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In sheet metal forming numerical analysis, the strain hardening equation has a significant effect on calculation results,
especially in the field of spring-back. This study introduces the Kim-Tuan strain hardening model. This model represents
sheet material behavior over the entire strain hardening range. The proposed model is compared to other well known strain
hardening models using a series of uniaxial tensile tests. These tests are performed to determine the stress-strain
relationship for AlI6016-T4, DP980, and CP Ti sheets. In addition, the Kim-Tuan model is used to integrate the CP Ti sheet
strain hardening equation in ABAQUS analysis to predict spring-back amount in a bending test. These tests highlight the
improved accuracy of the proposed equation in the numerical field. Bending tests to evaluate prediction accuracy are also
performed and compared with numerical analysis results.

Manuscript received: October 6, 2016 / Accepted: January 6, 2017

HEBheLRs Zloltt ofejeh S 1B E WAL WEE A3,
NOMENCLATURE WY SE WE, 97 gsje} 2e thordt AANES e
. . . , e, FFNA ARGE= g2 A8 55 RSl oA
(o0, &)= Lernt of elastic behavior of maTerlal HEHE Asl= vl7lo Agsl= AR =5 a0, &% &
A, b =Material parameters of Voce equation o oA 9] MFE L% e} LroE Bk o s Tl

K, n=Material paraameters of Swift equation = -
" P anan th. ool & AT B WeE Aot ABol i3 =9t

T, m, ¢ = Parameters of the proposed equation sieh

(o*, &) = Maximum tensile force point

e ATl WRE ARk F /e 2 Pej= vl 4 9
ot A WA= gAY slol|A]e] 235128 2dl(e.g. Brown-Anand
Model, MTS Model, Modified Bodner-Partom Model, Lin-
Wagoner Model)o] 1, & WA= ol slol|xe] Fat 28 =g
(e.g. Zirilli-Armstrong Model, Rusinek-Klepazko Model, Khan-
1. M2 Huang-Liang Model)o|th.! A #x] = BAFR o2 2]4=H%

(Exponent Law) = Voce 2Elolg} A3, &= HA Jefj= =
- H2(Power Law) = Swift EElo]gkal ??_HZ}‘ o]52] UukAQl

= Experimentally measured stress value
o;,= Calculated stress value
C, y= Material constants of AF model

A AR S el A Fas BAE Aol S
MR R BAS B 2R WRAS dupt HokelA  Fele ohew 2

Copyright © The Korean Society for Precision Engineering
This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/
3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



274/ April 2017

Voce equation: o= gy+ A(1 — exp™?) (1)
Swift equation: o= K(g+ &)" 2)

o714 Voce 2EO] A& A=l 4, b9} Swift ZE O] K, ne Z}
2} An sigo] sl LA, (2 af= AR FHHIAE]

WEET} 2otk APl cmgid w7 ke BCC St
0] Aol AL, A5HA mae Adnjgolt Te| 2L
FCC 0] 3 Hoict. 9 AFE 443 clo] SYH
I TS U 16 SR g el 25 Y
o B vl shebnle e myeka glof B AR x4
aio] o we Ak Baw g,

}ﬂ

o= oy+ ad(l —exp ™) + (1 — )K(g+ &)n 3)

o] A9l H&2 BCC, FCC, HCP 29| A7E xFdl=
= o 340 A A7 deles el musie
= 2L 32 HYE Pul(Kim-Tuan Hardening Model)
k= Ao|th. o]E Qs WA thekslh ) A7 o] vk ¢l
B SAoto] SR dolele St B Ao
HE ThE ARPEES 74A= Al6016-T4, DPISO, CP Ti T4
ARESFRAEL. Kim-Tuan 22 AI7H4] 25 AE 1]gsto]
712&2] Swifte} Voce BT} v|mste] 9oL o123t w3t
® 478 Folo] BT A CP Ti wAle] Azaulg of2

N

My fr o mo 4>
_>~‘

% Qe Aok Aok wele] S5 Sat. e PE 3
AL ®&@317] 93 Hille] o]dhA 3= 2AXS ;H_Q.zﬂ-l:]-“
W 2% 7sko] AL Armstrong-Frederick®] H|A1E -5 73S

o
P o o|n _1

& 7122 BUY k02 oA Aok mee] Wy
o} o529 =g HrIsl] Hsl v AldE AL Al

Azje} | walict.

i ohl

2. 22 HAE

(ih]

22

e

Swiftt}Voce Ea} 7+e HE S A3} woo|} o2 z3lst
Fel= CP Ti BAje] el uas djofelole] Molx] 2 wx]
o] Qlck. E3F BAA o2 ALGEE ohE Fejo] uhgA)

CP Ti #Aj2] HPE %%01]*14 -9 H7HE fEsHA 5
A EAck ek MEe WRE s Bl Aade] 4%
Qict. olof| CP Ti A< %‘?%‘ HEE HE F 28T 5
Kim-Tuan 73} 2g-& A|oksict.

[ &2 ogt
l‘{[‘

>«

o i o%
e
_l

]

%

Kim-Tuan Hardening Model: o= oy + T(e+ )" (1 — exp “)(4)

71K T, m, ci= AIRFE ®/d4]1] Alg=o]ct. Kim-Tuan 7841
o2 AL o2 FelhE HUH Swift W0 R, mo] 0]
e Yo Voce WA 08 71k BigkE T

2.1 Kim-Tuan 2&lo| o|&=H4
Fig. 12 CP Ti T8 JoMRH0° o2 o3 A0S

350
Pure titanium 0.5t ’
300 - [Maximum tensile force point]
g
S 250
[}
o
5 200 -
2]
()
is
o 150
o}
=
()
g 100
50 |-
0 n 1 L 1 " " 1 "
0.0 0.1 0.2 0.3 0.4 0.5

Engineering strain

Fig. 1 Engineering stress-strain data of CP Ti sheet along rolling
direction
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Fig. 2 Curve fitting results for various sheet material based on three
different equations
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Table 1 Curve fitting results and error estimation of three hardening models for studied materials

Initial yield Swift Voce Kim-Tuan Error estimation (%)
Material
& [MCIr’a] [M];a] n [M[i’a] b [MTI;a] m c Swift Voce K-T
Al6016-T4 0.002 161.1 426.7 0.20 165.1 11.71 316.6 0.45 473 2.34 0.62 0.79
DP980 0.002 780.2 14009  0.11 336.7 76.99 583.63 021  201.7 2.37 1.81 0.66
CPTi 0.002 1933 544.7 0.22 278.3 5.85 430.12 023 8551 3.57 33 0.36
Table 2 Mechanical properties of CP Ti sheets
Rolling direction
E y UTS El [I\/E(:a] [I\ft?ja] [I\;.I-;’Oa] Ro Ras Roo
[GPa] [MPa] [%0]
100 0.32 280 46 193 206 232 1.70 3.82 5.21
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Fig. 3 Comparison results of tension-compression test data and
amstrong-frederick model for CP Ti sheet in rolling direction
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