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The  steels  with  excellent  strength  and  ductility  are  expected  to  be  achieved  by  tailoring  the  microstruc-
tural  features.  In  this  work,  laminate  dual-phase  (DP)  steels  with  high  martensite  content  (laminate  HMDP
steels)  were  produced  by a  combination  of  warm  rolling  and  intercritical  annealing.  Influence  of rolling
strain  and  annealing  temperature  on  the  microstructural  evolution  and  mechanical  properties  of  lami-
nate  HMDP  steels  were  systematically  studied.  The  strength  of HMDP  steels  was  significantly  improved
to  ∼1.6  GPa associated  with  a high  uniform  elongation  of 7%,  as  long  as  the  laminate  structure  is  main-
tained.  The  strengthening  and  ductilizing  mechanisms  of  laminate  HMDP  steels  are  discussed  based  on
Warm rolling
Laminate structure
Bauschinger effect
HDI stress

the influence  of  laminate  structure  and the  high  martensite  content,  which  promote  the  development
of  internal  stresses  and  can  be correlated  to  the  Bauschinger  effect  as  measured  by the  cyclic  loading-
unloading-reloading  experiments.  Detailed  transmission  electron  microscopy  (TEM)  observation  was
applied to characterize  the dislocation  structure  in  the  deformed  ferrite.

© 2021  Published  by Elsevier  Ltd on behalf  of The  editorial  office  of Journal  of  Materials  Science  &
Technology.
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1. Introduction

Ferrite-martensite dual-phase steels have been widely used
in various applications due to the advantages of low cost, easy
to process and reasonable mechanical performance [1,2]. But the
improvement of mechanical properties of DP steels is continu-
ously pursued in order to fulfill the increasingly stringent design
requirements. Numerous strategies are developed to achieve a
good combination of strength and ductility of DP steels, includ-
ing sophisticated alloy design and thermomechanical processing
routes, which turns out to be engineering the heterogeneities at
various scales [3–6].

Structural refinement is an efficient method to strengthen

the metallic materials [7]. In recent decades, novel techniques
of severe plastic deformation (SPD) are developed to refine the
grain size of metallic materials to ultra-fine and even nano scale
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8–10]. Ultra-fine grained/nanocrystalline (UFG/NS) materials usu-
lly show extraordinarily high strength, at the expense of ductility
wing to the limited strain hardening capacity [11,12]. For example,
he nanostructured plain low-carbon steel with a high strength of
.2 GPa was  produced by using dynamic plastic deformation while

t presents no useful ductility [13]. The concept of heterostruc-
ured materials (HSMs) is proposed to enhance the strain hardening
apacity of the UFG/NS materials [14,15]. These materials have

 dramatic difference in strength between different zones, while
he sizes of the zones could be in the range of micrometers to

illimeters. Due to the significant strength mismatch between dif-
erent zones in HSMs, inhomogeneous deformation occurs in the
ocal areas as well as the elasto-plastic incompatibility. During the
eformation of heterogeneous structural materials, a set of inter-
al stresses are developed by the stress partitioning to the stronger
ones and/or by the generation of GNDs in the softer zones adjacent
o the interface, resulting in an enhanced strain hardening [16,17].

ecently, it is found that exploring the heterogeneity to the limit
f a strong matrix surrounding the soft region, which involves a
aminate morphology, presents a superior combination of strength
nd ductility [14].
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The engineering of DP steels could be inspired by the above-
mentioned HSMs approach. The mechanical property of martensite
phase is analogous to nanocrystalline zones in HSMs, in terms of
the high strength and limited ductility while the ferrite shows low
strength and high ductility, which is almost same to the properties
of coarse-grained zones in HSMs [18,19]. Therefore, steels com-
posed of dominant martensite matrix and minor ferrite phase could
be expected to present excellent strength and ductility, which is
called HMDP steels, in contrast with the conventional DP steels
with 20−30 vol % martensite phase [20–22]. However, the effi-
ciency of HMDP is yet to be examined as well as the strengthening
and ductilizing mechanisms.

This study is dedicated to producing the laminate HMDP
microstructures and to investigating the deformation behavior
in details. Warm rolling and subsequent controlled intercritical
annealing were carried out to produce the laminate HMDP steels.
The microstructure generation and mechanical properties of the
laminate HMDP steels were systematically investigated. In addi-
tion, according to the cyclic load-unload-reload (LUR) tensile tests
and the detailed TEM observations of dislocation substructures, the
in-depth physical mechanisms of strengthening and ductilization
of laminate HMDP steels were discussed.

2. Materials and methods

The chemical composition of the studied low-carbon steel was
Fe-0.2C-1.37Si-1.94 Mn  in weight percent, which was  determined
by a vacuum emission spectroscopy. Hot-rolled plates with thick-
ness of 3.8 mm were used as the starting material. As shown in
Fig. 1(a), the as-received microstructure was composed of layers
of ferrite and pearlite, which have average thicknesses of 4.1 �m
and 2.9 �m,  respectively. As illustrated in Fig. 1(b), the as-received
steel plates were warm rolled at 600 ◦C to a total reduction of
40 % and 60 %, respectively. The rolled plates were then inter-
critically annealed (at 780, 800 and 840 ◦C) for 2 min  and water
quenched to room temperature. Warm rolling was applied due to
its advantages in processing. Firstly, the initial ferrite + pearlite
microstructure gets hardened rapidly by the rolling deformation,
but warm rolling involves a lower rolling resistance than cold
rolling [23]. Secondly, the warm rolling process can accelerate the
cementite spheroidization, which provides more nucleation sites
for the austenite formation during intercritically annealing to form
fine-grained DP steel [24,25]. The rolling temperature of 600 ◦C
was thus set to facilitate the abovementioned advantages, while
minimizing the recrystallization of ferrite during processing.

Dog-bone-shaped tensile specimens with a gauge length of 10
mm and a width of 2.5 mm were cut from the plates with the longi-
tudinal axes parallel to the rolling direction. The tensile specimens
were polished to a mirror finish before tensile test. Quasi-static uni-
axial tensile tests were performed in a LTM-20KN testing machine
with a strain rate of 3 × 10−3 s-1 at room temperature. The cyclic
LUR tensile tests were performed to measure the Bauschinger effect
following the procedure in previous studies [17,26]. During the LUR
tensile tests, the specimens were tensioned to an assigned strain,
unloaded to 50 N, and then reloaded.

The cross-section samples were grinded and polished and
etched with the 5% Nital solution. The microstructures were
observed by a scanning electron microscopy (SEM, FEI Quanta 250
F). The volume fraction of martensite was measured using the
Image J software, following the procedure in Ref. [27]. TEM obser-
vations were performed on a FEI TECNAI 20 electron microscopy

operated at 200 kV. The TEM specimens were cut parallel to the
normal plane and grinded to a thickness of ∼60 �m.  Perforation by
twin-jet polishing machine was carried out using a solution of 20
% perchloric acid and 80 % methanol at −35 ◦C.
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. Results and discussion

.1. Microstructures

As shown in Fig. 2, warm rolling results in a laminate morphol-
gy. The average thicknesses of the ferrite layers are reduced to
.2 and 1.7 �m with rolling reductions of 40 % and 60 %, respec-
ively. Spheroidized cementite particles with size less than 80 nm
re uniformly distributed in the prior pearlite zones, as shown in
ig. 2(a-2) and (b-2). A larger warm rolling reduction results in

 higher degree of spheroidization. This observation is consistent
ith the reported accelerated spheroidization in warm deformed
earlitic steels [28,29]. In addition, the cementite particles are
lso found along the ferrite grain boundaries. The intergranular
ementite particles are suggested as obstacles to impede ferrite
ecrystallization and grain growth during deformation and heat
reatment at high temperatures [30].

Fig. 3(a-1)-(a-3) shows that the volume fraction of martensite
ncreases with increasing annealing temperature in the 40 % warm
olled samples. The laminate structures are generally maintained
fter intercritical annealing due to the short annealing time, espe-
ially in the samples annealed at 780 ◦C and 800 ◦C. Most of the
artensite zones are at the locations of prior pearlite, with only

imited martensite islands inside the ferritic grains. The sample
nnealed at 840 ◦C has the highest volume fraction of marten-
ite and the minor ferrite is fully isolated by the surrounding
artensitic matrix. Fig. 3(b-1)-(b-3) shows the microstructure of

he intercritically annealed samples involving a rolling reduction
f 60 %. The thickness of laminate ferrite is smaller than that of
0 % rolling reduction. However, the laminate structure is almost
estroyed in the sample annealed at 840 ◦C and the microstructure

s more closed to a martensitic structure, as shown in Fig. 3(b-3).
The volume fraction of martensite is significantly affected by

oth the annealing temperature and rolling reduction. Fig. 4 shows
hat when the annealing temperature is increased from 780 ◦C to
00 ◦C and 840 ◦C, the volume fraction of martensite of the 40 %
arm-rolled sample is increased from 50 % to 57 % and 70 %, respec-

ively. However, the martensite fraction is increased from 60 % to
7 % and 88 % in the 60 % warm-rolled samples annealed at 780 ◦C,
00 ◦C and 840 ◦C, respectively. With higher rolling reduction, the
imultaneous ferrite grain refinement and accelerated cementite
pheroidization result in a larger number of carbide particles at the
errite grain boundaries, which are the preferred austenite nucle-
tion sites, and the kinetics of austenite formation is thus enhanced
24,31]. Notice that the difference in martensite content for the
P steels annealed at the same temperature should be diminished
hen the annealing time is sufficiently long as to reach thermody-
amic equilibrium. But previous short soaking time of 2 min is not
nough for the process of austenitization to be completed in the
tudied steels [32,33].

Fig. 5 schematically illustrates the microstructure evolution of
arm-rolled DP steel during intercritical annealing. The warm-

olled DP steel has a laminate structure of ferrite and pearlite,
ut the cementite has been spheroidized. A larger rolling reduc-
ion results in a higher degree of spheroidization, introducing more
pheroidized carbides locating at ferrite grain boundaries. During
ntercritical annealing, the carbides tend to dissolve and trigger
ustenite formation. But numerous investigations have shown that
nly the carbide particles at the ferrite grain boundaries provide the
ost potent austenite nucleation sites, due to the interface triple

unction and the fast diffusion along grain boundaries [34–36].
herefore, with higher degree of warm rolling, the ferrite grains are

ner with a higher fraction of spheroidized carbides, thus providing
ore austenite nucleation sites to promote austenite formation.
TEM observations were carried out to investigate the 40 % warm-

olled laminate HMDP microstructures after annealing at different
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Fig. 1. (a) SEM image of as-received DP steel and (b) schematic diagram of the processing routes.

Fig. 2. SEM images of the low carbon steels rolled at 600 ◦C: (a-1, a-2) with 40 % thickness reduction; (b-1, b-2) with 60 % of thickness reduction.
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Fig. 3. SEM images of intercritical annealed DP steels: (a-1, a-2, a-3) the 40 % warm-rolled samples annealed at 780 ◦C, 800 ◦C and 840 ◦C, respectively; (b-1, b-2, b-3) the 60
%  warm-rolled samples annealed at 780 ◦C, 800 ◦C and 840 ◦C, respectively.
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Fig. 4. Volume fraction of martensite of the warm-ro

temperatures. Fig. 6(a) shows that the small martensite islands in
size of ∼200 nm are distributing along the ferrite grain boundaries.
High density of dislocations are concentrated in the ferrite adja-
cent to the ferrite/martensite interface, probably due to the local
deformation to accommodate the martensitic transformation [37].
The dislocations at the interface region are tangled, while those in
the grain interior are more isolated and straight. As the annealing
temperature increased to 800 ◦C, significant growth of martensite
is observed surrounding the ferrite grains, as shown in Fig. 6(b). As
a result, the grain size of ferrite reduces to ∼3 �m,  which achieves
grain refinement by a thermal processing method without plastic
deformation. The benefits of phase transformation in grain refine-

ment has also been explored in a recent study, in which Tsuji et al.
proposed a novel thermomechanical processing to produce UFGs
in low-carbon steel without SPD [38]. Fig. 6(c) shows that the grain
size of ferrite is refined to ∼1 �m after annealing at 840 ◦C. The
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R) steels after annealing at different temperatures.

ltra-fine ferrite grains are embedded in the martensite domains,
hich is the proposed heterostructure to enhance the strength and
uctility of materials [15].

.2. Mechanical properties and strengthening mechanism

Fig. 7(a) and (b) shows the tensile stress-strain curves of the lam-
nate HMDP steels. The strength and elongation are listed in Table 1.
s the annealing temperature is increased from 780 ◦C to 800 ◦C
nd 840 ◦C, the yield strength (YS) of 40 % warm-rolled sample is
ncreased from 677 MPa  to 776 MPa  and 1109 MPa, and the ulti-

ate tensile strength (UTS) is increased from 1183 MPa to 1342

Pa  and 1559 MPa, respectively. While in the 60 % warm-rolled

amples, the YS of 60 % warm-rolled sample is increased from 831
Pa  to 1017 MPa  and 1349 MPa, and the UTS is increased form 1361
Pa  to 1485 MPa  and 1648 MPa, respectively. Higher martensite
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Fig. 5. Schematic illustration of microstructural evolution of intercritically annealing: (a) WR40 %; (b) WR60 %.

Fig. 6. TEM images of the 40 % warm-rolled DP steels a

Table 1
Tensile properties of the warm rolled DP steels annealed at 780 ◦C, 800 ◦C and 840
◦C.

Thickness
reduction

Temperature
(◦C)

YS
(MPa)

UTS
(MPa)

UE
(%)

40 %
780 677 1183 8.6
800 776 1342 8.0
840 1109 1559 7.1
780 831 1361 8.4
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the DP steels with higher martensite content generally present a
60  % 800 1017 1485 6.9
840 1349 1648 4.6

fraction increases both the YS and UTS of DP steels, but also leads
to a reduction of uniform elongation (Fig. 7(c)) [39–41]. The reduc-
tion of UE in 60 % warm-rolled samples (from 8.4 % to 4.6 %) is
much larger than that of 40 % warm rolled samples (from 8.6 %–7.1
%), as listed in Table 1. The 40 % warm-rolled samples derive their
high ductility from their high strain-hardening rate (�=d�/de;  �:
stress, e: strain), as shown in Fig. 7(d). The 40 % warm-rolled sam-
ples have higher strain hardening rate than the 60 % warm-rolled
samples during tensile test. Compared with the samples annealed
at 780 ◦C and 840 ◦C, especially in the 60 % warm-rolled samples,
the � shows a steep drop at first. However, as the tensile strain
is increased to 4 %, the slope of strain hardening curves of sample
annealed at 780 ◦C shows significant decrease, which retards the

onset of necking to a larger strain of 8.4 %.

The outstanding strain hardening of DP steels is usually
attributed to its composite nature. The heterogeneities of the DP

l
i
F

33
nnealed at (a) 780 ◦C, (b) 800 ◦C and (c) 840 ◦C.

teels could result either in the non-uniform deformation, the asso-
iated strain gradient enhancing the generation of GNDs, or in the
tress partitioning among domains of different mechanical strength
uring deformation. These mechanisms involve the development
f internal stresses at different scales, which contribute to the
train hardening. This contribution is recently termed as hetero-
eformation-induced (HDI) stress in Ref. [17] and can be evaluated
y the Bauschinger-type cyclic LUR tensile tests, as shown in the
ysteresis in Fig. 8(a). The HDI stress is calculated by the following
quations [17,26]:

HDI = �flow − �eff (1)

eff = �flow − �u

2
+ �*

2
(2)

here �flow is the flow stress, �eff is the effective stress, �u is the
everse yield stress and �∗ is the thermal part of the flow stress
elated to viscous flow at the initiation of unloading, as schemati-
ally shown in Fig. 8(b).

As shown in Fig. 8(c), HDI stress is increased with the applied
train, and the magnitude of HDI stress is increased with the
artensite content. Fig. 8(d) presents the hysteresis loops obtained

rom the LUR tensile tests, following the procedure in Ref. [42],
hich is an alternative method of evaluating the magnitude of
auschinger effect. The area of the loops increases with strain and
arger hysteresis, indicating a stronger Bauschinger effect, which
s consistent with the assessment by the HDI stress as shown in
ig. 8(c). However, for the 60 % warm-rolled sample annealed at
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Fig. 7. Effect of rolling strain and annealing temperature on the mechanical beha
reduction and (b) 60 % rolling reduction. (c) Evolution of YS, UTS and UE at different

840 ◦C, the Bauschinger effect is reduced to the lowest level, which
is related to the deformation highly dominated by the martensite
phase and the microstructure should be considered essentially as
martensitic.

The good combination of strength and ductility, as well as the
remarkable Bauschinger effect is attributed to the microstructural
features of the laminate HMDP steel. First, enhanced strength level
of the laminate HMDP steels is related to the higher volume fraction
of martensite and the associated mechanical constraint to ferrite.
This phenomenon has been explored by the finite element mod-
eling works [43,44] that the local stress in ferrite is higher in a
DP microstructure with larger amount of martensite. This con-
straint effect is contributied to the high strength achieved in the
studied microstructures, which is also anticipated in the proposed
heterostructured materials concept [14,15].

Second, larger volume fraction of martensite results in a lower
local carbon content, which improves the formability and the strain
carrying capacity of the martensite phase. The meso-scale strain
distribution should be more uniform when the martensite volume
fraction is further increased. The situation is approaching to the sit-
uation of iso-strain condition. Therefore, the load transfer efficiency
is higher, promoting the development of internal stresses distribu-
tion between the strong martensite and soft ferrite, which has been
clearly revealed by the experimental and numerical investigations
in [1,45]. The sufficient ductility of martensite is a pre-requisite,
which is allowed for by the lower carbon content partitioned to
the prior austenite region during intercritical annealing, prevent-
ing premature failure due to the early fracture of martensite phase

[46,47]. In that sense, the essential heterogeneity in this case is
not about the non-uniformity of strain as in the conventional DP
steels, but is referred to the mechanical heterogeneity between
constituent phases, which results in the elasto-plastic incompat-

s
s
e
D

34
f DP steels. Engineering stress-strain curves of the samples with (a) 40 % rolling
aling temperatures and (d) strain hardening rate curves from tensile tests.

bility during deformation. Therefore, the higher magnitude of HDI
tress with increasing martensite volume fraction is due to the
tress partitioning, by which the ferrite is under higher compres-
ion stress and gets yielded earlier during unloading. The resulting
DI stress increases the overall flow stress through a kinematic
ardening contribution, which enhances strength and propones the
nset of necking.

.3. Dislocation substructure evolution during tensile testing

In conventional DP steels, the non-uniform deformation results
n the plastic strain primarily concentrated in ferrite, and the asso-
iated strain gradient enhances the generation of GNDs [48,49].
ut as mentioned above, the laminate DP steels with increasing
artensite volume fraction is imposing a more uniform meso-

cale deformation, which must impact the formation of dislocation
ubstructures. Representative TEM observations on the 60 % warm-
olled sample annealed at 780 ◦C and the 40 % warm-rolled sample
nnealed 840 ◦C (termed as 60 %–780 DP and 40 %–840 DP), which
ere interrupted at a tensile strain of 6%, were conducted to exam-

ne the development of the dislocation substructures in ferrite of
he laminate HMDP steels. These two  microstructures involve the

artensite volume fractions of 60 % and 70 %, respectively. Fig. 9(a-
) shows the dislocation substructure in the ferrite zone adjacent
o martensite in the 60 %–780 DP steel after pre-tension. Gener-
lly speaking, the dislocations are uniformly distributing within the
errite phase, including the grain interior and the region close to
he interfaces. Dislocation tangles and dislocation walls are clearly

hown in Fig. 9(a-2). This is different with the as-quenched state as
hown in Fig. 6, in which a layer of GNDs at the interface are gen-
rated due to the martensitic transformation. As to the 40 %–840
P steel with a higher martensite volume fraction, a high den-
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Fig. 8. LUR tensile tests: (a) the load-unload-reload curves of dual phase steels. (b)
HDI  stress with applied strain. (d) Load-unload curves (hysteresis loops) and the h
strain  for comparison.

sity of dislocations is accumulated throughout the ferrite grain
that is imbedded in the martensite, with a rather uniform distri-
bution, as shown in Fig. 9(b-1) and (b-2). Although the present
bright-field TEM micrographs cannot examine the nature of dis-
locations, SSDs or GNDs, a uniform distribution of dislocations
within the ferrite phase is consistently revealed. According to Refs.
[50,51], the GNDs can be considered as additional contribution to
forest hardening as similar as SSDs, and the observed dislocation
substructures suggest a rather homogeneous glide resistance of
dislocations within ferrite. This is also consistent with the interpre-
tation of the deformation mechanism of the laminate HMDP steels,
in which the meso-scale deformation is more uniform with a high
martensite volume fraction and the development of meso-scale
internal stresses is the major contribution to the strengthening and
ductilization.

4. Conclusions

Low-carbon laminate HMDP steels were prepared via warm
rolling at 600 ◦C, followed by intercritical annealing and quench-
ing. Warm rolling was applied due to its advantages in processing,
including the lower rolling resistance and accelerated cementite

spheroidization that provides more austenite nucleation sites and
enhances the kinetics of austenite formation. Influence of rolling
strain and annealing temperature on microstructural evolution and
mechanical properties were systematically studied. The in-depth

35
atic of hysteresis loops for characterizing the Bauschinger effect. (c) Evolution of
sis areas of HMDP steels varying with true strain. The loops have been shifted in

echanism of strengthening and ductilization of the laminate
MDP steels were discussed. The key findings are summarized as

ollows:

1) Laminate ferrite + pearlite low-carbon steels were produced by
warm rolling at 600 ◦C. With rolling reduction of 40 % and 60 %,
the laminate thickness was  effectively refined to average sizes
of ∼3.2 �m and ∼1.7 �m,  respectively.

2) The laminate HMDP steels with volume fraction of marten-
site above 50 % were produced by intercritical annealing of the
warm rolled samples. The laminate structures are maintained
after intercritical annealing due to the short annealing time,
especially in the samples annealed at 780 ◦C and 800 ◦C. The
volume fraction of martensite was  significantly affected by both
the annealing temperature and rolling reduction. With higher
degree of warm rolling, the ferrite grains are more refined and
the carbide spheroidization is more significant, thus generating
more austenite nucleation sites to enhance austenite forma-
tion, which results in higher martensite content in the 60 %
warm-rolled samples at the same annealing temperature.

3) Higher martensite fraction enhances both the YS and UTS of

DP steels. In contrast, the UE was  decreased with increasing
martensite content. The 40 % warm-rolled sample annealed at
840 ◦C presents an impressive mechanical property with UTS
of 1559 MPa  and UE of 7.1 % among the laminate HMDP steels.
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[

Fig. 9. TEM micrographs of 60 %-780 DP and 40 %-840 DP after tensile strain of 6%:
(a-1);  (b-1) dislocations in ferrite of 40 %-840 DP; (b-2) enlarged image of the select

(4) The excellent strength-ductility synergy is contributed to its
proposed laminate heterostructure feature, in which minor
laminate ferrite grains are embedded in the hard martensite
matrix. With higher martensite content, higher magnitude of
Bauschinger effect and HDI stress were found in the laminate
HMDP steels. It is mainly resulted from the development of
meso-scale internal stresses distribution which is induced by
the mechanical heterogeneity between ferrite and martensite.
The enhanced strain hardening retarded the onset of necking
in laminate HMDP steels.
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