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Abstract

Dual-phase (DP) steel is the flagship of advanced high-strength steels, which
were the first among various candidate alloy systems to find application in
weight-reduced automotive components. On the one hand, this is a metal-
lurgical success story: Lean alloying and simple thermomechanical treatment
enable use of less material to accomplish more performance while comply-
ing with demanding environmental and economic constraints. On the other
hand, the enormous literature on DP steels demonstrates the immense com-
plexity of microstructure physics in multiphase alloys: Roughly 50 years after
the first reports on ferrite-martensite steels, there are still various open sci-
entific questions. Fortunately, the last decades witnessed enormous advances
in the development of enabling experimental and simulation techniques, sig-
nificantly improving the understanding of DP steels. This review provides
a detailed account of these improvements, focusing specifically on (#) mi-
crostructure evolution during processing, (b) experimental characterization
of micromechanical behavior, and (¢) the simulation of mechanical behavior,
to highlight the critical unresolved issues and to guide future research efforts.
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1. INTRODUCTION

Steels are humankind’s most important structural materials, enabling technology breakthroughs
in various fields, such as energy, transportation, safety, and infrastructure. Profound progress in
these fields has been achieved through the development of advanced high-strength steels (AHSS),
fueled by the conflicting demands on the automotive industry to simultaneously improve crash
safety and fuel economy. The engineering and scientific interest in dual-phase (DP) steel, one
of the earliest and most prominent examples of AHSS, has been especially strong in the last
decade.

From an engineering perspective, the ongoing interest in DP steel is well justified. With rela-
tively straightforward thermomechanical processing and lean alloying, a notionally simple ferrite-
martensite microstructure develops in these steels, which in turn provides a wide range of excellent
and industrially accessible mechanical properties. DP steels typically have high ultimate tensile
strength (UTS) (enabled by the martensite) combined with low initial yielding stress (enabled by
the ferrite), high early-stage strain hardening, and macroscopically homogeneous plastic flow (en-
abled through the absence of Liiders effects). These features render DP steels ideal alloy systems
for automotive-related sheet-forming operations. From a scientific perspective, the research and
publication trends suggest that the full potential of DP steels has not been reached. There are still
various open questions, especially regarding the through-process microstructure development
and the microstructure-property relationships. From this perspective, the term DP belies the
complexity of the microstructure of these steels. In fact, their constitution may also incorporate
retained austenite, pearlite, bainite, carbides, and acicular ferrite, depending on the processing
route. Further complexity is introduced due to various processing- and composition-dependent
microstructural parameters, for example, martensite volume fraction (V1), martensite grain size
(Sm), martensite carbon content (Cy), martensite/ferrite morphology, ferrite grain size (Sg),
ferrite texture, density of transformation-induced geometrically necessary dislocations (GNDs),
micro- and mesoscale segregation, and the chemical decoration state of the heterointerfaces (1-5).
"This large parameter space determines the mechanical behavior of DP steels, although identifying
the exact role of the individual mechanisms is a complex task. Only recently have in-depth data be-
come available through the development of novel experimental microscopic and micromechanical
techniques [e.g., electron channeling contrast imaging (ECCI) (Figure 15), electron backscatter
diffraction (EBSD) (Figure 14), atom probe tomography (APT) (Figure 1c¢), miniaturized
testing, and in situ probing of microstructure evolution; see sidebar: Advances in Microstructure
Characterization of Dual-Phase Steels in Section 2 below] and computational approaches [e.g.,
multiphase crystal plasticity (CP) simulation and kinetic and thermodynamic models based on
improved thermodynamic data considering diffusion, phase transformation, and recrystalliza-
tion]. These advances call for a comprehensive analysis of the state-of-the-art understanding
of and the current challenges regarding the microstructure development and properties of DP
steels.

This overview of the current understanding of the relationships between processing, mi-
crostructure, micromechanics, and mechanical behavior of DP steels aims at guiding industrial
and scientific research to concentrate on some of the pending key challenges in this field. The
overview is structured in three parts: Section 2 focuses on microstructure evolution of DP steel
during processing, Section 3 focuses on experimental observations of the micromechanical be-
havior of DP steel, and Section 4 focuses on computational description of DP steel mechanical
behavior.
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Figure 1

Examples of applications of novel microstructure characterization techniques to DP steels. (#) EBSD-based
IPF map and its corresponding calculated GND density. White arrows point to a ferritic region of high
GND density due to the transformation of the surrounding martensite islands. (5) ECCI-based dislocation
structure imaging through SEM, showing dislocations in a ferrite grain. (¢) APT compositional profiles (ef)
and the reconstructed 3D view of the atomic composition distributions (right) showing heterophase interface
segregation of Mn and B. Abbreviations: GND, geometrically necessary dislocation; F, ferrite; IPF, inverse
pole figure; M, martensite.

2. MICROSTRUCTURE AND TEXTURE EVOLUTION DURING
PROCESSING OF DUAL-PHASE STEELS

2.1. Introduction

To obtain a homogeneous DP steel microstructure with well-dispersed martensite islands and fine
primary recrystallized ferrite, a continuous annealing process is typically applied. This process
includes reheating of the initial cold-rolled ferrite-pearlite or ferrite-bainite microstructure into
the range of intercritical annealing (IA) or rapid austenitic annealing, followed by quenching below
the martensite start temperature (Figure 2).

For achieving the desired microstructures, DP steels typically contain 0.06-0.15-wt% C and
1.5-3% Mn (the former strengthens the martensite, the latter causes solid-solution strengthening
in ferrite, and both stabilize the austenite), Cr and Mo (to retard pearlite or bainite formation),
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Schematic indicating the heat treatment methods used to obtain a DP ferrite-martensite microstructure.
Typically, the final annealing procedure for DP steels consists of holding the material in an austenite-ferrite
(intercritical) regime followed by quenching plus holding at temperatures slightly below the martensite start
temperature, whereby the austenite fraction transforms into martensite. Another method involves adjusting
the quenching rate from the fully austenitic regime so that most of the undercooled austenite transforms to
ferrite while the rest becomes martensite. Abbreviations: A, austenite; F, ferrite; M, martensite. The relevant
temperatures at which austenite formation starts and ends (A, the temperature at which austenite begins to
form during heating, and A3, the temperature at which the transformation of ferrite to austenite is
completed during heating) are alloy dependent.

Si (to promote ferrite transformation), and V and Nb (for precipitation strengthening and mi-
crostructure refinement). In this section, we review the microstructure and crystallographic texture
evolution of DP steels during the critical processing steps, i.e., hot rolling, cold rolling, and heat
treatment. Most of the recent studies on DP microstructure with respect to average crystallo-
graphic texture evolution (21-25), morphology, and deformation substructure of the constituent
ferrite and martensite phases strongly benefit from the recent developments in the characteriza-
tion methods (see the sidebar entitled Advances in Microstructure Characterization of Dual-Phase
Steels, the Appendix, and References 26-29).

Upon hot and cold rolling of steels, substantial through-thickness microstructure and tex-
ture inhomogeneity can occur owing to the imposed through-thickness gradients in shear, total
deformation, and temperature (30, 31). This inhomogeneity can be partially inherited through
the ensuing processing steps (32-34). Microstructure inhomogeneity is often characterized by
a continuous change in the initial ferrite-pearlite or partially bainitic microstructures from a
banded morphology (1, 35-39) in the sheet center to a heterogeneous distribution near the
surface. Therefore, the mechanical properties of the sheets before and after annealing can be
anisotropic and dependent on the through-thickness position. We thus review the evolution of the
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ADVANCES IN MICROSTRUCTURE CHARACTERIZATION OF DUAL-PHASE
STEELS

Advances in various experimental tools and techniques are paving the way toward improved understanding of (7)
crystallographic structure and defects and (77) local chemistry in DP steels.

With regard to the former, ECCI combines large field of view and high-resolution defect imaging, for exam-
ple, to image martensitic transformation-induced interface GNDs in ferrite (6, 7). EBSD has become a standard
microstructure mapping technique, and multiple approaches are emerging to analyze the vast quantity of data it
produces so as to identify key microstructure correlations. For example, DP steel analysis benefits from standard
phase identification, GND density measurements (8, 9), and 3D characterization of microstructure morphology (8).
The resolution of full-field crystallographic maps can be pushed down to the nanoregime by employing nanobeam
diffraction (10, 11), which is especially critical for the analysis of sub-EBSD-resolution features (12, 13), such as
interlath austenite films.

With regard to the latter, the local compositional analysis, energy-dispersive X-ray spectroscopy (EDX), when
carried outunder optimized conditions with plasma cleaning (14), successfully reveals compositional heterogeneities
of even interstitial elements. Wavelength-dispersive X-ray spectroscopy (WDS) provides higher sensitivity for light
elements [e.g., the spatial resolution for C has been demonstrated down to ~350 nm (15)]. Combined with EBSD,
WDS allows for the classification of bainite, martensite, and ferrite (figures 4-18 in Reference 15). WDS also enables
the mapping of substitutional elements to unravel prior phase transformations (9). The most remarkable advances in
compositional mapping have been achieved by APT, which enables not only atomic-resolution chemical and phase
mapping, but also 3D visualization capabilities, which are critical for identifying carbon segregation sites within
martensite islands and at interfaces (16-18). Insights from APT are further strengthened upon direct correlation
with erystallographic mapping in transmission electron microscopy (TEM) (19, 20).

near-plane-strain-dominated texture evolution of the ferrite phase in the center of hot- and cold-
rolled sheets and the shear textures that occur near the surfaces of hot-rolled sheets (40). Hot-
and cold-rolled materials with banded ferritic-pearlitic structure typically have a pearlite volume
fraction of 15-35%. The plane-strain ferrite texture evolving in the sheet center is characterized
both by a strong a-fiber texture (with the (110) direction parallel to the rolling direction) and by
a weak y-fiber texture (with the {111} plane parallel to the sheet plane).

During the final IA, the governing metallurgical mechanisms in DP steels are recovery, recrys-

tallization, diffusion, and phase transformation. The degree of interaction and competition among
these phenomena is influenced by (and, hence, can be tailored by adjusting) the heating rate, the
annealing temperature and time, and the cooling rate (40-53). For studying these mechanisms
and their detailed interactions, various heat treatments have been applied in previous works; such
techniques include continuous furnace, salt bath, and conductive annealing for intercritical (as well
as austenitic) heating temperatures. For differentiating between the contributions of recovery, re-
crystallization, diffusion, and phase transformation, spatially resolved experiments (typically based
on EBSD mapping) and analytical and full-field mesoscopic simulations have been used (45-55).

2.2. Microstructure and Crystallographic Texture Evolution During Rolling

Figure 34 shows a typical example of microstructure and texture evolution during hot rolling and
75% cold rolling for the sheet center and the near-surface regions of an alloy with 0.147-wt% C,
0.403-wt% Si, and 1.868-wt% Mn. The material had a pearlitic initial hot-band microstructure
(40, 41, 56). In the sheet center, proeutectoid ferrite (Sp ~ 5 wm) and pearlite (Vp ~ 40 vol%) are
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distributed in bands along the rolling direction, whereas at the surface the band structure is replaced
with a homogeneous mixture of ferrite and pearlite. Chemical probing in a number of rolled sheets
revealed that the pearlite bands typically have slightly higher Si and Mn than do the ferrite bands.

Panels b—d of Figure 3 give examples of the pronounced texture inhomogeneity, as determined
by EBSD, in a transverse section of a hot band. The texture maps are shown as a function of
through-thickness position, s, in terms of inverse pole figure (IPF) maps (Figure 35), where each
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measurement point is colored according to its IPF value. The texture components are plotted
between the sheet center (s = 0) and the hot-band sheet surface (s = 1) in Figure 3c.

For a more quantitative analysis, the orientation distribution function (ODF) can be deter-
mined for an Euler angle range ¢1, ¢, ¢, < 90° (30-34). Hot-band through-thickness texture
inhomogeneity is observed for most steel grades (30-34). The Appendix lists important observed
texture components. Typically, owing to the gradient in the shear distribution imposed during
hot rolling, a plane-strain texture develops in the center (s = 0) and a strong shear texture de-
velops close to the surface (s > 0.7-0.9) of the hot bands (30-33, 57) (Figure 3b—d). As stated
above, the former typically exhibits a strong texture component {112}(110) (on the «-fiber) and a
weaker y-fiber (Figure 3¢). The latter, the surface, is characterized by a (-fiber witha {011}(111)
component and an e-fiber with a {112}(111) component as dominant features, with maximum
orientation densities close to the sheet surface (s > 0.9) (Figure 3¢). The through-thickness texture
inhomogeneity is similar to that observed for corrosion-resistant ferritic stainless steels and Fe-Si
soft magnetic transformer steels (30-33).

During cold rolling, the ferrite and pearlite band widths in the center of the sheets decrease with
thickness reduction. The ferrite grains become flattened in the normal direction and elongated in
the rolling direction. The near-surface ferrite grains undergo the same shape change. Mn-rich ce-
mentite precipitates of 200-300 nm are typically observed within the ferrite bands (40) (Figure 34).

Cold rolling typically has two effects on the inherited hot-band textures in DP steels. The
first is an improvement in through-thickness texture homogeneity [i.e., an increase in the texture
components {001}(110) and {112}(110) on the -fiber, {111}(121) on the y-fiber, and {11 11
8}(411) on the e-fiber (Figure 3d)] such that the pronounced near-surface shear textures are
gradually transformed and are rendered more similar to the plane-strain textures observed in the
sheet center. The second effect is a strong increase in the orientation gradients within the proeu-
tectoid ferrite grains, as revealed by kernel average misorientation (KAM) maps from the center
regions of rolled sheets, which show a larger KAM value within the pancake-shaped proeutectoid
ferrite grains than do the center regions of hot-rolled sheets. Figure 4 shows corresponding mi-
crostructure maps of the image quality, IPF, and KAM, all obtained by EBSD in the center region
of both hot- and cold-rolled sheets.

2.3. Microstructure and Texture Evolution During Intercritical
and Austenitic Annealing

The final annealing procedure for DP steels, the creation of a ferrite matrix with martensite
islands, typically consists of holding the material in an austenite-ferrite (intercritical) regime fol-
lowed by quenching and holding at temperatures slightly below the martensite start temperature

Figure 3

(@) Transverse sections of a DP steel with 0.147-wt% C, 0.403-wt% Si, and 1.868-wt% Mn, showing the
microstructure evolution during hot rolling (fop) and 75% cold rolling (bottor) for the sheet center (left) and
the near-surface region (right). Examples of pronounced texture inhomogeneity in DP steels are determined
by EBSD in transverse sections. ()) EBSD texture maps in IPF color coding taken over a region extending
from the center to the surface of the hot-rolled sheet, revealing strong texture gradients. (¢) Texture
gradients through the hot-rolled sheet thickness in the form of preferred texture components (including 15°
variation). (d) The most relevant texture components in terms of the orientation density f{ g) along the o,
v-, €, and &-fibers that typically develop upon cold rolling (orange: surface layer; dark blue: center layer).
Abbreviations: IPF, inverse pole figure; ND, normal direction; RD, rolling direction; TD, transverse
direction. Adapted from Reference 41 with permission.
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EBSD maps for the center of transverse sections of hot-rolled (zop) and 75% cold-rolled (bottom) sheets of a
DP steel with 0.147-wt% C, 0.403-wt% Si, and 1.868-wt% Mn. The microstructure is presented in terms of
the IQ, IPF (IPF/RD and IPF/ND), and KAM (blue: KAM = 0°; red: KAM = 3°). Grain boundaries with
angles larger than 3° are indicated by black lines in the IPF and KAM maps. Abbreviations: IPF, inverse pole
figure; I1Q), image quality; KAM, kernel average misorientation; ND, normal direction; RD, rolling direction;
TD, transverse direction. Adapted from Reference 41 with permission.

(58-60) whereby the austenite fraction transforms into martensite (Figure 2). Another approach
is quenching from the fully austenitic regime so that most of the undercooled austenite forms
ferrite, whereas the reminder transforms into martensite. Targeted alloying, e.g., by minor
additions of Cr and Mn, leads to the suppression of pearlite and bainite.

Depending on annealing temperature, time, and the preceding cold-rolling reduction, either
phase transformation or recrystallization is the prevalent mechanism (40, 42-44). Figure 5 sum-
marizes microstructure trends associated with varying annealing temperatures, annealing times,
and cooling rates. DP steel microstructures that were conductively annealed at 860°C and 920°C
(i.e., close to A and above A, respectively; see Figure 2) for various times provide an overview

Figure 5

(@) SEM of transverse sections of fully processed DP sheets taken in the center (/ef?) and at the surface layers
(right) (composition 0.147-wt% C, 0.403-wt% Si, and 1.868-wt% Mn). Microstructure for samples
conductively annealed for 100 s at 920°C and cooled at —15 K/s shows that only partial austenite-martensite
transformation occurs, leading to a ferritic-martensitic microstructure. The morphology and distribution of
the constituents are identical in the center and at the surface of the sheet. () Crystallographic texture fibers
for the same conductive annealing conditions as a function of different through-thickness positions,
revealing that the textures in all through-thickness layers become similar after annealing [orange: surface
layer (s = 0) of the sheets; dark blue: center layer (s = 1) of the sheets]. (¢) EBSD maps taken on transverse
sections after various types of final heat treatments on a DP steel with 0.147-wt% C, 0.403-wt% Si, and
1.868-wt% Mn. For the 740°C salt bath heat treatment, center and surface microstructures are different. For
the conductive heat treatments, the microstructures are similar through the thickness, and hence only the
center layers are displayed. The images show, for each sample, the I1Q, IPF/RD and IPF/ND, and KAM
maps (blue: KAM = 0°; red: KAM = 3°) obtained from the same specimen area. Grain boundaries with
angles larger than 3° are indicated by black lines in the IPF and KAM maps. Abbreviations: IPF, inverse pole
figure; I1Q, image quality; KAM, kernel average misorientation; ND, normal direction; RD, rolling direction;
TD, transverse direction. Adapted from Reference 41 with permission.
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Figure 6

Evolution of the martensite volume fraction (V1) and hardness for different salt bath annealing treatments after hot rolling and 75%
cold rolling of a DP steel with 0.147-wt% C, 0.403-wt% Si, and 1.868-wt% Mn alloying content. The hardness evolution reflects the
effects of ferrite recovery and recrystallization (softening) as well as the martensite volume fraction and its carbon content (hardening).
At 620°C and 695°C, pronounced softening via recovery and recrystallization occurs. Hardening by martensite formation does not take
place. At 725°C and 740°C, softening is observed for small annealing times, whereas longer heat treatments lead to transformation and
thus to martensite-related hardening after quenching. This trend becomes more pronounced at 770°C. At 830°C, the hardness strongly
increases due to massive transformation and martensite formation after quenching. Adapted from Reference 41 with permission.

of the effects of annealing temperature and time on microstructure evolution in the austenitic and
near-austenitic temperature range (40, 41) (Figure 5).

2.3.1. Annealing in the austenitic phase field. To illustrate the effect of the heating rate, we
include salt bath annealing (fast kinetics) and conductive heating (modest kinetics) of a DP steel
alloyed with 0.147-wt% C, 0.403-wt% Si, and 1.868-wt% Mn (40-46, 56). For the case of rapid
heating (salt bath), the hardness strongly increases from approximately 300 HV for cold-rolled
sheets to values above 400 HVY after 100 s (Figure 6). For longer annealing times, the hard-
ness monotonically decreases to approximately 400 HVS5. The microstructure for this reference
case consists of pure martensite with isolated ferrite grains. For both annealing treatments, the
martensite has an acicular morphology.

In specimens conductively annealed at 920°C and cooled at —15 K/s, only partial austenite-
martensite transformation occurs, leading to a ferritic-martensitic microstructure (Figure 5). The
martensite is heterogeneously distributed, with a volume fraction of 50-60%. The martensite and
ferrite after such heat treatment are no longer arranged in the form of bands.

After austenite annealing, only low through-thickness texture inhomogeneity is found. That
is, the strength of the crystallographic texture fibers does not substantially depend on the
through-thickness position after cooling. The fractions of the texture components {001}(110)
and {112}(110) of the a-fiber significantly decrease compared with those in the texture of
cold-rolled material. The local orientation gradients within the ferrite grains strongly decrease
after phase transformation (Figure 5). Ferrite is characterized by larger 1Q values and smaller
KAM values compared with the corresponding values for martensite (61). The KAM values within
the ferrite grains typically increase close to ferrite-martensite interfaces. This increase can be
explained by an increase in the dislocation density induced by the volume increase accompanying
the austenite-martensite transformation (8) (Figure 5).
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2.3.2. Annealing in the high intercritical temperature regime. High intercritical heat treat-
ments [i.e., those conducted close to A (Figure 2) by salt bath annealing at temperatures between
800°C and 850°C] yield concurrent recrystallization and phase transformation (1, 35-41, 56, 62).
The morphologies observed by SEM after high IA are similar to those found in sheets annealed
at a low IA temperature (e.g., 740°C) for the same model alloy (Figure 5). In the sheet centers,
ferrite and martensite are aligned as bands along the rolling direction, whereas both constituents
are more dispersed and heterogeneously distributed in near-surface regions.

2.3.3. Through-thickness texture and microstructure after annealing. When cold-rolled
sheets are subjected to high intercritical or austenitic annealing temperatures, the developments of
microstructure and texture and the resulting mechanical properties are dominated by phase trans-
formation over recrystallization effects (Figures 5 and 6). Phase transformation leads to the for-
mation of martensite and to new equiaxed ferrite grains with small in-grain orientation gradients.

Another effectassociated with high annealing temperaturesis a strong reduction in or even com-
plete elimination of the inherited through-thickness texture inhomogeneity within short annealing
times. The ferrite-martensite band structure in the center of the sheets typically reveals a stronger
percolation after annealing at high compared with low IA temperatures. The microstructure ex-
hibits a more homogeneous distribution of ferrite-martensite when subjected to austenitic anneal-
ing temperatures. In contrast, in specimens heat treated at lower temperatures, ferrite recrystal-
lization prevails, and the inherited through-thickness texture and microstructure inhomogeneity,
as well as the resulting mechanical gradients, are to some extent preserved (Figures 5 and 6).

2.4. Interaction Between Recrystallization, Diffusion, and Phase Transformation

When a cold-rolled ferrite-pearlite microstructure is heated to form an austenite-ferrite composite
(which ultimately yields a DP microstructure after quenching), ferrite recovery and recrystalliza-
tion, ferrite-to-austenite transformation, and carbon diffusion are relevant mechanisms (40, 54).
As discussed above, these phenomena can occur consecutively or concurrently, depending on
composition and on the imposed heating temperature, time, and rate. Especially at intermediate
heating rates, complex interactions among the various nucleation, diffusion, growth, and trans-
formation phenomena can occur (46, 52, 54, 56). Owing to the nonlinearity of the mechanisms
involved, minor changes in these interactions can have a profound influence on the resulting
microstructure. It is essential to quantitatively understand and evaluate the interdependence and
competition among these metallurgical processes to arrive at a knowledge-based design of optimal
process routes and microstructures.

2.4.1. Experimental observations of the interaction between recrystallization, phase
transformation, and diffusion. Interactions between recrystallization and phase transformation
were reported to occur for various types of cold-rolled and subsequently IA DP steels (40-44,
56) (Figure 6). Peranio et al. (40, 41) studied the influence of the driving force, heating rate,
temperature, and holding time on the resulting DP steel microstructures and hardness for a steel
with 0.147-wt% C, 0.403-wt% Si, and 1.868-wt% Mn. Recovery and recrystallization prevailed
for annealing at ferritic temperatures and at (low) intercritical temperatures up to 740°C, at which
the recrystallization time decreased with increasing annealing temperature and heating rate. The
incubation and recrystallization times were smaller at the surface than at the center of the sheets,
which was explained in terms of the larger deformation in the near-surface regions and the
strong o-fiber texture components in the sheet center. Additionally, at annealing temperatures of
740°C, full recrystallization occurred at the surface, and only partial recrystallization occurred in
the center. The volume fraction of recrystallized ferrite increased with increasing heating rates.
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Depending on the Mn and C content, phase transformation starts in most DP steels above
700-710°C, and pure austenite prevails above 840-860°C (40, 41, 56) (Figure 2). The incubation
time for phase transformation decreases with increasing annealing temperature. At austenitic
temperatures, new equiaxed ferrite grains with low orientation gradients and different textures
form. At low intercritical temperatures, ferrite and martensite typically exhibit the same spatial
distribution as do ferrite and pearlite in the preceding cold-rolled material. This observation results
from a microstructure memory effect due to pearlite regions undergoing phase transformation
before ferrite (owing to the higher abundance of carbon from the cementite lamellae).

During austenitic annealing, ferrite and martensite are typically heterogeneously dispersed.
V’m increases with annealing time until phase transformation is complete. Also, V' increases
with increasing cooling rate. Substantial overlap of recrystallization and phase transformation
occur mainly at intermediate and high IA temperatures (Figure 6). At low IA temperatures,
recrystallization and phase transformation proceed following distinct kinetics. Yang et al. (42)
observed austenite nucleation both on grain boundaries of unrecrystallized ferrite and at the
interfaces between recrystallized and unrecrystallized grains. The authors revealed an influence of
ferrite recrystallization on the formation and dispersion of the austenite. Huang et al. (43) studied
the effect of the initial heating rate on austenite formation and on ferrite recrystallization in two
DP steels. They identified a strong interaction between ferrite recrystallization and austenite
formation and suggested that this effect may alter the kinetics of austenite formation as well as the
spatial distribution of austenite. Azizi-Alizamini et al. (44) confirmed these findings.

During IA, two different scenarios of austenite nucleation are usually discussed (54). The first
one is austenite formation at ferrite-cementite interfaces within the carbon-containing (pearlite)
colonies. The second one is nucleation at ferrite-ferrite grain boundaries. Nucleation of austenite
often begins at pearlite colonies owing to the availability of carbon from the cementite. The
newly formed austenite nuclei grow rapidly at the expense of the pearlite and subsequently of the
surrounding ferrite. During this process, austenite growth is limited mainly by carbon diffusion
inside the austenite.

Due to the surplus of carbon in pearlitic regions, the transformation proceeds much faster for
those austenite zones that nucleate at the pearlite than for those formed at ferrite grain boundaries.
In ferritic-pearlitic microstructures, austenite nuclei that form at ferrite-ferrite grain boundaries
have no direct contact with a carbon source, such as cementite. In this case, the subsequent growth
of the austenite nuclei requires carbon diffusion from the carbon-rich areas through the ferrite
matrix to support the austenite formation at the moving austenite-ferrite interface. For the case
of an initially ferritic-bainitic microstructure, a higher dispersion of carbon sources is typically
present, supporting faster austenite formation.

At high TA temperatures, microstructure formation is governed by austenite transformation
and depends critically on the annealing temperature and dispersion of the carbon sources. At low
IA temperatures, ferrite recovery and recrystallization prevail. This process is also reflected by the
mechanical properties of the material observed after quenching. As Figure 6 shows, the hardness
of martensite increases with the carbon content. In sheets annealed at high temperatures, diffusion
leads to a more homogeneous carbon distribution and hence to a reduction in the average carbon
content within the martensite. Another reason for the nonlinear increase in the steel’s hardness
as a function of V) is that after annealing, the martensite can assume a granular morphology for
IA and an acicular morphology for austenitic annealing.

2.4.2. Simulation of dual-phase steel heat treatment. The results reviewed above reveal thatit
is experimentally challenging to separate the individual metallurgical processes (e.g., recovery, re-

crystallization, diffusion, and phase transformation) occurring during heat treatment of DP steels.
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Microstructure-based transformation models (63), such as cellular automata (CA), Monte Carlo
(MC), and phase field methods, provide deeper insights into the mechanisms and morphological
complexity associated with the interplay of phase transformations and recrystallization in DP steels.

Rudnizki et al. (46) developed a phase field model to describe the austenite formation from a
ferrite-pearlite starting microstructure during annealing of cold-rolled DP steel. The simulation
started from an already recrystallized microstructure. Hence, the approach did not consider the
interaction between recrystallization and phase transformation. Zhu & Militzer (64) introduced
a phase field model for the simulation of the microstructure evolution during IA of a DP steel.
The study focused on the interaction between ferrite recrystallization and austenite formation,
starting from a cold-rolled pearlite-ferrite microstructure for the case of high heating rates. The
austenite-ferrite phase transformation was assumed to occur under conditions in which only car-
bon partitions between the phases via long-range diffusion. A solute drag model was implemented
to describe the effect of substitutional alloying elements on the migration of the ferrite-austenite
interface during the transformation. Bos et al. (47, 48) used a 3D CA model to describe the
through-process microstructure evolution during the processing of DP steels. Here, these re-
searchers considered both concurrent ferrite recrystallization and austenite formation, focusing
on the influence of individual transformation processes on the DP microstructure. Interactions
between recrystallization and phase transformation were not addressed. Okuda et al. (49) devel-
oped an MC model to simulate the competition between recrystallization and transformation in
several DP microstructures, although the model lacked detailed thermodynamic criteria for the
specific driving forces associated with either recrystallization or phase transformation. A more
comprehensive model was introduced by Zheng and colleagues (54, 55), who used a 2D CA
model to investigate the competition between ferrite recrystallization and austenitic transforma-
tion during the IA of cold-rolled DP steels. In this model, discrete microstructural constituents
associated with both recrystallization and phase transformation are mapped through evolving
thermodynamic criteria such as the stored deformation energy and the chemical driving force for
transformation as well as kinetic effects such as grain boundary mobility and carbon diffusion.
This comprehensive approach enabled a more quantitative microstructural prediction of material
undergoing recrystallization and/or phase transformation. The model was used to study the influ-
ence of initial heating rate and annealing temperature on subsequent isothermal transformation
kinetics and the associated microstructure evolution (Figures 7 and 8). Zheng & Raabe (54) also
studied two types of scenarios for austenite nucleation, namely nucleation within pearlite, with
its high carbon abundance, and nucleation at ferrite-ferrite grain boundaries, with a lower supply
of carbon (see Section 2.4.1). The authors also considered the interaction of these scenarios with
ferrite recrystallization.

In Zheng & Raabe’s (54) simulation, the local chemical driving force acting on the moving
heterointerface for the ferrite-to-austenite phase transformation was calculated in proportion to
the deviation from the equilibrium concentration (65, 66) by using values from Thermo-Calc
(http://www.thermocalc.com/) (Figure 74). The pearlite was treated as an effective medium
with an average carbon content of 0.71 wt% (i.e., the eutectoid carbon concentration). Nucleation
of primary ferrite recrystallization was treated as a thermally activated process in conjunction with
a continuous nucleation law (67), allowing the effects of both temperature and time dependence
to be simulated. The driving force for ferrite recrystallization was taken as the difference between
the stored deformation force and the particle pinning force (68-70).

The simulations show that the interactions between primary ferrite recrystallization, and the
initial pearlite, affect not only the transformation kinetics (Figure 8), but also the morphol-
ogy and spatial distribution of the austenite (Figure 7). Both ferrite recrystallization and phase
transformation are significantly promoted by an increasing annealing temperature because they
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Figure 7

(@) Schematic of the variation in carbon content, x, across the austenite-ferrite boundary. v’ denotes pearlite-nucleated austenite, &
denotes ferrite, and -y denotes grain boundary—nucleated austenite. The blue arrows indicate the direction of the austenite-ferrite
interface migration, and the orange arrows indicate carbon diffusion. The austenite nucleating at former pearlitic regions (y') has a very
high nonequilibrium carbon content x,» due to the dissolving cementite and hence grows very fast. The austenite nucleating at
ferrite-ferrite grain boundaries requires carbon transport through the ferrite or along the grain boundaries and hence grows much
slower. (b) Simulated microstructures (/ef?) and corresponding carbon concentrations (in weight percent) (right) in the austenite phase
after 40 s at three different IA temperatures (A3 = 817°C, as calculated by Thermo-Calc). The yellow areas denote the fast-growing
pearlite-nucleated austenite regions, and the small red patches denote the slow-growing grain boundary—nucleated austenite zones. The
blue regions indicate recrystallized ferrite, and the white zones indicate unrecrystallized ferrite. The black lines indicate grain
boundaries. Adapted from Reference 54 with permission.

are kinetically closely related. Experimental temperature-dependent hardness data (Figure 6) con-
firm these predictions. Increasing the annealing temperature promoted the formation of austenite
necklace structures along grain boundaries. Increasing heating rates produced a variety of fully
to partially recrystallized microstructures prior to austenite formation, with a strong subsequent
effect on austenite distribution. Increasing the initial heating rate promoted a morphology transi-
tion from a randomly distributed austenite structure to a banded austenite structure, in agreement
with experiments.

Figure 8

(a,b) Simulated transformation kinetics of () ferrite recrystallization and () austenite formation during
isothermal holding at various annealing temperatures. The kinetics shown in panel # and & reveal that at
temperatures below 720°C ferrite recrystallization clearly prevails over phase transformation. Above 760°C,
the volume fraction of ferrite is ultimately reduced by phase transformation, which starts to sweep the
material for annealing times above 10 s. At 800°C, i.e., near A3, the transformation starts to substantially
reduce the recrystallized ferrite volume fraction for annealing times above 10 s. In all cases, ferrite
recrystallization proceeds much faster than the ferrite-to-austenite phase transformation. (c) Effect of initial
heating rate on the kinetics of isothermal austenite formation during holding at 780°C and 760°C,
respectively. Some of the associated microstructures are shown in Figure 7. The simulated material is a DP
steel with 0.08-wt% C, 0.01-wt% Si, and 1.75-wt% Mn. The Az temperature, at which the ferrite-to-
austenite transformation is completed, is 817°C, as calculated by Thermo-Calc. Adapted from Reference 54
with permission.
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3. MECHANICAL BEHAVIOR AND DAMAGE OF DUAL-PHASE STEELS:
EXPERIMENTAL OBSERVATIONS

3.1. General Characteristics

The main driver for the development of DP steels is their mechanical performance. Thus,
most reports in the literature focus on their mechanical behavior. Rashid (71), in this journal’s
predecessor, described the mechanical characteristics of DP steels and provided a detailed
overview of DP steel research through the 1980s. Section 3 of the present review provides
an overview of the state-of-the-art understanding of the connection between the underlying
microstructure and the resulting mechanical properties. We start by briefly revisiting the general
property-microstructure trends and then discuss the complex micromechanics of DP steels. We
emphasize those works that provide direct experimental observations of deformation mechanisms
in ferrite and martensite, and the strain partitioning among them, as well as damage and failure
mechanisms. Section 3.4 is devoted to the mechanical behavior of DP steels in the presence of
hydrogen, which significantly affects damage and failure mechanisms and therefore limits the
application of DP steels in some environments. We conclude Section 3 with an overview of the
microstructure dependence of DP steel properties. The analyses presented below primarily cover
quasi-static tensile loading, which constitutes the main body of DP steel literature, although other
important studies in the literature focus on different loading conditions, e.g., cyclic loading (72).

The mechanical properties of ferrite-martensite DP steels are unique in comparison to those
of other steels, as illustrated in Figure 9. Their composite soft-matrix/hard-reinforcement
microstructure suggests that these steels would mechanically behave in a similar fashion as, e.g.,
ferrite-pearlite steels. However, as observed in Figure 9, DP steels exhibit early and continuous
yielding, high initial strain-hardening rate, and high overall strength and ductility; Liiders bands
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Figure 9

Comparison of the mechanical properties of DP steels with respect to other advanced high-strength steels. (#) Total elongation to
failure versus ultimate tensile strength. () Quasi-static tensile stress-strain response at similar ultimate tensile strength levels for
pearlite-ferrite steel, HSLA steel, DP steel (adapted from Reference 71 with permission), TRIP steel (adapted from Reference 73 with
permission), and TWIP steel (adapted from Reference 74 with permission). Abbreviations: HSLA, high strength low alloyed;

TRIP, transformation-induced plasticity; TWIP, twinning-induced plasticity.
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are absent. The combination of early-stage yielding and high strain hardening is the basis for
the excellent sheet-forming and component performance properties of these alloys for automotive
applications, for which high formability is as important as the service properties. That said, there
is significant room for improvement, especially for high-martensite DP steels, which are more
prone to microstructural damage, as often measured in the industry via the hole expansion test. In
fact, damage tolerance has been driving the design of other AHSSs [e.g., transformation-induced
plasticity (TRIP) steels, quench-partition steels, and twinning-induced plasticity (TWIP) steels].
Although these more recent generation AHSSs have superior ductility compared with DP steels
(Figure 9) while maintaining the strength levels of (or, in the case of TWIP steels, even having
higher strength than) DP steels, they suffer from other practical issues (e.g., Mn segregation, high
alloying costs, casting problems, difficulty in welding) and thus fall behind DP steels in automo-
tive applications. There is thus a clear need to develop a deeper understanding of deformation
mechanisms to guide novel strategies for highly damage-tolerant DP microstructures.

3.2. Deformation Mechanisms and Stress-Strain Partitioning

We now focus on the deformation mechanisms that lead to the mechanical behavior of DP steels
shown in Figure 9. Multistage strain-hardening behavior was observed in early DP steel research
(3). Thus, most subsequent experimental characterization efforts aimed at identifying the strain
accommodation processes in ferrite and martensite at different stages of straining. This goal has
been difficult to achieve for two reasons: Comparative analyses across different published reports
are complicated by the large microstructural and composition parameter space of DP steels, and
the microstructural localization (75) that is present even during a uniform deformation regime
leads to great complexity in isolating the microstructural mechanisms of deformation and failure.

Nevertheless, several systematic analyses have been carried out. For example, Korzekwa et al.
(3) studied the evolution of the ferrite dislocation substructure in DP steel on the basis of TEM
investigations, paying special attention to the heterogeneity in the dislocation distribution. They
observed a very low average dislocation density in the undeformed state far from the ferrite grain
boundaries and a high dislocation density near the martensite-ferrite interfaces. In the initial stages
of deformation (1-2% strain), planar dislocation walls and then incipient dislocation cells formed
close to the martensite. At 7% strain, a dislocation cell structure with thick cell walls was observed,
with smaller cell sizes closer to the martensite islands. At 14% strain, further thinning of the cell
walls was observed, although such thinning was not accompanied by a further reduction in cell
size. The corresponding stages of martensite plasticity, in contrast, are still not fully clarified.
Because of the high initial dislocation density and the hierarchical substructure of martensite,
plastic processes in martensite cannot be investigated as easily as those in ferrite.

Insitu SEM investigations have been valuable in assessing the strain partitioning between ferrite
and martensite, which was observed as early as 1986 by Shen et al. (76). In their work, they point
to the heterogeneity of deformation in ferritic grains (on the basis of the distribution of slip steps)
and to the fact that the straining of the two phases is not uniform but rather depends on different
microstructural parameters, such as Cy and V1, and on the level of tempering (76). Investigators
recently demonstrated that direct information on strain partitioning can be obtained using in situ
mechanical testing, which combines microstructural imaging during deformation and follow-up
microscopic digital image correlation (uDIC) analysis of the strain field (77-84). Figure 10 shows
three examples of strain map outputs of these various works. The rapid increase in the number
of studies addressing local strain fields, accompanied by improvements in resolving capabilities
and coupling to microstructure characterization (e.g., by EBSD), underscores the value of this
methodology in understanding DP steel micromechanics.
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DIC analyses of DP steels adapted from (#) Reference 77, (b) Reference 81, and (¢) Reference 84 with
permission. The color codes represent either equivalent strain measures or individual strain tensor
components, except for the EBSD-derived IPF maps from Reference 84. Abbreviations: IPF, inverse pole
figure; ND, normal direction.

Employing in situ testing with DIC, Kang etal. (77) showed that strain partitioning between fer-
rite and martensite can be significantly decreased by a tempering treatment, leading to an increase
in the critical damage nucleation strain (Figure 104). Ghadbeigi et al. (79) presented a quanti-
tative analysis of critical strain levels for different damage nucleation mechanisms in a DP1000
microstructure, reporting local strains well above 100% for damage initiation within ferrite and at
martensite-ferrite phase boundaries. Tasan et al. (78) demonstrated that the detrimental influence
of microstructural banding strongly depends on band continuity and morphology, as well as on the
mechanical character of the constituent phase. Also focusing on a DP1000 steel, Kapp et al. (80)
reported the severe heterogeneity of the strain distribution, which increases with increasing global
deformation level. Deformation hot spots developed in ferrite channels between bulky martensite
regions and at grain boundaries normal to the loading direction. Using an advanced pattern
deposition technique to achieve higher strain resolution, Joo and coworkers (81) recently pointed
out that the strain heterogeneity in DP steels is more complex than suggested earlier (Figure 105).
Marteau etal. (82), employing a microlithography-based pattern and EBSD-based microstructure
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characterization, presented a detailed report on the role of different microstructural factors in
strain heterogeneity. Their results suggest that the most critical factor causing strain heterogeneity
is the local microstructural neighborhood rather than the specific grain orientation, shape, or size.
These observations are also supported by a recent report by Han and coworkers (83). Tasan et al.
(84) showed that plastic deformation in DP steels is distributed as a network with nodes, bands,
and encapsulated regions (Figure 10c). The level of strain localization during loading was affected
by the specific microstructure. For example, larger ferrite grains yield at lower load levels than do
smaller ones in coarser DP microstructures and thus act as the nodes in the deformation network.
In finer DP microstructures, in contrast, the strain and stress partitioning is more heterogeneous,
and the size and dispersion of martensitic regions become more critical. For regions with well-
dispersed martensite islands, more of the ferritic regions contribute to strain accommodation and
hardening. For microstructures in which martensite is bulky, strain localization takes place at
lower loads, possibly leading to earlier macroscopic strain localization. The authors also reported
the importance of martensite morphology, especially for harder (i.e., high-carbon) martensite,
as well as the unexpected degree of strain heterogeneity in ferrite, which relates to the in-grain
microstructural heterogeneities from processing (75). In fact, high-resolution DIC measurements,
coupled to EBSD measurements or microstructure simulations, reveal that the strain distribution
in DP steels is much more heterogeneous than was originally proposed (75, 84). Although GND
density gradients and elastic residual stresses clearly play a role in the observed intragranular
strain heterogeneity, further investigations using the newly emerging techniques are warranted.

In addition to DIC-based full-field analyses, microtesting investigations were carried out, fo-
cusing on the deformation mechanisms in ferrite and martensite. Ghassemi-Armaki et al. (85)
conducted one of the most systematic studies. They observed, by nanoindentation and micropillar
compression tests, that the hardness across individual ferrite grains is not spatially homogeneous
but is higher near the martensite-ferrite heterointerfaces. Interestingly, upon uniaxial loading, the
harder ferrite on the grain perimeter softens, whereas the originally softer ferrite region in the
grain interior hardens. Furthermore, the plastic deformation of martensite is triggered well before
the UTS is reached.

From the results discussed in this subsection, we can infer that the plastic deformation in DP
steels is triggered inside the soft ferrite regions and proceeds in a highly heterogeneous manner
through the microstructure, affecting first the harder and spatially more confined ferrite regions
and then the martensite. This heterogeneity arises due to strain partitioning between ferrite and
martensite, as well as due to crystallographic or chemical heterogeneities within the ferrite. The
level of strain partitioning, the contribution of martensite to strain accommodation, and the strains
critical to nucleate damage strongly depend on microstructural parameters.

3.3. Damage Mechanisms

DP steels are prone to nucleating microcracks owing to the strain incompatibility of the marten-
site and ferrite phases and stress concentration due to morphological irregularities. However,
microcracks can often be substantially blunted by localized deformation and hardening in ferrite,
and thus DP steels do not fail in a catastrophic, brittle manner. Nevertheless, damage-induced
softening plays a key role in the formability of DP steels, and significant effort is being applied
to improving the understanding of these phenomena. The two challenges stated above for the
analysis of deformation mechanisms also apply here: The relative activity of martensite cracking
versus martensite-ferrite interface damage is strongly dependent on microstructural parameters
(e.g., V) and on microstructural heterogeneity. Damage processes are dynamic, and thus a
martensite cracking incident may resemble a martensite-ferrite decohesion incident due to
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subsequent plastic deformation of the ferrite around the nucleated crack. Further complexity
arises from the 3D nature of the damage initiation and growth. Here, X-ray microtomography
can provide bulk information (86). However, to capture the initiation of damage, submicrometer
probing, such as by field emission SEM, is required. One way to take 3D constraints into account
at high resolution is by coupling SEM with 3D sectioning (75), although this approach is time
intensive, even when automated focused ion beam techniques are used.

Impaired by the above-mentioned complexities, a variety of different damage mechanisms have
been reported in DP steels. For example, Stevenson (87) and Mazinani & Poole (2) observed dam-
age nucleation mainly in martensite islands, whereas Avramovic-Cingara et al. (88) investigated a
DP600 steel and concluded that most failure initiation events are due to martensite-ferrite interface
decohesion, nucleating perpendicular to the tensile axis and following ferrite grain boundaries.
Avramovic-Cingara et al. (89) also reported more intense martensite cracking to be the main
damage source when the martensite occurred in banded morphology, an observation confirmed
by DIC analysis elsewhere (78). An earlier study by He et al. (90) on the influence of marten-
site morphology reveals that coarse microstructures are affected by martensite cracking, whereas
decohesion prevails in finer microstructures. Given these disparate observations, a mechanism-
oriented description of the role of microstructural features in damage nucleation, crack growth,
and failure percolation is presently not available. Figure 11 provides a detailed compilation of
self-consistent observations of damage (2, 32, 36, 86, 88-100) in an effort to show the depen-
dence of martensite cracking and martensite-ferrite decohesion on martensite fraction and ferrite
grain size. If the martensite fraction is increased to a level at which martensite is fully connected,
martensite exhibits plasticity earlier, and thus martensite cracking is promoted. In contrast, for
large ferrite grain sizes and smaller martensite contents, interface damage mechanisms seem to
be dominant. When ferrite grain size is decreased for low martensite fractions, both mechanisms
are observed.
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Figure 11

A compilation of damage mechanism analyses showing the effects of ferrite grain size Sp and martensite
volume fraction V1 on the reported damage regimes: martensite cracking (Dyr) and martensite-ferrite
decohesion (Dyi—F) (2, 32, 36, 86, 88-100). F and M indicate ferrite and martensite, respectively.
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Figure 12

Engineering stress-strain curves of DP steel specimens with (red) and without (black) hydrogen charging,
showing the effect of hydrogen on reducing ductility. Adapted from Reference 101 with permission.

3.4. Hydrogen Embrittlement of Dual-Phase Steels

Hydrogen embrittlement (HE) significantly deteriorates DP steel ductility, as Figure 12 shows
(101). Similar to the case for other high-strength steels, HE susceptibility of DP steels depends very
strongly on the underlying microstructure, on the resulting strength, and on the hydrogen content
(101, 102). Similar to damage mechanisms without the presence of hydrogen, HE susceptibility of
DP steels can be associated with ferrite grain size (103), with martensite fraction (103), and with
the internal structure of the martensite [e.g., the tempering condition (102) and carbon content
(103)]. A comprehensive understanding of the HE micromechanics clearly cannot be achieved
through an investigation of macromechanical analysis alone.

From the viewpoint of the microstructural factors, Davies (103) reported that HE susceptibility
of DP steels increases with increasing martensite content, substantially increasing when the Vy
exceeds 10 vol% and becoming constant above 30 vol%. According to Davies, the Iy dependence
originates from damage propagation behavior associated with martensite cracking. Critical hy-
drogen content for the occurrence of HE is another important criterion with which to evaluate
HE susceptibility. Toji et al. (104) reported that the hydrogen-related delayed fracture of DP
steels can be assessed quantitatively in terms of diffusible hydrogen content, equivalent strain, and
stress. The amount and distribution of hydrogen depend on stress state and plastic strain. Thus,
the critical diffusible hydrogen content for hydrogen-induced delayed fracture should always be
coupled with applied stress and strain, particularly given the inhomogeneous damage and strain
distributions in DP steels.

Tounderstand the underlying HE mechanism, Koyama etal. (101) carried out a detailed analy-
sis for DP steel with and without hydrogen. Figure 134 shows average damage area plotted against
local plastic strain with and without hydrogen charging. The damage evolution stages are classified
into three regimes: incubation, nucleation, and growth. The incubation regime is completed
when a damage incident is initiated at, e.g., a prior austenite grain boundary (see Figure 135).

In the damage nucleation regime, the crack size is maintained due to crack arrest in ferrite, and a
new damage incident nucleates in martensite (Figure 13¢). Upon further deformation, the damage
incidents start to grow (i.e., the damage growth regime) across ferrite and ferrite-martensite
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Figure 13

(@) Average damage area plotted against local plastic strain with (red) and without (black) hydrogen charging.
The total elongations of the specimens with and without hydrogen were 6% and 12%, respectively.

(b—d) Schematic illustrations of the damage evolution process corresponding to (») the end of the damage
incubation regime, (¢) the damage nucleation regime, and () the damage growth regime. F and M indicate
ferrite and martensite, respectively. The thick red lines indicate newly formed or propagated damage since
the previous stage. Adapted from Reference 101 with permission.

interfaces until void coalescence and macroscopic failure (Figure 13d). Figure 134 shows that
hydrogen reduces the resistance against crack initiation in martensite-related microstructure and
deteriorates the crack arrest property in ferrite (due to the enhanced localized plasticity in the
ferrite). These two characteristics promote the coalescence and propagation of damage, causing
the distinct reduction in elongation shown in Figure 12.

3.5. Microstructure Dependence of Mechanical Properties

The UTS and elongation-to-failure values of all DP steels considered in this article are plotted in
Figure 14 (1,4,37, 61,98, 99, 105-114). The underlying complexity of DP steel microstructures
makes direct comparisons across the different experimental studies difficult. Nevertheless, relying
on comparisons of various publications, one can identify several trends. An increase in V' or Cy
increases strength but reduces ductility, whereas grain refinement simultaneously increases both
V' and Cyp. Although only limited data are available, refinement of the martensite (when all other
factors are kept constant) also seems to benefit ductility.

One of the few studies to provide detailed discussion of these trends is the experimental-
numerical approach of Pierman et al. (116), who systematically investigated the three most critical
microscopic parameters, namely V', Cyi, and the microstructure morphology. They observed that
a larger V' increased both the yield and tensile strengths (due to the composite effect, with little
contribution from ferrite strain hardening). Also, a higher Cy; increased the strain hardening and
tensile strength but did not affect the initial yield point. Ductility increased with Vy (for fixed Cyy)
and with Cy (for fixed Vy). Furthermore, equiaxed microstructures resulted in higher strength
and lower ductility compared with specimens with finely dispersed elongated particles.
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Figure 14

The UTS-ETF combinations of all DP steels reviewed in this article: Ahm00, Reference 106; Spe79, Reference 1; Mar82, Reference
105; Ber10, Reference 108; Par05, Reference 111; Nakl2, Reference 110; Dav78a, Reference 109; Ram79, Reference 4; Sze82,
Reference 114; Calll, Reference 61; Azil 1, Reference 107; Sar96, Reference 99; Kim81, Reference 98; Jia95, Reference 37; Shi06,
Reference 112; Zhal4a, Reference 113. Several trends due to microstructure effects are plotted on the diagrams to the right, where
different arrows correspond to different individual studies. Abbreviations: Cy1, martensite carbon content; Syi+r, martensite and ferrite
grain size; Sy, martensite grain size; Vg, martensite volume fraction.

3.6. Novel Strategies for Dual-Phase Steel Property Enhancement

Some novel strategies have the potential to push the mechanical behavior of DP steel beyond the
limits shown in Figure 14. They can be classified into three groups: (#) constitution modification,
(b) phase morphology optimization, and (¢) microstructure refinement. Here we briefly mention
the former two and discuss the last in more detail.

The introduction of alternative phases, such as retained austenite or bainite, would obviously
change the behavior of DP steels (Figure 9), although it is debatable whether steels with multiple
new phases [e.g., the Quadplex steel with 1.3% carbon (115)] fall into the category of DP steels.
In a recent study on the influence of a relatively minor change in the constitution, Maresca
etal. (117, 118) showed that martensite plasticity can be strongly influenced by retained interlath
austenite films as thin as a few tens of nanometers, even when the films are discontinuous. A careful
measurement of the retained austenite film content in the martensite islands requires dedicated
TEM analyses and is thus often not carried out. However, this study demonstrated the positive
influence of austenite films, indicating a pathway for future DP steel variants with increased
martensite toughness. The strength of this design strategy had been previously demonstrated for
different steels (17, 119).

By optimizing ferrite and martensite morphology, stress state—optimized microstructures can
be tailored. T'wo examples are based on accumulative roll bonding (113), although multilayered
DP steel microstructures can also be produced by traditional thermomechanical processing routes.
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Other examples in this direction are the formation of a bimodal ferrite grain size distribution (120)
and DP steel microstructures with martensite islands of graded hardness (121).

Among the various strengthening mechanisms, grain refinement is unique in that it can simul-
taneously improve the toughness. Thus, its potential for DP steels is well studied (37, 122-126).
Earlier studies discussed the nature of the Hall-Petch relationship in DP steels. For example,
Chang & Preban (122) reported that the yield ratio increases with decreasing grain size. Jiang
etal. (37) carried out a detailed analysis of the Hall-Petch correspondence and observed its slope
to be larger for tensile strength than for yield strength. Through the use of an Ashby-type strain-
hardening model, the more pronounced strengthening effect of grain refinement at low strains is
attributed to the rapidly increasing density of GNDs. When the grain size is reduced, the ferrite-
martensite boundary area fraction is increased, thus increasing the contribution of GNDs to the
stress increment. At higher strains, in contrast, martensite starts to deform plastically, and the
main strengthening contribution stems from statistically stored dislocations (SSD), whose density
is independent of grain size.

Ultrafine-grained (UFG) refinement of DP steels has been investigated in the last decade and
has shown promising results, as observed in Figure 15 (8, 27, 61, 127-129). UFG DP steels
with a Sy of approximately 1 pm have been produced via a two-step route consisting of (#) a
deformation treatment to produce UFG ferrite and finely dispersed cementite or pearlite and
() a short IA in the ferrite-austenite two-phase field followed by quenching to transform all
austenite into martensite. Grain refinement in step # was achieved by equal-channel angular
pressing (111, 123), cold rolling (110, 124), accumulative roll bonding (130), and cold swaging
(125). Mukherjee et al. (126) proposed a single-pass processing route based on deformation-
induced ferrite transformation. More recently, UFG DP steels were successfully produced by
thermomechanical processing involving the consecutive steps of hot deformation, large-strain
warm deformation, warm annealing, and IA (8, 27, 61, 127-129). Azizi-Alizamini et al. (107)
produced UFG DP steels by rapid IA of fine ferrite-carbide aggregates.

Grain refinement of DP steels down to the UFG regime leads to increases in both yield strength
and tensile strength, following a Hall-Petch-type linear relationship, whereas uniform elongation
and total elongation are hardly affected (61, 123). Toughness is improved by grain refinement, as
evidenced by a lower ductile-to-brittle transition temperature and an increase in both upper and
lower shelf energies (129). The increase in the initial strain-hardening rate due to grain refinement
is attributed to early dislocation interactions, to the high number of dislocation sources, and to
the back stresses exerted by martensite particles and very small ferrite grains (Sp<1pm).

The plastic constraints in fine-grained and UFG ferrite force martensite to plastically deform
at lower strains during tensile loading, whereas strain localization and subgrain formation are
impeded. The increase in strength at improved ductility due to grain refinement (Figure 15) is
attributed to the combined effect of strengthened ferrite and enhanced martensite toughness. In
situ experiments and CP simulations have confirmed that the martensite toughening arises from
spherical martensite islands free of stress-intensified, crack-prone regions (84).

4. MECHANICAL BEHAVIOR OF DUAL-PHASE STEELS:
COMPUTATIONAL MODELING

This section presents theoretical and numerical approaches to describe the mechanical behav-
ior of DP steels at different length scales. Analytical concepts and numerical tools to predict the
mechanical behavior of two-phase materials were applied to the specific case of DP steel as early
as 1974 (131). The number of published works has increased steadily since, accelerating during
the last 5 years. On the engineering side, the high interest in simulating DP micromechanics and
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Figure 15

(@) Ferrite grain refinement from a conventional grain (CG) size (Sp ~ 12.4 pum) to fine grained (FG) (Sp ~
2.4 um) to ultrafine grained (UFG) (Sp ~ 1.2 um) in a Fe-0.17C-1.49Mn-0.22Si-0.033A1 DP steel (Vv =
30%). (b) Improvements in the properties as a result of grain refinement. Adapted from Reference 61 with
permission.

macroscale flow response is fueled by the requirement to adequately predict the material’s behavior
when exposed to sheet forming and crash loading. On the micromechanical side, the interest de-
rives from the substantial challenges with modeling high-mechanical-contrast composite materials
(e.g., elastoplastic codeformation of phases, mechanics of interfaces, size effects, and damage).

Supplementing and scrutinizing experimental results with complementary simulations provide
crucial information not readily available from experiments (e.g., local stress fields at interfaces,
early-stage damage initiation, and dislocation densities). Such an approach also enables systematic
feasibility studies on model systems with respect to phase properties, Vy, phase percolation,
interface property design, or texture.

One way to classify the approaches to examining the influence of microstructure on mechanical
properties of DP steels is to assess the aim and the scale of the simulation. As illustrated in
Figure 16, the works reviewed here fall into three categories (132, 133). First, predictions
of the performance of structural parts and critical manufacturing steps are conducted using
averaged material properties. Such component-scale simulations are reviewed in Section 4.1,
focusing mainly on sheet metal-forming operations. Second, early reports on modeling DP steel
mechanics targeted the prediction of the material’s global response, typically stress-strain curves
and strain-hardening characteristics, as a function of the underlying microstructural features and
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Classification of the three modeling regimes discussed in text. (#) Macromodeling at the component scale.
On the basis of averaged yield surface and damage models, different sheet-forming regimes can be more
(yellow) or less ( green) prone to failure, as summarized in a forming limit diagram. (b)) Micro-macromodeling
aims at predicting flow curves and strain-hardening characteristics by using representative volume element
methods. (c) Texture- and microstructure-informed full-field micromodeling to investigate micromechanics.
This schematic shows the stress distribution between martensite and ferrite.

inherited textures. Section 4.2 reviews these efforts to bridge the microscopic and the macroscopic
scales. Third, simulations addressing the local mechanical response of DP steels are presented
in Section 4.3. At this scale, the physical and microscopic origin for the behavior of DP steels
is examined. Whereas phase contrast is usually considered (Section 4.3.1), second-order effects,
such as orientation, interface properties, and in-phase/in-grain gradients, are examined only in
more recent works (Section 4.3.2).

4.1. Macromodeling

Component-scale simulations of DP steel (e.g., forming simulations) usually omit the crystalline
nature of ferrite and martensite to decrease computation time while aiming to predict certain
metal-forming and crash-relevant properties such as strain hardening and forming limits. A suitable
description of the average material response is typically based on the concept of a yield surface.
The simple von Mises isotropic yield surface is applicable only for weakly textured materials. A
study by Huh etal. (134) on the effect of strain rate on yielding anisotropy compared three different
yield descriptions. Wang et al. (135) compared the capabilities of different yielding models (the
fourfold anisotropic Hill-48 and the more complex Barlat-89 and Banabic-2005 yield surfaces) in
describing certain averaged directional properties of DP steels.

To compare simulated predictions with experiments, Lim et al. (136) assumed isotropic
yielding and a Hollomon hardening law to simulate the elastic springback of DP steels subjected
to sheet metal-forming operations. Tarigopula et al. (137) also used an isotropic yield surface,
but with Voce hardening to complement low-, medium-, and high-strain-rate tests. Qin et al.
(138) presented similar work on high strain rates, using a Johnson-Cook flow model to describe
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strain hardening. Banu et al. (139) successfully applied the quadratic Hill-48 formulation, in
combination with a Swift law for isotropic and kinematic hardening, to rail stamping. The same
yield description was used by Chen & Kog¢ (140) to simulate springback and by Firat (141) to
predict necking on the basis of diffuse (Swift) or localized (Hill) criteria. Tarigopula et al. (142)
presented an approach of fitting parameters for yield surface approximation and constitutive laws
to measured data. The constitutive model includes isotropic and kinematic hardening. Galantucci
& Tricarico (143) presented a thermomechanically coupled rolling simulation in which the use
of a plain material model allows to take thermal effects into account.

4.1.1. Modeling damage, failure, and fracture. Prediction of forming limits is important when
complex sheet-forming operations are optimized with respect to the yielding and stretching ca-
pacity of DP steel. Here we review models in which damage evolution was explicitly implemented
into the forming simulations.

Gruben et al. (144) used a Voce-type hardening law fitted to experimental data and included
damage-induced softening to examine crack propagation under different loading conditions pre-
dicted by various fracture criteria. Similarly, Tarigopula et al. (145) studied fracture in a shear test
and compared the findings with experimental results obtained by DIC at a resolution above the
grain size. Instead of using a shear test, Kim et al. (146) reported how a displacement-controlled
draw-bending test was developed, carried out, and simulated using a constitutive law that accounts
for thermomechanical effects, which are claimed to be important for the prediction of shear failure.
However, fracture was not explicitly modeled in this approach.

These three studies used an isotropic hardening model, in contrast to the investigation of shear
fracture conducted by Luo & Wierzbicki (147), in which the Hill-48 orthotropic yield surface was
applied to simulate a coupled stretch-bending operation on DP steel. A modified phenomenolog-
ical Mohr-Coulomb ductile fracture criterion was adopted to analyze the failure behavior. Lian
et al. (148) presented damage modeling of a Nakajima test. Hu et al. (149) presented an experi-
mental study of cyclic loading of DP (and TRIP) steels and a model derived to predict failure.

4.1.2. Multiscale and representative volume element models. Multiscale simulations aim to
directly communicate information obtained at the microstructural scale to large-scale simulation
while avoiding the main drawback of direct microstructural descriptions at a large scale, namely
long computation times. Several approaches have been successfully implemented in multiscale
modeling of DP steels. The relaxed grain cluster scheme is a finite-strain variant of the widely
used grain interaction model (150). Roters et al. (151) reported an application of this model to cup
drawing of DP steels. Although the application of multiscale finite element (FE?) methods to DP
steels gained momentum in recent years, the additional step of generating simpler representative
volume elements (RVEs) is often intricate. Schréder et al. (152) presented corresponding work on
RVE generation and simulations. A weak coupling in the spirit of FE? methods is also possible. In
this approach, the loading for the small-scale model is determined from the results obtained from
arespective large-scale simulation. For example, the boundary conditions for an RVE model were
determined from a hole expansion simulation by Uthaisangsuk et al. (153) to investigate stretch
flangeability, which is an important parameter for evaluating certain complex sheet metal-forming
operations. Prawoto et al. (154) used the same concept, also incorporating damage modeling, for
the simulation of impact loading.

4.2. Micro-Macro Transition

The high mechanical contrast between the soft ferritic and the hard martensitic phases is the
reason for the gap between the upper and lower bounds of simple analytical isostrain and isostress
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assumptions used for DP steel properties (155). Therefore, more sophisticated models are required
to predict the global behavior of DP steels. The homogenization approach introduced by Mileiko
(156) for fiber-reinforced composites has been adapted to DP steels by Davies (5) and Korzekwa
etal. (157). Mori & Tanaka (158) developed a widely used Eshelby-type composite model.

As outlined in the early reviews on DP steels of Karlsson & Sundstréom (131) and Tomota &
Tamura (159), these generic building block-type approaches are usually derived from somewhat
unrealistic assumptions regarding the nonlinear phase and interface constitutive response and thus
typically fail to reproduce the underlying microscale mechanisms in metallic composite materials
loaded into the plastic regime. Hence, improved models for DP metals have been developed (160,
161), yielding better results, as shown by Bhadeshia & Edmonds (162) and Szewczyk & Gurland
(114). On the basis of theoretical considerations and fitting to experimental data, a variety of
expressions were developed to deal with the influence of grain size and Vy; (122), retained austenite
(163), and certain features of the strain-hardening behavior of DP steels (164, 165).

With growing understanding of DP micromechanics, the complexity of models for the predic-
tion of the global response has also increased. For example, Bouaziz et al. (166) and Delincé et al.
(125) presented simulation studies capable of predicting larger sets of DP flow curves for various
phase fractions and carbon contents. Yoshida et al. (167), Tsuchida et al. (168), and Pierman et al.
(116) recently published similar works.

4.2.1. Real microstructures. Even though Karlsson & Sundstrém (131) and Tomota & Tamura
(159) showed that finite element analysis could be used to examine local micromechanical phenom-
ena, the determination of global properties was the main aim in their studies. In these early works,
the constitutive models remained simple. For example, an isotropic response was assumed for both
elastic and plastic regimes. More recent formulations, such as dislocation density—based constitu-
tive models (169), introduced internal variables, placing their focus on computing the macroscopic
response resulting from different types of microstructures. Marvi-Mashhadi et al. (170) used a
Voce-type hardening law with starting microstructures obtained from SEM images to simulate
flow curves dependent on martensite content. Dong etal. (171) and Ramazani etal. (172) published
similar works, investigating both local mechanical fields and the resulting global response.

A major drawback of using real microstructures for the determination of global properties is
the limited size of the material probed. A comparison of the early work of Karlsson & Sundstrém
(131) with recent results by Ramazani et al. (172) shows the drastic improvement in microstruc-
ture domain size and resolution. However, these simulations are still done in 2D to decrease
computation time and, more importantly, because 3D data of real DP microstructures are hard to
obtain (8, 173). These reasons promoted the use of idealized instead of real microstructures for the
determination of global mechanical properties. Real microstructures, in conjunction with refined
constitutive models, were reserved for micromechanical studies (see Section 4.3) (Figure 17).
We anticipate that similar approaches will continue to gain momentum and help elucidate load
concentrations and damage mechanisms in DP steels.

4.2.2. Idealized microstructures. To avoid the computational expense of using real microstruc-
tures to simulate average mechanical response, statistical models capturing key geometrical fea-
tures in idealized (RVE) microstructures have been used in simulations. These simulations include
investigations of phenomena such as the influence of individual phase properties on the average
material response. This approach is effective as long as the local phase morphology does not play
a substantial role in strain localization.

Liedl etal. (174) provided an early example of how idealized models can answer a specific ques-
tion. These researchers investigated the micromechanical reasons for the dependency of work
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Correlation between computational costs and microstructural authenticity of the models: Progress in
computational approaches enables more and more microstructural features to be taken into account,
although doing so often leads to an increase in computational costs. F denotes ferrite, and M denotes
martensite. The panel at the bottom left is adapted with permission from Reference 174, and the second
panel from the left is adapted with permission from Reference 153.

hardening on martensite content with the help of a small-cell array using periodic boundary con-
ditions. Asgari et al. (175) used a similar framework, although one based on a 2D microstructure.
In these works, the results were compared with those obtained on real microstructures. Using
a similar, plastically isotropic (J;) material model, Al-Abbasi & Nemes (155) extended the use
of simple geometries with the stacked hexagonal array model of Tvergaard (176). This model
allows for the exploitation of symmetries to reduce computation time. The arrangement of hard,
spherical/cube-shaped inclusions was further investigated in References 177 and 178. Uthaisang-
suk et al. (153) used a more realistic, irregular, and simplified phase morphology with variable
volume fractions of martensite. A direct application of the obtained average deformation param-
eters for modeling on the component scale is given in References 178 and 179. To account for
the gradient in GND density, Kadkhodapour et al. (180) enhanced a simple inclusion model by
introducing layers having different material properties in the ferrite surrounding the martensite
island to study the effect of phase transformation—induced strain hardening.

4.3. Micromechanical Modeling

The aim of micromechanical simulations is to obtain a better understanding of the deformation
mechanisms at the (sub)grain scale. Here, we discuss only simulations dealing with real microstruc-
tures as determined usually by SEM. Geometrically dominated building block—type models, in
which the material model is kept simple (for example, stress and strain partitioning as a result of the
contrast between martensite and ferrite only), are discussed first, followed by mechanism-oriented
studies that build on more complex material models. In contrast to RVE modeling, micromechan-
ical full-field simulations capture the extremes and patterns in the respective field quantities at the
subgrain level rather than focusing on the average material response.
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4.3.1. Geometry-dominated model. The phase contrast between ferrite and martensite is the
most relevant feature in DP steel microstructures. Therefore, understanding effects associated
with the complex shape of the martensite observed in real structures, including how it deter-
mines the interaction with the ferritic matrix, is of great importance. Sun et al. (181) investi-
gated failure events in microstructures obtained from SEM images by using an isotropic yield
description. Strain hardening was phenomenologically described by a Ludwik equation. Dam-
age was modeled by introducing voids, and Sun et al. concluded that the ductility of ferrite and
the existence of microvoids do not significantly affect the ductility of the DP steel. Similar work
was done by Ramazani et al. (172), who investigated the influence of parameters such as Py
and Sy. Sodjit & Uthaisangsuk (182) considered the GNDs at the phase boundaries, as pre-
viously suggested by Kadkhodapour et al. (183). In a further development, Paul (179) used an
isotropic, dislocation density—based formulation. Because no damage model was included, failure
was predicted on the basis of a maximum plastic strain criterion. In the last four works discussed
(172, 179, 181, 182), a direct connection to experimentally obtained local fields was not given,
and only the average response obtained from experiments was compared with the computed
results.

4.3.2. Mechanism-oriented models. Full-field micromechanical simulations are performed
with the aim of an in-depth understanding of DP microstructures. Hence, their fidelity improves
as more of the underlying physical mechanisms are incorporated. Textures, morphologies, con-
stitutive strain-hardening details, damage models, void formation, and through-process inherited
microstructures are examples of effects that matter at this scale. This subsection presents modeling
studies of DP behavior at the grain level. In contrast to Section 4.3.1, consideration is given to the
phase contrast between martensite and ferrite. The additional constitutive effects are incorporated
either by using CP formulations to correctly model the anisotropic crystalline deformation modes
or by adding models for damage.

Choi et al. (184) revealed that incorporation of crystallographic orientations into DP steel
micromechanics is important, even though the mechanical contrast between ferrite and marten-
site clearly plays a more dominant role in strain partitioning. In a similar work, also coupling
simulations to experiments, Woo et al. (185) focused on simple geometrical features to investigate
the importance of ferrite crystallographic orientation. CP simulations to predict fracture were
presented in References 92 and 180. The microstructure was analyzed and failure mechanisms
experimentally derived as a function of strain. Void nucleation, growth, and coalescence were
characterized. On the basis of the experimental observations and simulation results, a model
describing the failure mechanism was thus proposed for DP steel. In these investigations,
comparison to experiments was conducted only with respect to the global stress-strain response.
Damage was found to originate essentially from the martensite. Chen et al. (186) described one
of the most sophisticated approaches. Using micropillar tests, these researchers calibrated CP
models for martensite and ferrite, taking non-Schmid effects on flow into account for ferrite
and modeling the martensite as a hierarchical microstructure. The fitting parameters were then
applied to realistic microstructures that were computer generated. The advantage of this approach
is that 3D microstructures were probed and corresponding stress distributions on interfaces were
predicted. The strain partitioning was hence used to explain the global stress-strain behavior.
Significantly, the constitutive modeling of martensite in DP steels remains challenging because
bulk martensite does not have the same carbon content and hierarchical microstructure as do
the martensite islands in DP steels. The works by Ghassemi-Armaki et al. (85, 187) are related
to the work of Chen et al. (186) but place more focus on modeling the constitutive response of
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the martensite phase. Tasan et al. (75) directly compared strain data obtained by uDIC, enabling
close coupling between simulation and experiments, as is shown in Figure 18.

Katani et al. (188) used a Gurson-Tvergaard-Needleman damage model in the ferrite and
also considered the ferrite-martensite interfaces to show that the stress localization caused by the
martensite provides the source for failure initiation. In contrast, Ramazani et al. (189) investigated
the cracking in martensite by finite element modeling and found that the damage evolves in a
spatially resolved manner. These results can be directly used for future alloy and process design
strategies, as banded microstructures perform worse than their equiaxed counterparts. Similar
work by Vajragupta et al. (190) included ductile damage in ferrite. In the work of Kim et al. (191),
a microstructure patch is directly derived from a real microstructure and loaded according to
the load path determined in an isotropic hole expansion simulation (see Section 4.2.1). A ductile
failure criterion was used to predict failure at the microscale as well as the global failure evident
in the stress-strain curve.

4.4. Challenges in the Simulation of the Mechanical Properties of DP Steels

The predictive capability of DP steel simulations has improved significantly in recent years, en-
abled by more accurate constitutive models, higher-fidelity morphology incorporation, and thor-
ough coupling to experiments. Two remaining challenges to the quality of the models are the
determination of individual phase and interface properties and the acquisition of realistic 3D
microstructures.

Many experimental and theoretical efforts have been made, and analytical fitting methods have
been used [e.g., by Tjahjanto et al. (192)] to obtain the mechanical properties of the two phases.
Because it is hard to produce bulk single-phase ferrite and martensite specimens that resemble
the constitutive state of the phases found in real DP microstructures, a common approach is
to conduct selective small-scale testing directly on representative portions of the microstructure
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under investigation. Tasan et al. (75) presented an approach based on nanoindentation. This
approach is, however, limited to the determination of the ferrite properties. Chen et al. (186)
presented modeling of micropillar compression tests by using a sophisticated CP model [more
details on the experiments can be found in Ghassemi-Armaki (85)]. This approach is also appli-
cable to martensitic pillars; however, because of the fine scale in martensite, the approach does
not enable one to probe the behavior of a single-crystal orientation as is the case for ferrite in
Reference 75.

Regarding the incorporation of realistic topological features, increasingly complex microstruc-
tures are being used for simulations, which in the future should be not only computationally
generated but obtained from experiments. In this context, 3D EBSD and XRD microtomography
are viable options. All the studies that are presented here and that rely on real microstructures use
a surface-scanning technique to obtain experimental input data. However, as shown by Ramazani
et al. (193), the response of a real 3D structure may differ from the response of 2D slices. Tasan
et al. (75) discussed reasons for this difference. For building the simulations on representative
microstructures, obtaining full 3D experimental data sets is therefore necessary. This is not
only experimentally challenging but will also drastically increase the computational costs when
structures large enough to correctly represent all features of a DP microstructure are used.
The computer-aided generation of realistic RVEs, combining both geometric and metallurgical
principles to simulate microstructures (194), is an important task to overcome experimental chal-
lenges. Related is the question of postprocessing experimental data to improve convergence and to

omit artifacts in simulation results. Such improvements include methods for boundary smoothing
(195).

5. CONCLUSIONS

Above we review the current status of research on microstructure-oriented processing in DP steels
and the current understanding of the micromechanical processes involved during DP steel de-
formation. DP steels can be substantially affected by microstructure; chemical segregation; and
process-dependent through-thickness gradients and inheritance effects of phase distribution, tex-
ture, and grain size. The relationship between microstructure and the mechanical performance
of these materials is governed by several trends, such as the effects of Iy and Cy (both in-
crease strength but reduce ductility) and the effects of decreasing ferrite grain size and increasing
martensite dispersion (both lead to higher ductility and higher strength). Microstructural damage
processes play a key role in these trends, and recent full-field simulations suggest that heterophase
decohesion, martensite fracture, and sharp strain accumulation in percolating ferrite structures
are relevant in this context.

In this regard, there are a number of research opportunities to better understand and ultimately
improve DP steels. These possibilities include improving HE, chemical segregation effects, stress
corrosion cracking, effects of welding and accumulative damage inherited from complex sheet-
forming operations, and performance under dynamic loading. Improvement of the micromechan-
ical behavior of DP steels and the introduction of novel microstructure design concepts require
further insight into their microstructure and deformation substructures. New experimental and
numerical techniques for characterizing and digitizing microstructures are briefly reviewed, un-
derscoring the outstanding challenges and opportunities to improve the fidelity of methods used
for capturing 3D microstructures. In situ and multiprobe experimental approaches and integrated
experimental-simulation approaches are expected to remain important in unraveling the complex-
ity of the interplay between the different phases in DP steels.
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APPENDIX: ACRONYMS USED FOR EBSD AND TEXTURE ANALYSIS

Acronym Definition
EBSD IQ Image quality: quality of an EBSD Kikuchi diffraction pattern
KAM Kernel average misorientation: average misorientation between a point and all its

neighbor points within a certain radius (here 400 nm) and excluding neighboring
EBSD points with misorientations exceeding some tolerance value (here 3°)

GS Grain orientation spread: average deviation between the orientation of each point
in the grain and the average orientation for the grain

CI Confidence index: unambiguity for indexing a diffraction pattern

FIT Fit parameter: angular deviation between recalculated and detected Kikuchi bands

IPE/RD, IPF/ND Inverse pole figure (IPF): position of the rolling direction (RD) and normal
direction (ND) relative to the crystal reference frame

Orientation fiber Description

-Fiber (110) | RD; @1 = 0°,¢ = 0-90°, ¢y = 45°; {001}(110), {112}(110), {111}(110)

v-Fiber {111} || ND; 1 = 0-90°, ¢ = 55°, 2 = 45°; {111}(110), {111}(121)

e-Fiber (110) || TD; @1 = 90°, ¢ = 0-90°, 97 = 45° {001}(10), {4 4 11}(11 11 8),
(112}(111), {111}(112), {11 11 8}(4 4 11), {110}(001)

n-Fiber (100) || RD; 91 = 0°, ¢ = 0-90°, 9, = 0°; {001}(100), {011}(100)

0-Fiber {001} || ND; ¢; = 0-90°, ¢ = 0°, 2 = 0° {001}(100), {001}(110)

C-Fiber {110} || ND; g1 = 0-90°, ¢ = 45°, ¢, = 0°; {011}(100), {011}(211),
fo11}(111), {011}(011)

B-Skeleton line {111} close to ND; {111}(110), {557}(583), {111}(121)
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