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Abstract. Ferrite-martensite dual-phase (DP) steel sheets are widely used for structural
components of automobiles. The macroscopic mechanical properties, including the yield stress
and work hardening, of DP steel sheets are strongly affected by the microstructural properties,
including the mechanical properties, volume fraction, and grain geometries of each phase. When
DP steel sheets are subjected to tension in the rolling direction followed by tension in the transverse
direction, the stress level after the strain-path change becomes smaller than that under monotonic
tension in the transverse direction. However, the deformation mechanism of this behavior is not
understood and open to discussion. In this study, experiments and crystal plasticity finite-element
simulations of the two-step loading of a DP980 steel sheet are conducted, and the mechanisms that
induce the stress decrease after the strain-path change are discussed. The results of crystal plasticity
finite-element simulations well reproduced the experimental results of the stress-strain curves and
the stress decrease after the strain-path change. The simulation results showed that the stress
decrease occurred because of the following mechanisms. The tensile stresses during the first
loading in the rolling direction were much smaller in the ferrite phase than in the martensite phase,
which yielded compressive deviatoric stresses in the ferrite phase after unloading. This stress
reversal in the ferrite phase upon unloading assisted macroscopic yielding after the strain-path
change, decreasing the stress level.

Introduction

Ferrite-martensite dual-phase (DP) steel sheets are widely used for structural components of
automobiles. The macroscopic mechanical properties, including the yield stress and work
hardening, of DP steel sheets are strongly affected by the microstructural properties, including the
mechanical properties, volume fraction, and grain geometries of each phase.

Previous studies reported that the stresses decrease when DP steel sheets are subjected to two-
step loadings. Yu et al. [ 1] showed that, when DP steel sheets are subjected to tension in the rolling
direction followed by tension in the transverse direction, the stress level after the strain-path
change becomes smaller than that under monotonic tension in the transverse direction. Okitsu and
Naito [2] reported similar results in different DP steel sheets. However, the deformation
mechanisms of this behavior are not understood and open to discussion.

Crystal-plasticity models are powerful tools to investigate the effects of mesoscopic
deformation on macroscopic deformation in crystalline materials; thus, they are extensively used
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also for DP steel sheets. Most of past studies [3,4] considered monotonic deformation, including
tension and compression. There were also some studies for reverse loading processes [5,6].
However, the deformation behavior under two-step loadings has not been studied numerically.

In this study, experiments and crystal plasticity finite-element simulations of two-step loading
of a DP steel sheet are conducted, and the mechanisms that induce the stress decrease after strain-
path change are discussed.

Experimental Procedures

A 1.6-mm-thickness 980MPa-grade DP (DP980) steel sheet was used to conduct a two-step
loading test. The volume fraction of the martensite phase was approximately 38.1%. The
experimental procedures of a two-step loading test were according to a literature [7]. The large
specimen shown in Fig. 1(a) was first stretched to a strain of 5% in the rolling direction (RD) and
unloaded. Small specimens shown in Fig. 1(b) were then cut along the transverse direction (TD)
from the gauge section of the prestrained large specimen. Subsequently, the small specimen was
stretched. The stress-strain curve under the second-step loading was compared with the result of
monotonic tension in the TD.
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Figure 1 — Geometries of specimens for (a) first-step and (b) second-step loadings

Crystal-plasticity finite-element method

A crystal-plasticity finite-element method developed for metallic materials with a body-centered
cubic (bcc) structure [8,9] was used to simulate the processes. Both ferrite and martensite phases
were modeled to have the bec structure. The {110} and {112} slip systems were considered. The
slip rate of the arth slip system y () is assumed to be related to the resolved shear stress 7(®) through
the visco-plastic power law as follows.
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where ¥, is the reference strain rate, T&“) is the slip resistance of the ath slip system with T
T, initially, and m is the strain rate sensitivity exponent. The evolution of slip resistance is given

in the form:
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where h(y) is the self-hardening rate given as a function of the accumulated slip y. The extended
Voce hardening law is employed to represent the evolution of slip resistance as follows:

h(y) =6, + (90 -6, + 9:91 17) exp (—M> 3)
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The accumulated slip is given in the time-integration form:

=2 fotly'(‘”l dt @

Téa) is the resolved back stress of the ath slip system and its evolution is given by:

) = c(@y@ _ g@ D)y @ (5)

where ¢(® and d® are material parameters.

Fig. 2 shows the representative volume element (RVE) developed using the Dream.3D software
[10]. The number of elements were 15x15x15=3375. The material parameters of Eq. (3) of the
ferrite phase were determined to fit the hardening curve evaluated using the two-indenter method
[11]. The back-stress parameters in Eq. (5) of the ferrite phase were determined according to the
results of single-phase ferritic steel sheets. The parameters of the martensite phase were then
identified to fit the stress-strain curve under reverse loading of the DP980 sheet in the RD using
the ferrite parameters and RVE obtained earlier. The same parameters were assigned to the {110}
and {112} slip systems. Fig. 3 shows the stress-strain curve of the DP980 steel sheet under reverse
loading. The experiment of tension-compression reverse loading was conducted using comb-
shaped dies [12, 13] to avoid buckling during compression. The simulation result well reproduced
the experimental result.

Results and discussions

Fig. 4 shows the experimental and simulation results of the stress-strain curves upon the two-step
loading. In the experimental results, the stress under monotonic tension is larger in the TD than in
the RD, exhibiting anisotropic behavior. Comparing the results between TD monotonic tension
and the second-step loading, the stress is smaller in the second-step loading than in monotonic
loading, consistent with the literatures [1, 2]. The simulation results well reproduced the anisotropy
between monotonic RD and TD tension and the stress decrease in the second-step loading.

Ferrite Martensite

Figure 2 — RVE used in the simulations

To investigate the deformation mechanisms that yield the stress decrease in the second-step
loading, the evolution of the deviatoric and hydrostatic stresses averaged over each phase during
the first-step loading (tension in the RD) is shown in Fig. 5. The hydrostatic stresses are similar in
the two phases and are negligible after unloading. By contrast, the absolute deviatoric stresses are
apparently larger in the martensite phase than in the ferrite phase during loading.
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Figure 3 — Stress-strain curve of the DP980 sheet

Because the Young’s modulus was assumed to be the same in the two phases, the absolute
deviatoric stresses decreased along the same slope during unloading in both phases. Because of
the large difference in the deviatoric-stress magnitude before unloading between the martensite
and ferrite phases, the deviatoric stresses in the ferrite phase reached zero before the macroscopic
unloading was completed. Moreover, the stresses kept on decreasing even after their signs were
changed. By contrast, the large positive stresses remained in the martensite phase when the
macroscopic unloading was completed. Consequently, when unloading was completed, the RD
and TD components in the ferrite phase were positive and negative, respectively, whereas those in
the martensite phase were still positive and negative, respectively.
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Figure 4 — Stress-strain curves under two-step loading. The solid and broken lines are the
simulation and experimental results, respectively

These deviatoric stresses acted as the residual stresses at the beginning of second-step loading.
When the sheet was stretched in the TD in the second-step loading, the large positive stresses of
the TD component in the ferrite phase helped early macroscopic yielding because the plastic
deformation at the early stage is primarily accommodated by the ferrite phase. Consequently, the
stress level in the second-step loading became smaller than that of TD monotonic tension. These
results suggest that the heterogeneous stress distributions that resulted from the large differences
in the strength between the ferrite and martensite phases are a main factor that yield the stress
decrease in the second-step loading.
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Figure 5 — Deviatoric and hydrostatic stress evolution during the first-step loading. The red and
blue lines denote the results of martensite and ferrite phase, respectively

Conclusions

In this study, experiments and crystal plasticity finite-element simulations of two-step loading of
a 980MPa-grade ferrite-martensite dual-phase steel sheet were conducted. In this test, the sheet
was first stretched in the rolling direction, followed by tension in the transverse direction (TD).
The mechanisms that yield stress decrease under second-step loading was studied. The results
obtained in this study are as follows.

(1) Crystal-plasticity finite-element simulations well predicted the stress-strain curves obtained
under two-step loading.

(2) Large differences in the stresses between the ferrite and martensite phases appeared in the
first-step loading. These large differences resulted in positive residual stresses in the TD
component in the ferrite phase after unloading. Consequently, the positive residual stresses in the
ferrite phase helped macroscopic early yielding in the second-step loading, decreasing the
macroscopic stress.
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