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Abstract

Although back-stress contributes to the mechanical properties of materials, the degree of strength enhancement from back-
stress is not easy to estimate. In this research, back-stress hardening of twinning-induced plasticity (TWIP) + interstitial free
(IF)-layered steel sheets were estimated by implementing a non-linear combined isotropic and kinematic hardening model.
High back-stress evolution occurs due to plastic strain incompatibility between a TWIP-steel core and IF-steel sheath, and
the strength of TWIP +IF layered steel sheath is greater than the strength estimated by the rule-of-mixtures. A non-linear
combined isotropic and kinematic hardening model was used to estimate the strength enhancement from back-stress harden-
ing, and the simulation results were correlated with the experimental results. This result shows that the back-stress evolution
in heterogeneous materials contributes to their strength, and that the non-linear combined isotropic and kinematic hardening
should be included to estimate the degree of back-stress hardening.
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1 Introduction

Recently, the heterogeneity of materials has become an
attractive quality when enhancing the mechanical proper-
ties of metallic materials [1]. To design a heterogeneous
structure (HS) into the materials, several processing methods
(e.g., surface treatment [2, 3], roll-bonding [4, 5], and pow-
der metallurgy [6]) have been introduced. Based on these
processing methods, several researchers successfully devel-
oped HS materials with layered structures [7-9], harmonic
structures [10, 11], and gradient structures [2, 12]. Because
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plastic strain incompatibility occurs at the interfacial region
due to the different properties of the hard and soft phases,
geometrically necessary dislocations (GNDs) accumulate
near the interface of HS materials to relieve the strain gra-
dients [13, 14]. The accumulated GNDs interact with the
mobile dislocations and provide additional strength to the
HS materials.

For this reason, back-stress (o) hardening, which origi-
nated from the GND accumulation at the interface, acts as
an additional mechanism for strengthening the HS materi-
als [15]. The presence of o can be observed by (i) GND
distributions detectable with electron backscattering dif-
fraction (EBSD) analysis or (ii) hysteresis loops from the
loading—unloading-reloading (LUR) test. Because the GND
density has a linear relation with a Kernal average misori-
entation distribution, the GND distribution can be observed
using the EBSD analysis [16]. Ma et al. observed the GND
accumulation at the interface during plastic deformation
of the copper/bronze laminated sheet. The EBSD analysis
results show that the GND density of the interface region
is greater than that of the interior region [7]. Because the
dislocations are piled-up and blocked at the interface, long-
range oy evolves because of resistance to dislocation slip in
the HS materials [17]. Because the LUR test is an efficient
method for investigating the Bauschinger effect, Wu et al.
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[18] calculated the op of heterogeneous lamellar titanium by
conducting a LUR test. As a result, hysteresis loops could be
observed even in the first LUR cycle near the yield point due
to the GND accumulation at the coarse—fine grain interface.
These two results revealed that the o evolves during plastic
deformation of HS materials, and that the evolved oy con-
tributes to the mechanical properties of metallic materials.

Although the previous reports show that o evolution
occurs during plastic deformation of the HS materials and
that the evolved o provides additional strength to the mate-
rials, the estimation of the degree of strength enhancement
from the oy is not well represented. The Bauschinger effect
was caused by springback from og, which is an important
issue in sheet metal forming. In order to predict and analyze
springback, various analytical models have been used, such
as isotropic hardening, anisotropic hardening, kinematic
hardening, or combinations thereof [19-22]. Among them,
the non-linear combined isotropic and kinematic hardening
models showed good agreement with experimental results;
therefore, they were used in this study.

In this study, the op effect on the mechanical property
of the twinning-induced plasticity (TWIP) + interstitial free
(IF) layered steel was investigated by combining experimen-
tal and simulation approaches. To investigate the o changes
of the TWIP +IF layered steels during plastic deformation,
LUR test was conducted with 2.5% elongation spacing in
each cycle. To consider the oy evolution of TWIP +IF lay-
ered steel during the finite element method (FEM), com-
bined isotropic and kinematic hardening code was added
to the user subroutine in ABAQUS software. The oy data
measured by the experimental method were used to perform
simulations with higher accuracy. The simulation results are
compared with the stress—strain curves from the conven-
tional tensile test.

2 Experimental and Simulation Procedures

TWIP +IF layered steel sheets were manufactured by
POSCO and the configuration of the steel layers is shown
in Table 1. The stacked steel sheet was homogenized at
1200 °C for 1 h and hot rolled from 40 to 2.5 mm thickness
in a 900-1100 °C temperature regime. After the hot rolling

Table 1 The volume fraction of the TWIP +IF layered steel sheets

IF-sheath (%) TWIP-Core  IF-sheath (%)
(%)
Layer-1:6:1 12.5 75 12.5
Layer-1:2:1 25 50 25
Layer-1:1:1 33 33 33

process, the sheet was cold rolled from 2.5 to 1 mm thick-
ness and annealed at 820 °C for 30 s [23, 24].

The mechanical properties of the TWIP 4+ IF-layered steel
sheets were evaluated using tensile tests. The samples were
machined to form 5 mm-gauge length plate-type sub-sized
tensile specimens. The tensile test was conducted using
a universal testing machine (Instron 1361, Instron Corp.,
Canton, MA, USA) at room temperature at a 1 X 1073 7!
strain rate. Digital image correlation (DIC; ARAMIS v
6.1, GOM Optical Measuring Techniques, Germany) was
employed with a white-black speckled pattern on the surface
of the tensile specimen to measure the strain during tensile
deformation.

To evaluate the contribution of back-stress to the strength
of the TWIP +IF layered steel sheets, a loading—unloading-
reloading (LUR) test was conducted [18]. The dimensions
of the LUR test specimen was the same as the conventional
tensile test specimen. Each LUR cycle was divided into three
steps. In the first step, 2.5% strain at a strain rate of 1x 107>
s~! was applied to the tensile specimen. In the second step,
the specimen was unloaded at a strain rate of 1x 1073 s
until the applied load was close to zero. In the third step, the
reloading started at a strain rate of 1x 107> s~!. The load-
ing—unloading cycle was repeated until elongation of the
sample reached 30%.

To provide simulation results to correlate with the experi-
mental results, FEM was conducted using ABAQUS (Ver.
6.9-EF/2, Dassault Systems, France) software. The simula-
tion conditions set were the same conditions used in the
conventional tensile and LUR tests. In addition, the user sub-
routine was coded to calculate the combined isotropic and
kinematic hardening. In the elastic step, the trial-equivalent
Von-Mises stress (c.") can be calculated as follows:

r 1
o, = \/5[(‘711 —a ~Op +“22)2 o +6<<°’12 - “12)2 + )]’
(1)

where o;; is a stress tensor and q;; is a shift stress tensor
(often called back-stress). Assuming that the infinitesimal
increment in kinematic hardening is directly proportional to
that in the plastic strain (ef.;) with the proportionality con-
stant of the kinematic hardening parameter (c), the back-
stress can be expressed as follows:

S =c- 5£lp] )
In plastic deformation, the yield condition (f) is defined

as follows:

f=0-@G+c)Ap—r—0,=0, 3)

where G is the shear modulus, Ap is the effective plastic
strain increment, r is an isotropic hardening function, and o,
is the initial yield stress. The radial return mapping process
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can be driven by the Newton—Raphson method in iterative
form as follows:

' =71, + hap®, )
6" — (3G + c)Ap® — b — o,
dAp = = , 5
P 3G+c+h ©)
Ap*Y = Ap® +dAp, (6)

where the subscript ¢ refers to the previous time step and &
is an isotropic hardening parameter.
The material tangent can be written as follows:

’
(+"~2)
!

5¢ = | 2601 + (K - %GQ)Q +26R~—— | e,
@)
o, + cAp
0= o (¥

3G+c O,
_> )

3 1
T2 1+c/3G< 3G+h+c of

where [ is the fourth-order identity tensor, [ is the second-

3 . . . . /
order identity tensor, o, is equivalent Von-Mises stress, ¢’
is a deviatoric trial stress tensor, and a is the shift stress

t

tensor at the previous time step.
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3 Results and discussion

Figure la represents the stress—strain curves of the
TWIP +IF layered steel and of monolithic steel. The strength
of the layered steel sheet decreases as the volume fraction
of the IF steel-sheath increases. The yield strength (o) and
tensile strength (org) of the TWIP +IF layered steel sheets
are plotted in Fig. 1b to compare with the strength estimated
using the simple rule-of-mixtures (ROM). The results show
that both 6, and o1 are 30-50 MPa larger than the strength
estimated using the simple ROM. The extra strength in the
TWIP +IF-layered steel sheet arose from the accumulation
of GNDs that relieved the plastic-strain incompatibility at
the interface [8]. In addition, the strength difference from the
op hardening also can be observed in the conventional FEM
simulation result (see Fig. 2). In the conventional FEM, the
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Fig.2 True stress—strain curves of the Layer-1:1:1 from the tensile
test and conventional FEM simulation
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Fig. 1 a Engineering stress—strain curves of the TWIP, IF, and TWIP+IF layered steels. b The yield strength (o) and tensile strength (ors) of
the TWIP +IF layered steels with increase of the TWIP steel-core volume fraction
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strength is calculated according to the simple ROM of the
volume fraction of parent materials [24], disregarding GND
accumulation at the interface. Figure 2 represents that the
extra-strength of Layer-1:1:1 originates from o evolution
in the early plastic deformation and that the o remains dur-
ing tensile deformation. In other words, although the extra-
strength of the TWIP +IF layered steel originates from the
op evolution by GND accumulation, the conventional FEM
code shows a deviation from the experimental results. There-
fore, the experimental strength of the layered steel sheet is
greater than the strength calculated from the conventional
FEM result. Thus, the oy effect should be considered to
increase the simulation accuracy.

To consider the o contribution to the mechanical proper-
ties of materials, the o of the TWIP + IF layered steel sheet
was quantified by conducting LUR tests. Figure 3a shows
the true stress—strain curves of the TWIP + IF layered steel
sheets from the LUR test, and the hysteresis loop is seen to
occur early in the plastic deformation. This hysteresis loop
is induced by the deviation from the initial elastic behavior
during the unloading (second) step, in which the configura-
tions of the GNDs are partially changed by reverse strain
[15]. Therefore, the accumulated GNDs contribute to the
Bauschinger effect of the TWIP +IF layered steel by produc-
ing long-range back stress and the oy increases with strain,
as represented in Fig. 3b. Because strain partitioning occurs
in the elastic—plastic deformation transition region, the oy of
the TWIP + IF layered steel sheet has already evolved in the
early stage of plastic deformation. The oy increases as the
volume fraction of IF steel-sheath decreases. According to
the research conducted by Ma et al., the hardening capacity
of the layer interior remains almost the same regardless of
interface spacing [6]. Therefore, the influence of the inter-
face on oy is the same for all three TWIP + IF layered steel

(a)
1400 u T T T T T T T
Layer-1:6:1 (Exp)
12004[" """ Layer-1:2:1 (Exp)
-eeeeeee- Layer-1:1:1 (Exp))
© 4 .
& 1000 ‘ |
£ i
n 8004 3 ' ¢
0 ~ l : [
g ! {
+ 600 - H 3 2 |« B
@ : , BB
() o~
S wol T 0 L
= I N RS ;
2004 ¢ PR E I IR
1k 0B (2|3 H
0 ? i B b ; L 4] i 2
T T T v T T
0.00 0.05 0.10 0.15 0.20 0.25
True Strain

0.30

sheets, and the difference in oy is caused by the intrinsic
properties of the constituent material.

To consider the o evolution of the TWIP +IF layered
steel sheet in relation to the non-linear combined isotropic
and kinematic hardening FEM, both the o5 from the LUR
test (Fig. 3b) and the stress—strain curves from the conven-
tional tensile test (Fig. 1a) were used as input data for the
simulation. Figure 4 presents the true stress—strain curves
of the TWIP + IF-layered steel sheets from the tensile tests
and from the combined isotropic and kinematic-hardening
FEM simulations. Contrary to the conventional FEM simu-
lation results in Fig. 2, the combined isotropic and kine-
matic hardening FEM simulation results are well correlated
with the experimental results due to the addition of the op
term to the kinematic hardening. This result implies that
the gap in strength between the experimental result and the
conventional FEM simulation in Fig. 2, mainly originates
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Fig.4 True stress—strain curves of the TWIP +IF layered steels from
the experiment and from the FEM simulation considering back stress
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Fig.3 a True stress—strain curves of the TWIP +IF layered steel sheets from the LUR test and b back-stress (o) of the TWIP +IF layered steel

sheets with increase of the true strain
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Fig.5 a True stress—strain curves of the TWIP +IF layered steel sheets from the LUR test and from the back-stress-considering FEM simulation.

b Back-stress (o) evolution of the TWIP +IF layered steels

from oy evolution at the TWIP-IF interface. Although the
stress—strain curves are well correlated with the non-linear
combined isotropic and kinematic hardening FEM results,
the accuracy of the kinematic hardening cannot be proven
simply by using monotonic uniaxial tensile tests. To evaluate
the accuracy of the kinematic hardening behavior in the non-
linear combined isotropic and kinematic hardening FEM
code, the FEM simulation was also conducted using the
LUR test conditions. Figure 5a presents the true stress—strain
curves of the TWIP +IF layered steel sheets from the LUR
tests, and this time, the stress—strain curves from the non-lin-
ear combined isotropic and kinematic hardening FEM well
match the experimental results. Moreover, the o calculated
from each hysteresis loop shows that the o estimated in the
FEM simulation is correlated to the experimental results
(Fig. 3b) that were the input data for this simulation work.
These results prove that the kinematic hardening in the non-
linear combined isotropic and kinematic hardening FEM
code is not only valid for the monotonic uniaxial tension
condition, but is also effective for the complex tension—com-
pression mode.

In summary, the oy effect on the mechanical properties of
TWIP +IF layered steel sheet was evaluated by conducting
both uniaxial tensile and LUR tests. The measured strength
of the TWIP +IF layered steel sheet was greater than the
strength estimated using the simple ROM, due to extra-
strengthening from the accumulation of GNDs. Because
the accumulated GNDs consequently produce long-range
og [17], the oy of TWIP +IF layered steel sheet increases
with increase of the plastic strain during the LUR test. The
non-linear combined isotropic and kinematic hardening
FEM result supports the assertion that oy of the TWIP +IF
layered steel sheet provides extra-strengthening, while the
conventional FEM result shows a deviation from the experi-
mental results. Because the present model considers o by

@ Springer

implementing experimental values of it, the detailed rela-
tionship between oy and strength should be explained using
a reasonable constitutive model in the near future.

4 Conclusions

In this study, the op effect on the mechanical property of
TWIP +IF layered steel was evaluated by conducting exper-
imental and simulation work in order to explain that the
strength of the layered steel sheet is greater than the value
estimated using the simple ROM. The non-linear combined
isotropic and kinematic hardening simulation supports the
notion that the strength of the layered steel sheet can be
enhanced by oy. Moreover, the conventional FEM result
could not explain the deviation from the experimental result.
Therefore, o contributes to the strength enhancement of HS
materials and a kinematic hardening term should be added
to consider the oy effect for more accurate simulation of HS
materials.
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