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The low yield ratio and continuous yielding behavior of ferrite-martensite dual-phase (DP)
steels are determined by their production process and microstructure. In this work,
high-resolution in situ electron backscatter diffraction (EBSD) experiments were performed to
study the deformation and hardening behavior of DP steel in uniaxial tensile, plane strain and
shear stress states. In the EBSD experiments, we first collected the data for different deformation
stages from the same area for each sample (loading was paused during EBSD data collection).
Subsequently, we analyzed the strain contouring maps, geometrically necessary dislocation
(GND) distribution and ferrite deformation of all the samples based on the postprocessing of
the EBSD data. The results showed that (i) the volume expansion accompanying the
austenite-to-martensitic transformation during annealing gives rise to ferrite plastic deforma-
tion, and the residual deformation after overaging of the fine ferrite grains near the martensite
group is the largest; (ii) the high-density GND bands of the shear sample is the same as the shear
stress/strain direction, and the high-density GND bands of the uniaxial tensile and plane strain
samples are perpendicular to their maximum stress/strain directions; and (iii) in the shear state,
the average strain of ferrite grains in each grain size range is similar; but the deformation tends
to aggregate toward large-size grains in the uniaxial tensile and plane strain samples.
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I. INTRODUCTION

FERRITE-MARTENSITE dual-phase (DP) steels
are multiphase materials composed of soft ferrite and
hard martensite that are widely used for their good
mechanical properties and low manufacturing cost.[1–3]

Generally, DP steels are produced by one of two
approaches[4]; the first approach is to use a hot rolling
method that obtains a two-phase structure of ferrite and
martensite by controlling the final rolling temperature
and cooling rate.[5,6] This method has clear advantages
with regard to energy consumption and is suitable for
producing thicker plates. The second approach is to use
a cold rolling method, in which a two-phase structure is
obtained by subjecting the rolled sheets to intercritical
annealing.[5,7–9] During the annealing (typical heat
treatment process illustrated in Figure 1), the steel
sheets are first be heated to the ferrite and austenite

two-phase regions and then are soaked, followed by
rapid cooling to promote the austenite-to-martensite
transformation. This method exhibits a high production
efficiency and is used in a wide range of applications.
The phase transition is similar in both the hot rolling
and the cold rolling process; that is, the martensite phase
is obtained by rapid cooling.
The crystal structure transformation (face-centered

cubic (FCC) to body-centered tetragonal (BCT)) and
supersaturated carbon atoms give rise to a decrease in
the efficiency of space-filling of the martensite unit cell
and a volume expansion of the phase transition
region.[10,11] The volume expansion causes plastic defor-
mation and initial hardening of the ferrite near the phase
boundary; the hardening effect becomes more significant
as the martensite volume fraction increases and the
grain size decreases.[10] Various studies have shown that
the residual deformation after annealing of ferrite makes
the elastic limit and yield strength of DP steels much
lower than those of the sample prior to quenching
(quenching gives rise to residual stress and high-density
movable dislocations in DP steels).[11] Tsipouridis
et al.[12] noted that the average dislocation density of
ferrite in DP steels was dependent on the volume
fraction of martensite and that the high-density dislo-
cation resulted in continuous yielding behavior of DP
steels.[13,14] In summary, the dual-phase microstructure
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and the initial hardening characteristics of ferrite deter-
mine the macroscopic mechanical behavior of DP steels.

On the other hand, due to the huge difference in the
mechanical properties of ferrite and martensite, the
partitioning and matching of ferrite and martensite
strain during the deformation of DP steel sheets have
attracted much research interest. The strain inhomo-
geneity of DP steels was studied by electron backscatter
diffraction (EBSD), scanning electron microscope
(SEM), and micro-digital image correlation (l-DIC)
methods, and these results showed that the ferrite strain
was much larger than that of martensite.[15–20] In
addition, the ferrite strain maps indicated that the
ferrite strain is also strongly inhomogeneous and is
related to its adjacent martensite distribution; further,
the strain of ferrite between the martensite blocks is
higher than the average ferrite strain.[17–20]

In DP steels, the regions near the phase boundary of
ferrite play a bridging role in the deformation and
strength mismatch of two phases. Lattice mismatch in
the vicinity of martensite results in a large number of
geometrically necessary dislocations (GNDs) in this
region to maintain lattice continuity.[10,11,16,20] The
dislocation-based hardening model emphasizes that the
material strength increases with higher dislocation
density (including GND and statistically stored disloca-
tion (SSD)).[10,21,22] Therefore, the high-density disloca-
tions in the vicinity of martensite increase the strength of
these regions, and nanoindentation experiments also
indicated that these regions are harder than the ferrite
center area.[23,24] Moreover, the strain gradient caused
by the strain heterogeneity of DP steel increases the
GND density during deformation.[25,26]

In this work, the microstructure of DP steel and the
evolution of its micromechanical behavior under various
stress states were studied with the in situ EBSD method.
For the EBSD experiments, we designed stretching
samples for three stress states, namely, shear, uniaxial
tension, and plane strain. Then, we analyzed the effect of
martensite transformation on the residual deformation
and hardening of ferrite. Finally, the distribution
characteristics of GND and ferrite deformation under
various stress states and their evolution with stretching
deformation were analyzed.

II. MATERIAL AND EXPERIMENTS

A. Material

The steel sheets studied in this paper were a commer-
cial grade DP780 dual-phase steel, and the chemical
composition is listed in Table I. These steel sheets were
formed by cold rolling and continuous annealing to a
thickness of 0.8 mm. We performed the uniaxial tensile
test on DP780 steel at a strain rate of 0.001/s, and the
obtained engineering stress-strain curves are shown in
Figure 2(a). After polishing and etching, one of metal-
lographs of the steel sheet is shown in Figure 2(b). The
metallograph shows that this steel sheet consisted of

ferrite and martensite (dark etched region in the figure)
phases, in which the average ferrite grain size is 5 lm
and the martensite volume fraction is approximately 28
pct (use the image processing code to calculate the
martensite volume fraction based on the grayscale
difference of ferrite and martensite).

B. Samples

To explore the grain deformation and hardening
features of DP steel under various stress states, we
designed three type of samples suitable for EBSD in situ
stretching tests (as shown in Figure 3), which are
corresponding to the uniaxial tensile, plane strain and
shear stress states. All of the samples were cut from the
same steel sheet by using wire electrical discharge
machining (WEDM), and the stretching direction of
samples is parallel to their rolling direction. For these
three stress state samples (based on the EBSD test
requirements, the thickness of the polished samples is
0.6 mm), the ABAQUS was used to perform a finite
element simulation of the stretching tests. The strain
component-equivalent plastic strain curves of each
sample are shown in Figures 4(a) through (c). In the
middle region of these samples, the shear deformation
(c12) of shear sample is the main part, and the normal
strains (e11, e22, and e33) are almost 0 (Figure 4(a)); the
transverse strain (e22) of the uniaxial tensile sample is
close to the thickness direction strain (e33), which is
about -0.5 times that of the tensile strain (e11)
(Figure 4(b)); the transverse strain (e22) of plane strain
sample is close to 0, and the middle area is obviously
thinned (Figure 4(c)). In addition, the stress triaxial-
ity-equivalent plastic strain curves also show that the
stress state in the middle region of the three samples is
consistent with expectations (Figure 4(d)).
For EBSD experiments, to eliminate the residual

deformation caused by polishing, the samples were first
ground using wet sandpaper (the finest sandpaper is
3000 mesh), and then, all of the samples were polished
by vibratory polishers to meet the requirements of
EBSD experiment.

Fig. 1—Typical schematic diagram of intercritical annealing for DP
steels.
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C. EBSD Experiments

The EBSD data were obtained using a high-resolution
field emission scanning electron microscopy (FE-SEM)
system with an EBSD module (LYRA3 GAU, TES-
CAN, angular resolution is 0.05 deg). Diffraction
patterns were collected through a high-speed
charge-coupled device (CCD) module, and all the
experiments were performed at a step size of 100 nm.
In the EBSD experiment, the electron acceleration
voltage was 20 kv and the current was 5 nA. The
sample was tilted at an angle of 70 deg with a pitch of
14.5 mm. The laboratory temperature was 23 �C and the
humidity was 60 pct.

We first performed EBSD data acquisition on the
undeformed sample, then used an internal stretcher to
stretch the sample, and again performed data acquisi-
tion on the same area during the stretching pause. We

collected four sets of EBSD data for the different strains
of each sample. Since the quality of the diffraction
pattern of martensite is lower than that of ferrite, the
ferrite and martensite were distinguished according to
the difference of gray scale of the band contrast (BC)
maps.

III. RESULTS AND DISCUSSION

A. Residual Deformation and Hardening After Annealing
of Ferrite

The martensite transformation in the annealing pro-
cess (MTAP) determines the final microstructure of the
DP780 steel sheet. To characterize the effect of MTAP
on the adjacent ferrites, the residual deformation caused
by the phase transition was measured based on the
lattice distortion of the ferrite in the undeformed
samples. Based on the characteristics of ferrite residual
deformation, the effect of the martensite distribution,
local martensite volume fraction (LMVF), and ferrite
grain size on the residual deformation of ferrite was
analyzed. In this work, CHANNEL 5 and OIM
Analysis 5.3 software were used to calculate the lattice
distortion feature of ferrite. Strain contouring (SC, the
component measures the maximum misorientation
between any 2 points in a grain and then weights this
grain according to this misorientation value) maps were
used to quantify the residual deformation of ferrite. The
SC map provides an estimate of deformation or strain in
individual grains in a map. Although its magnitude is
not a traditionally defined strain,[27–29] it is appropriate
to qualitatively analyze the correlation between the
microstructure of DP steel and the residual deformation
in the micro-region.

Fig. 2—The engineering stress-strain curves (a) and undeformed metallograph (b) of DP780 steel.

Fig. 3—Samples for in situ EBSD experiment. (a) Uniaxial tensile
sample; (b) plane strain sample; (c) shear sample; (d) the zoomed
region of shear sample.

Table I. Chemical Composition of DP780 Steel

Element C Cr Cu Mn Mo Ni P Si S

Content (Wt Pct) 0.1658 0.0347 0.006 1.514 0.0096 0.027 0.0123 0.1821 0.00172
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Figures 5(a1) through (c1) show the SC maps of the
three undeformed samples, the magnitude of which
reflects the residual deformation of these regions.
Figures 5(a2) through (c2) are the corresponding LMVF
maps, representing the martensite area ratio in the
square area with appropriate width around the pixel (the
width in this maps is the average ferrite grain size, 5 lm).
Figures 5(a3) through (c3) show the IPF-Z maps of the
same region that are used to characterize the grain size
and orientation more clearly. In addition, the detailed
information of the marked grains in Figure 5 is shown
in Table II.

The ferrite residual deformation is the largest in the
area indicated by the red ellipse in the SC maps
(Figures 5(a1) through (c1)), where the martensite is
the densest. The volume expansion caused by MTAP
exerts greater internal stress on the surrounding ferrites,
resulting in the plastic deformation of ferrites in these
regions. On the contrary, in the region where the
martensite is sparse, the ferrite is less affected by the
phase transition and does not show any noticeable
plastic deformation (as shown by the gray ellipse in
Figure 5(a1)). Compared with LMVF maps
(Figures 5(a2) through (c2)), it can be seen that the
LMVF in the high residual strain regions is greater than
30 pct. In addition, comparison with IPF maps
(Figures 5(a3) through (c3)) show that the residual
strain is independent of the orientation of the ferrite.

The ferrite grain size of DP780 was divided into five
groups (grain size ranges: 0 to 2, 2 to 3, 3 to 4, 4 to 5,
and 5 to 10 lm), and the relationship between the
LMVF and the grain size is calculated, as shown in
Figure 6. The results show that ferrite with a grain size
of less than 3 lm has the highest LMVF, indicating that
the small-size ferrite has the largest residual deforma-
tion. Figures 5(a2) through (c2) and Figure 6 show that
the ferrite grains in the martensite-rich region are fine,
and the ferrite grains far from the martensite-rich region
have the largest grain size. The two grains in the area
surrounded by the purple circle in Figure 5(c1) are close
to the rich-martensite region, but the deformation of the
small grain is significantly larger than the large grain. In
addition, for ferrite with similar grain size, the residual
deformation increases with the higher local martensite
volume fraction (such as B1 and B2 in Figure 5(b1), and
C1 and C2, C3 and C4 in Figure 5(c1)).
On the other hand, the effect of martensite distribu-

tion on the residual deformation of ferrite is also
significant. The intragranular residual deformation of
ferrite grains shown in B5, B6, C1, C3, and C4 in
Figure 5 is the same, and the martensite distribution in
the corresponding regions shows good uniformity. On
the contrary, for ferrites with martensite concentrated in
part of the grain boundaries (such as A1 to A5 in
Figure 5(a1), B7 to B9 in Figure 5(b1), and C1, C5, and
C6 in Figure 5(c1)), the residual deformation in the

Fig. 4—Strain component and stress triaxiality in the center deformation zone of different stress state samples. (a) The strain component of
shear condition; (b) the strain component of uniaxial tensile condition; (c) the strain component of plane strain condition; (d) the stress
triaxiality of all samples.
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ferrite grains is unevenly distributed, and it decreases
with increasing distance from the phase boundary. In
Figure 5(a1), a special phenomenon occurs in the A6
region, where the residual deformation in the middle
region of ferrite is larger than that in the phase
boundary. We suspect that this abnormality is caused
by the inhomogeneous martensite distribution in the
thickness direction.

The inhomogeneity of residual deformation results in
an uneven distribution of the initial work hardening of
ferrite. Unfortunately, the micromechanical differences
are prone to strain concentration and microcracking in

DP steel that reduce its elongation. In short, the uneven
distribution of martensite at the grain boundaries leads
to nonuniform intragranular residual deformation of
large-size ferrite. The difference in grain size is also
caused by the local enrichment of martensite, which
makes the intergranular residual deformation of ferrite
significantly different. For cold-rolled dual-phase steel,
the intercritical annealing is the process that determines
its microstructure. Promoting the uniformity of the
martensite distribution will help reduce the difference in
the initial hardening of the micro-region of the
dual-phase steel and improve its ductility.

Fig. 5—The micro-features of undeformed samples. (a1), (b1), and (c1) are the SC map of shear sample, uniaxial tensile sample ,and plane strain
sample, respectively; (a2), (b2), and (c2) are the local martensite volume fraction (LMVF) map of shear sample, uniaxial tensile sample, and
plane strain sample, respectively; (a3), (b3), and (c3) are the inverse pole figure-Z (IPF-Z) map of shear sample, uniaxial tensile sample, and
plane strain sample, respectively.
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Moreover, the GND is also an important factor
affecting DP steel initial hardening. GND maps
(Figures 7(a1) through (c1)) of undeformed samples
were calculated with the kernel average misorientation
(KAM) method.[10,11,24] The relationship between KAM
ðhÞ and GND density (qGND) is as follows,

qGND ¼ 2h
ub

where u is the unit length, and b is the magnitude of the
Burgers vector. As a first order approach, the KAM,
which is retrieved directly from EBSD data.

In this paper, the neighbor unit length was set to 300
nm, the maximum misorientation angle was 5 deg. GND
maps show that the high GND density (4.6 9 1014 m�2)
regions are distributed around the grain/phase bound-
ary, and the width of the high-value region is 100 to 500
nm. The results were also shown by the hardness test.[24]

The above analysis shows that GND plays a major role
in bridging the difference in the orientation between
different grains to ensure the continuity at the interface.
The lattice mismatch of ferrite caused by MTAP is mild
or gradual within the ferrite and does not result in the
ferrite lattice curvature. Meanwhile, a comparison of
GND maps (Figures 7(a1) through (c1)) and SC maps
(Figures 5(a1) through (c1)) shows that although MTAP
leads to a noticeable residual plastic deformation of
some ferrites, it has little effects on the GND distribu-
tion in the same region after overaging. We speculate
that the lattice curvature inside the ferrite grains is easier
to recover during overaging, while the statistical storage
dislocation (SSD) related to plastic deformation are
partially retained.

B. GND Evolution Under Various Stress States

Plastic deformation reduces the quality of the diffrac-
tion pattern, and excessive deformation makes the
EBSD data unusable. Therefore, GND maps of three
deformation stages were selected to study the GND
evolution under various stress states. The maximum
shear strain of the shear sample was 0.19, the maximum
tensile strain of the uniaxial tensile sample was 0.12, and
the maximum tensile strain of the plane strain sample
was 0.11. To quantify the deformation of each sample,
we calculated the von-Mises equivalent strain (E-strain)
of the three samples according to the principal strain of
each sample and its stress state, which are presented in
Table III.

Figure 7 shows the evolution and distribution maps
of GND with deformation under uniaxial tensile, plane
strain and shear stress states. As shown in Figure 7, the
expansion of the dark regions with increasing deforma-
tion indicates the presence of a high strain gradient and
severe lattice distortion at the phase boundary.[30] The
GND caused by the high strain gradient bridges the
strain difference between ferrite and martensite.

These results (Figure 7) also indicate that the stress
state plays an important role in the GND generation
and evolution of DP steel. In shear condition, martensite
acts as a hard particle to hinder the shear deformation of

ferrite (Figure 7(a)), and the high-density GND bands
appear on one side of martensite (such as the areas
marked by the red circle in Figure 7(a)). In addition, the
high-density GND bands within the ferrite of the shear
sample present horizontal and vertical patterns consis-
tent with the shear stress/strain direction. For uniaxial
tensile and plane strain conditions (Figures 7(b) and
(c)), the ferrite GND in the regions between the
martensite blocks increases most rapidly (such as the
areas marked by the red circles in Figures 7(b) and (c)),
and as the strain increases, the high-density GND
regions of ferrite present a long strip perpendicular to
the direction of the tensile strain (Figures 7(b3) and
(c3)). The high-density GND bands first form at the
ferrite phase/grain boundary, and then go deep into the
ferrite with increasing strain. On the other hand, the
grains of the uniaxial tensile sample not only elongate
along the stretching direction but also shrink in the
transverse direction with increasing deformation. There-
fore, the transverse strain gradient will generate some
horizontal high-density GND bands in the ferrite (such
as the areas shown by the blue arrow in Figure 7(b3)).
However, due to the lateral strain constraint (almost
equal to 0), the high-density GND bands of the ferrite in
the plane strain sample are almost perpendicular to the
stretching direction (Figure 7(c3)).
The stress state in the deformation region determines

the distribution features of the high-density GND
region. Due to the huge strength difference between
ferrite and martensite, the ferrite between the martensite
blocks deforms violently at first and has a high strain
gradient. With increasing deformation, the high defor-
mation gradient zone will penetrate deep into the ferrite,
eventually leading to the formation of high-density
GND bands in the ferrite (Figure 7).
To quantitatively analyze the effect of macro-defor-

mation on the evolution of the ferrite GND density of
DP steel, the GND density of ferrite with different grain
sizes after deformation was calculated, as shown in
Figure 8. The results show that plastic deformation
causes a rapid increase in the average GND density of
ferrite (Figures 8(a) through (c)). When the equivalent
strains of the three samples are approximately equal to
0.12, the average GND density reaches 2.5 to 4 times the
initial density.
The initial average GND density of ferrite is approx-

imately 1.8 9 1014 (m�2), and the average GND density
first increases and then decreases with increasing grain
size (Figure 8(d)). The average GND density is highest
when the grain size is 2-3 lm and decreased rapidly
when the grain size is larger than 4 lm. A comparison of
Figures 5(a3) through (c3) and Figures 7(a1) through
(c1) shows that the fine ferrite grains (grain size less than
3 lm) are concentrated around the martensite cluster
and have the highest GND density. The increase in the
grain/phase boundary caused by the decrease in the
grain size and the plastic deformation caused by MTAP
are the main reasons for the high average GND density
of fine ferrites. However, when the grain size is less than
2 lm, the average GND density of ferrite does not
increase as the increase of the grain boundaries, indi-
cating that the martensite volume expansion does not
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give rise to a severe lattice curvature of the finest ferrite
grains.

Figure 8(e) shows the relationship between the GND
density and the grain size caused by the deformation of
the three stress state samples. The corresponding initial
density is subtracted from the average GND density
after deformation of the sample to characterize the effect
of deformation on the evolution of GND. The results
show that, except for the finest grains (grain size less
than 2 lm), the increase in the average GND density
caused by deformation is less related to the grain size,
and the increase in the GND density in each size range
of a sample is similar. However, the amount of the GND
increase caused by the deformation depends on the
stress state. That is, for the same equivalent strain, the
GND increment of the shear sample is greater than
those of the uniaxial tensile and plane strain samples
(Figures 8(e) and (f)).

C. Effect of Stress State on Ferrite Deformation

The microstrain of the DP steels is inhomogeneous,
and the ferrite strain is clearly higher than that of
martensite. Plastic deformation leads to a decrease in the
quality of the diffraction pattern, which is mainly due to
the deterioration of the flatness of the sample (caused by

grain rotation and strain concentration) and the lattice
distortion caused by the deformation. The correlation
between lattice distortion and deformation provides an
effective approach to measure the plastic deformation of
a grain by measuring its local misorientation,[31–35] such
as by using the grain orientation spread (GOS), the
kernel average neighbor misorientation (KANM), etc.
Although local misorientation does not give an accurate
strain field, it can qualitatively describe the distribution
of deformation of the grain. In this section, we analyze
the influence of the stress state on ferrite deformation
according to GOS calculated by EBSD data, as shown
in Figure 9.
Figures 9(a1) through (c1) show the GOS maps of

undeformed samples. These figures show that the initial
GOS of most grains is less than 0.5 deg, and the
high-value regions are mostly concentrated near the
martensite cluster. This phenomenon also indicates that
the ferrite in the vicinity of the martensite has the largest
residual plastic deformation. As the deformation
increases, the GOS of the large-size grains increases
most rapidly (Figure 9), indicating that the large-size
ferrite grains have weaker initial hardening and are
more susceptible to deformation.
Figure 10 quantitatively describes the relationship

between the deformation and GOS of each sample.
Figure 10(a) shows the relationship between the average
GOS and the equivalent strain under different stress
states. The results show that the average GOS increases
linearly with increasing equivalent strain[32]. However,
the slopes of GOS-equivalent strain curve are not
completely consistent, and the highest slope is observed
for the uniaxial tensile condition. When the grain size is
in the range of 2 to 3 lm, the initial GOS of each sample
is the largest, indicating that the corresponding ferrite
grains have the highest residual plastic strain
(Figure 10(b)). Figure 10(c) shows that the stress state
has a significant influence on the GOS evolution of
samples. For the shear sample, GOS increased signifi-
cantly when the grain size is 3 to 5 lm, while GOS
increment decreased after the grain size continued to
increase (Figure 8(c)). However, the GOS values of the
uniaxial tensile and plane strain samples monotonically

Table II. The Grain Size, LMVF, and Orientation of the Ferrite Grains in the Marked Areas

Grain ID
\Item

LMVF
(Pct)

Grain Size
(lm)

Euler Angle (Bunge,
degree)

Grain ID
\Item

LMVF
(Pct)

Grain Size
(lm)

Euler Angle (Bunge,
degree)

A1 26.3 4.4 (243.6 20.2 33.8) B6-1 33.7 4.2 (163.7 45.9 51.4)
A2 31.4 4.0 (30.9 4.0 23.1) B6-2 34.1 3.1 (163.6 50.9 44.5)
A3 31.8 3.8 (98.3 37.1 45.8) B7 15.3 6.5 (48.6 38.2 50.1)
A4 42.8 3.5 (45.1 19.8 78.4) B8 19.6 7.0 (198.3 51.0 42.3)
A5 36.1 4.5 (65.8 46.6 44.9) B9 22.8 4.6 (170.0 37.5 34.4)
A6 25.1 6.1 (271.6 46.6 33.9) C1 27.8 5.3 (178.1 44.1 41.2)
B1 18.8 6.0 (357.3 18.5 59.0) C2 5.1 7.2 (293.9 34.7 30.2)
B2 25.5 4.9 (347.2 14.2 40.5) C3 35.7 4.4 (148.8 46.0 66.9)
B3 20.0 5.5 (258.0 41.2 39.6) C4 26.7 4.7 (141.4 47.7 65.5)
B4 23.1 4.7 (291.6 39.9 51.7) C5 22.0 7.9 (261.9 27.9 19.4)
B5-1 31.4 4.4 (35.1 16.7 2.2) C6 15.7 6.4 (45.1 20.6 77.5)
B5-2 33.3 3.8 (200.7 44.0 37.7)
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Fig. 6—The LMVF-ferrite grain size curves of undeformed samples.
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increase with increasing grain size. In addition,
Figure 10(d) shows that when the grain size is larger
than 3 lm, the GOS values of all the grains are similar,
indicating that the grain deformation in the shear
condition is uniform. In contrast, the strains of the
uniaxial tensile and plane strain samples are more
concentrated in large-size grains with the increase of the
deformation (Figures 10(e) and (f)).

In addition, under similar equivalent strain condition,
the intragranular deformation of the grains is uniform
(the IPF within a single grain is similar after deforma-
tion) in the shear sample and is heterogeneous in the

uniaxial tensile and plane strain samples (the large
grains are decomposed into many subgrains), as shown
in Figure 11. The significant difference in intragranular
IPF (Figures 11(b) and (c)) indicates that the tensile
load exacerbates the heterogeneity of intragranular
deformation of DP steel. Figure 12 shows the evolution
of the IPF of each sample with the macro-deformation.
As the macroscopic strain increases, the orientation of
each grain is adjusted, and the intragranular misorien-
tation increases significantly. In contrast, the intragran-
ular orientation divergence is most pronounced in
uniaxial tensile and plane strain samples.

Fig. 7—The evolution maps of GND of each sample and the deformation schematic diagram of the observed area. (a1), (a2), and (a3) are the
GND maps of the shear sample in the undeformed stage, deformed stage 1 and deformed stage 2, respectively; (b1), (b2), and (b3) are the GND
maps of the uniaxial tensile sample in the undeformed stage, deformed stage 1 and deformed stage 2, respectively; (c1), (c2), and (c3) are the
GND maps of the plane strain sample in the undeformed stage, deformed stage 1 and deformed stage 2, respectively.
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Table III. The von-Mises Equivalent Strains of All Samples

Deformation\Stress State

Shear Uniaxial Tension Plane Strain

Shear Strain E-Strain Tensile Strain E-Strain Tensile Strain E-Strain

Undeformed Stage 0 0 0 0 0 0
Deformation Stage 1 0.09 0.073 0.02 0.02 0.03 0.035
Deformation Stage 2 0.19 0.11 0.12 0.12 0.11 0.126

Fig. 8—Effect of grain size and deformation on average GND density of ferrite. (a) the shear sample; (b) the uniaxial tensile sample; (c) the
plane strain sample; (d) the initial GND density of three samples; (e) GND density of three samples caused by deformation; (f) average
GND-equivalent strain curves under different stress states.
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IV. CONCLUSION

In this work, the grain deformation and hardening
behavior of high-strength DP steel under various stress
states were studied experimentally. Based on the
high-resolution EBSD system, we first analyzed the
effect of MTAP on the distribution of ferrite residual
deformation after annealing and its initial hardening.
Then, the distribution features of GND and the influ-
ence of grain size on the evolution of GND under three

stress states were analyzed. Finally, the deformation of
ferrite under three stress conditions were studied. Based
on the above discussion, the following conclusions can
be drawn:

(1) The residual deformation after annealing of
ferrite caused by MTAP depends on the marten-
site distribution and ferrite grain size. The resid-
ual plastic deformation in fine ferrite grains
adjacent to the martensite group is the largest

Fig. 9—The GOS maps of various stress state samples. (a1), (a2), and (a3) are the GOS maps of the shear sample in the undeformed stage,
deformed stage 1 and deformed stage 2, respectively; (b1), (b2), and (b3) are the GOS maps of the uniaxial tensile sample in the undeformed
stage, deformed stage 1 and deformed stage 2, respectively; (c1), (c2), and (c3) are the GOS maps of the plane strain sample in the undeformed
stage, deformed stage 1 and deformed stage 2, respectively.
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and decreases with the increase in distance from
the phase boundary in the large-size ferrite. In
addition, MTAP has little effect on the initial
GND distribution of ferrite grains.

(2) The stress state has a significant effect on the
distribution of GND caused by the deformation.
The high-density bands of the shear sample are

consistent with the shear stress (strain) direction,
and the high-density GND bands of the uniaxial
tensile and plane strain samples are perpendicular
to their stretching directions. In addition, the
initial average GND density is related to the grain
size, and the GND density of the grains is the
highest when the grain size is 2 to 3 lm. However,

Fig. 10—The effect of grain size and deformation on GOS of ferrite. (a) Average GOS-equivalent strain curves under different stress states; (b)
the initial GOS of three samples; (c) GOS of three samples caused by deformation; (d) to (f) are the GOS-grain size curves of shear sample,
uniaxial tensile sample and plane strain sample, respectively.
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Fig. 11—The IPF-Z maps of deformed samples. (a) The shear sample with c11 = 0.19; (b) the uniaxial tensile sample with e11 = 0.12; (c) the
plane strain sample with e11 = 0.11.

Fig. 12—The IPF-Z of various stress state samples. (a) The shear sample; (b) the uniaxial tensile sample; (c) the plane strain sample.
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the deformation-induced GND is independent of
the grain size and depends on the stress state.

(3) The inhomogeneity deformation of ferrite grains
is significant and is related to the stress state. The
ferrite deformation of the DP steel in the shear
condition is uniform and has little correlation
with the grain size. However, the deformation of
the uniaxial tensile and plane strain samples tends
to aggregate in large-size grains. The average
GOS in the micro-region is linearly related to the
equivalent strain of the samples, and its slope is
related to the stress state.
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