 3 =
50F 4 60 F 4
5 5
10F 20F
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
True strain, ¢ True strain, ¢
330} (e) 1— 613K
2— 653K
_ 280¢ SRk 2 6013 A S A TBAIT FIE
[}
= 230t IV~ BL IV AR 2
S
% 180 F 1 Fig. 2 True stress—true stain curves of
l:) 130k 9 6013 aluminum alloy under different
2 3 deformation conditions: (a) &=0.001 s ';
< sor : -1 -1 -1
5 (b) £=0.01s ;(c) £=0.1s ;(d) é=1s;
30 . . . . () =105
0 0.2 0.4 0.6 0.8
True strain, ¢
F MIHBE: o WFALER, X 0.85~0.95"; 1y il gy 433 K
. PN FE LRI p WEEEEE: ¢ WEGHIE: Vi
Specimen TG AR . JL, TR RER RN
/ N\ ) Oger = OAEV ot 3)
—> EQ_Z 0, | 1o . N e
£ oY et Ae RN & J PRI Sy, ATRR
v
10mm|  Squeeze head 5= 1 pegrac ode @)
: Ag
F
IR T X A 5 Sk A REANR], 5 25301
3 PEAEARL R A R AT ) RAL R .10
Fig. 3 Deformation process of specimen during hot plane
g, = hAT) (5)

compression



524 %5 5 B, 5 6013 WA A PR HURAR R AR N ) B 1E S5 AR 72 1271

AAT.
q> :Tz (6)
K13
AQ, = 24,8, = 28, hiAT, )
28, At
AQ, =2¢,S,t = =2 AT, )]

e Sy RS, A AR A RNl R AL, A
HIE 1500~2500 W/(m*K)!' s 1 W& SRS
JAHER 150~250 W/(m-K) " ¢ L Siial; a4 KTk
BRI AR R ATy R AT, 53 3RS TR X
355 55 T SRAN AR AR T DX i 5 2

SEIHAEATE R T, Sk RARFRIZ K TR AR Y
DIRAIAARAR, DR, TRk s Sk PR B 1 e A
I, B AT =AT; AR AR AR T S5 AR 34
KA TSR A5 LA b, AT A R G X R AR T X 5k
WL, I RIA Y AT=AT; T3 F g
MEIE, fE—a R b i SR iR 2, m
HAE K 0.9~0.9517210 1, BUAE Ky 0.8~0.9"%, #13K(3).
@)~ (DA, Arf#uE S8 I 4R A
ATk R T AR

’IonefJ.:UJrAEUdg

AT = 0 9)

A
2mSiht +2m, % + PV ger
2

FRAE (AN HT 43 BTH L N ARl 10 57 A1
1s™' i, RETRAERE T, 6013 #i4&Hk 314
IERT R TEBERNE T ATOILE 4). 4 SCHR[9-12], A&
SAEF I N S EEIATIE RO A SRk
(R fib 4B R 5 h=2000 W/(m*K); 6013 454 4 A
FH =180 W/(mrK); LTEREFALZ 10=0.9; #uik &
1E &3 7,=0.95 F1 5,=0.85.

4 WoR, BRSBTS AR TR TR T
JEE P ARG AR A 6 (1 14 KT T iy, FE AR 1
A0 s, SRR FH BT 773 K R 2.1 F1
12.1 K #4928 613 K i 6.5 F133.8 Ko X HAEIERTA
PRI mT A, e SR RS TR T S i 2,
W T AR (18 18 0 RV AR TR I BT BE I R, HL
SR TAE IERT TR PG R, SO St a1 i
FHkah B S BRI IR & =1 s ' I Hl 613 K (748
TEWRTE S THER AR . I 5 - Frarsn, #4
A A6 TE K T 5 A A A A Ay TR 8 K 42 0
JE BT BB R ), DU
Al XA TER T AR 5, H AR R R,
PCE I AE ARV AR T R [ AR IO 1A o

L(a) 460
60 — Uncorrected
50 —Corrected 52
I 1— 613K
2— 653K 144
40F 3— 693K
Y, 4— 733K 1770 ¥
: 30F 5— 773K 1og 3
2
20 3 120
4
10 5112
14
0 0.2 0.4 0.6 0.8
True strain, ¢
(b)
S5¢ — Uncorrected I
1— 613K __Corrected
45} 19
2 F 177
= 5
25 3 518
A 3
15 s 413
5
5 11

0 0?2 0‘.4 O‘.6 0l.8
True strain, ¢

4 6013 Fitr SfEA T B AR U LRI A2 F

INpi AR A

Fig. 4

aluminum alloy during hot compression tests at different

Variation of instantaneous temperatures of 6013

pre-set deformation temperatures and different strain rates: (a)
£=10s";(b) 6=1s"

— Instantaneous temperature &
variation {18 2
— Temperature rising rate =

AT/K
NOW B L o

—_
T

0 02 04 06 08
True strain, ¢
5 6013 $H54(E 613 KA1 1 s~ AR JE4 P N Ak i 1
AR it E AR 3 A
Fig. 5 Variation and rising rate of instantaneous temperature

with true strain during hot compression tests at 613 K and 1 s

Al P IE S BB T LR TR R R A
B, ATREA W NI EGEm: 1) B WA R AR
FEMIPAG, ARTEHTIIEN, AT RN B 2) MR



1272 A G A R

201445 H

PiAZ N A7 i EEA A, N Bt AR S, SEis
PR A FRERPRUIRES, AN, ARE R 5 N
NRIEWRAR, UMEEAE LR, AR aERE N
1 JSE Bt 2 AR T B A 1S K e K= IR e s 3)
FENAZHAR € 0L T, AR R S AR A IE E
KA, BT ERAWIER, SRR I (A H A N
AWK 4) B ARERUREE S AT 2IEL
KA, B ALTCRREHTIE R, P KR BT AT
(I8 KA AR o

2.2 THEAHIREN SIS
DEVADAS %P4 ], IR
S IRAR N ST RSN AT Ry

o =2 [i- ! j (10)
naR\T T+AT

Kl Ao A BRISRTEN N T IS0 s n N ) FR4LG
o AN JJKVF-ZH R NIRRT T AT AR TR
s O WMRIARTE IR RE -

) n. o A1 Q [FRA#

AR LA bR HA 4 i v A )

&=Ao" (11)

& =4, exp(fo) (12)

e " -0

& = A[sinh(ao)] exp[ RTJ (13)

7 = texp(-2) = A[sinh(ao)]" (14)
RT

Hoa. B n =352 [ 2 K FR
a=bt (15)
n

K Ay Ays Ay nys a RIBYINERL A A, 04
HEERR T ng AN JIREG o WERNT); & WM
AR, AERARTERE R, (1) H TR 3K
(ao <0.8); X(12)iEH T RN IIK-(ac >1.2); 2
(13)id& H T I N RS

= (1D)~(13)H AR HUE 15

Oln¢

. _[8lnajT (16)
Olné

ﬂ_[ oo jT ("

n:{ 8'lng' } (18)
Oln[sinh(xo)] r

HEE 2 Bl K (15)~(18) T k15 a =0.01566,

£=0.1033, n=5.879. Wi ETHE, A5 2]E
Hla B nfi.
FH = (13)HX A 2R 255 =Rk A 3 T 15

0 N arntaal) | R a9

4R (19)F K = d[Insinh(ac)]/a(1/T) , W O=RnK .
A 1 2 Bl v sk 15 K=7.457; W45 Q= 364.48 kJ/mol.

XX (1) AR E AT A, In A h HE
InZ — In[sinh(ao)] #EE. K Z HIFLH Inz -
In[sinh(eo)] EI(WL I 6), FH e/ —afe i g v [m] A 43
In A=57.8468. HEl 6 TJ%1, {EARIARTEA&A: RN )
5 Z ZH R RIFNEMCR, £Y 6013 BHEaH
PASTERAL N AT A FF O Z SR IE 5% o6 5T
KR

InZ

R?=0.933

> a0 1 2 3
In[sinh(zo)]

6 6013 HEEMREN LY Z ZHKKA(InZ -

In[sinh( ao)])

Fig. 6 Relationship between flow stress and Zener-Hollomon

parameter (Z) of 6013 aluminum alloy (In Z —In[sinh( ao)])

2) Ao IR 5 H

¥ SRAF & T RS HRA 10y, mTa 50
AR 6 =10s " Flg=1s "I, REAIEE R4t
N 1224k, B 7 Bl 6013 454 S e AN AR T 4%
PER LR —BL AR A% 1F 1T S R LR B

P 7 PTG, AR TR T X v B AR R AR N
MR, S5 TERE MR SRR T REE 1) 52 i
P—H, PALTAE Ao BN AR IR S BT
TTHIE IR AR WY VB FE AN K, RS RN )
AL IS WA R FE RS, (AT R I AR
BACKRAE ;s 78 AR R BHRKT (6 <1 s O, AR
TSRS 445 S 56 1) SR AR Y. ) R e ] 2 . ] 7



524 %5 5 B, 5 6013 WA A PR HURAR R AR N ) B 1E S5 AR 72 1273

400 (a) 1— 613K
2— 653K
3401 — Uncorrected 3— 693K
s | Corrected 4— 733K
S 280} 5— 773K
S
2 220
g 1
o 160}
s ;
100 4
5
40 + . , . .
0 0.2 0.4 0.6 0.8
True strain, ¢
330 L(b) 1— 613K
2— 653K
— Uncorrected 3— 693K
s 270r Corrected 4— 733K
a 5— 773K
s ol
S 210
2150 :
(]
2
E o 3
4
5
30

6 012 0.I4 0.‘6 0:8
True strain, ¢
B 7 6013 fereAEA AR N HN S-S NAR k42
TE R FRX LE
Fig. 7 Comparison between corrected and uncorrected true
stress—true strain curves of 6013 aluminum alloy under

different deformation conditions: (a) & =10s ' (b) ¢=15s"

TS TR, R TEIRE N 613K, M é=10s"
I, W THIE AR Y ) A AGpn=40.6 MPa, 4551
DR T T 20%; MAE 773K K, He=1s"if, N
A AGmn=1.62 MPa, FSEMMEAN & 2.97%.

2.3 IEER AWM FERYIEIIE
PSR AT 25 T R 2 BN e B A 1 28 (14)
1, 15 6013 595 S AR B ) W AE A T FE

1
364480 |5.879

8.314T)
1.326x10%

1 gexp(
o =
0.01566

2
364480 |5.879

gexp(———
8.314T

+1 20
1.326x10% (20)

K 8 T M E TEJG K 6013 FR 45 it AL Y ) e 15
AR TR AR RIR L

400

1— 613K = — Corrected
2— 653K e Calculated
3— 693K

£ 300 4 — 733K

= 5— 773K

N}

§ 200

~

S

A~ 100 |

16‘3 10I‘2 16“ 160 lb]
Strain rate, & /s
8 6013 T SAEAFAIB AT T KB R E N 57T
AR B
Fig. 8 Comparison between corrected and calculated peak
stress of 6013 aluminum alloy under different deformation

conditions

HiPd 8 W, B IR SR ) e (E 5 THEEM) 15
Bl o O T T AL g M S - AR TR (R 22
Ol BIABLURRZE M ik

R, =ZE=9€ 4 100% 1)
Og
N _— .
R, = iz TE O 2 100% (22)
NI om

Kf: op WA I)SNME: oc AR ) THEAE:
Ree MAHXSIRZE: Raye A T-RIAHR R ZE

AR R D)FIQ2) M v, WAF HH A T R ) Fitil
B 55 S N VA 8 22, A0 N AR HOR BRI, AT
AR WRTHE IF 5 1 S U 1R 2 A I 10%;
BAR-BIAIRNRZ BB IE R 5.72%F% 2 5.54%, H
o, NARTCR A 10 s AN 1 s, PR ZE 2 )
tH 6.31%AH1 6.27%% 42 5.98%%1 5.72%.

3 Zig

1) 11 AR TR S o A% 3 AOAIT L, AR
TP AR R T SR M SR T
B IEFRETH SR T AR (A, R B RN
AR 0BG NART AR THEAS ( FRAR T M s i I B fe X 4
FARTHIMEIE, ASTEIRTHRIAR I RERI S K AR L rEAR



1274

A G A R

2014 4E5 H

T,

2) IR AT AT 6013 F5 G AL,
JIWI e B2, 5 AT g S AL TR TR L 1R 52 i)
M8, PULTHITS T Ao BEECNARRE N
FAAS TS ) A EIALEAS IE 5 AN IR FE s, (H
152 D HE I A A AL

3) 6013 4 éﬁﬁ,‘&mﬁzﬁ“% 364.48 kJ/mol,
R AL N A o 5 Z A LS Z B8
(XU IE 5L R B R, AR T R IR Pt 5 05 1 1 5
MHEAEF YA, SFIARHRZEACA 5.54%.

REFERENCES

[1] HUANG Chang-qing, DIAO Jin-peng, DENG Hua, LI Bing-ji,
HU Xing-hua. Microstructure evolution of 6016 aluminum alloy
during compression at elevated temperatures by hot rolling
emulation[J].
China, 2013, 23(6): 1576—-1582.

[2] LUOJ,LIM Q, WU B. The correlation between flow behavior

Transactions of Nonferrous Metals Society of

and microstructural evolution of 7050 aluminum alloy[J].

Materials Science and Engineering A, 2011, 530: 559—564.

3] falddk, ZEEd, REMW, FHER. Al-Zn-Mg-Sc-Zr 54
ATAT h Ko L[] 4 A 4 8 % 4R, 2011, 21(6):

1220-1228.

HE Zhen-bo, LI Hui-zhong, LIANG Xiao-peng, YIN Zhi-min.
Hot deformation behavior and processing
Al-Zn-Mg-Sc-Zr alloy[J]. The Chinese Journal of Nonferrous
Metals, 2011, 21(6): 1220—1228.

[4] GOELZR L, SEMIATIN S L. The adiabatic correction factor for

map of

deformation heating during the uniaxial compression test[J].
Journal of Materials Engineering and Performance, 2001, 10(6):
710-717.

[S] DEVADAS C, BARAGAR D, RUDDLE G, SAMARASEKERA
I V. Thermal and metallurgical state of steel strip during hot
rolling. Part Il: Factors loads[J].
Metallurgical Transactions A, 1991, 22(2): 321-333.

[6] Z3CHE, ® i, P Ei, SROKEE, 9K FE. 2026 A AL

AW AL N AT A ] AT 4 2, 2009, 19(8):
1403—-1408.
WU Wen-xiang, HAN Yi, ZHONG Hao, YUE Yong-kang,

ZHANG Hui. Flow stress behavior of 2026 aluminium alloy

influencing rolling

under hot compression deformation[J]. The Chinese Journal of
Nonferrous Metals, 2009, 19(8): 1403—1408.
[71 WANG Chun-xia, YU Fu-xiao, ZHAO Da-zhi, ZHAO Xiang,

[10]

[13]

[14]

[15]

ZUO Liang. Hot deformation and processing maps of DC cast
Al-15%Si alloy[J]. Materials Science and Engineering A, 2013,
577:73-80.

ZHANG Jing-qi, DI Hong-shuang, WANG Xiao-yu, CAO Yu,
ZHANG lJie-cen, MA Tian-jun. Constitutive analysis of the hot
deformation behavior of Fe-23Mn-2A1-0.2C twinning induced
plasticity steel in consideration of strain[J]. Materials & Design,
2013, 44(2): 354-364.

MATAYA M C, SACKSCHEWSKY V E. Effect of internal
heating during hot compression on the stress—strain behavior of
alloy 304L[J]. Metallurgical and Materials Transactions A, 1994,
25(12): 2737-2752.

ORI, R, ERR, A, M) Jb:
Ak R, 2009: 3-6, 278-289.

WANG Bao-guo, LIU Shu-yan, WANG Xin-quan, ZHU
M]. Beijing: China Machine Press, 2009:

PR T

Jun-qgiang. Heat transfer|
3-6,278-289.

KA, SRAEIC, B4k, sKIESE, FoRk. WA IBd
T o ST A A A AR S BRI ST [T]. B LR 2R, 2008, 15(1):
92-96.

ZHU De-cai, ZHANG Li-wen, PEI Ji-bin, ZHANG Guo-liang,
WEI Rong-xuan. Experiment research on the thermal contact
conductance during the solid plastic forming[J]. Journal of
Plasticity Engineering, 2008, 15(1): 92—96.

XU Rui-ping, FENG Hai-dong, ZHAO Lan-ping, XU Lie.
Experimental investigation of thermal contact conductance at
low temperature based on fractal description[J]. International
Communications in Heat and Mass Transfer, 2006, 33(7):
811-818.

MCQUEEN H J, RYAN N D. Constitutive analysis in hot
working[J]. Materials Science and Engineering A, 2002, 322:
43-63.

SAMANTARAY D, MANDAL S, BHADURI A K. Constitutive
analysis to predict high-temperature flow stress in modified
9Cr-1Mo(P91) steel[J]. Materials & Design, 2010, 31(2):
981-984.

ik, R P, HERAL,
B il AR T AT N K B3
2013, 23(4): 970-976.
ZHANG Yi, LIU Ping, TIAN Bao-hong, CHEN Xiao-hong, LTU

K/J’T N, X B Cu-Ni-Si-P-Cr &
ghE[I). hE A A e R,

Yong. Hot deformation behaviors and dynamic recrystallization
of Cu-Ni-Si-P-Cr alloy at elevated temperatures[J]. The Chinese
Journal of Nonferrous Metals, 2013, 23(4): 970-976.

(RiE FRITE)



