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a b s t r a c t

The strain hardening behavior of nanostructured dual-phase steel fabricated by equal channel angu-
lar pressing together with subsequent intercritical annealing treatment was investigated. In contrast to
conventional nanostructured steels that have negligible strain hardening capability in tension, the nanos-
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tructured dual-phase steel exhibited excellent strain hardenability due to the nanoscale grains of each
constituent phase and their uniform distribution of them as well. The strain hardening behavior of such
microstructure was explained by using modified Crussard–Jaoul analysis based on the Swift equation.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, much attention has been paid to the develop-
ent of metallic materials having nanostructured grains (below
�m), due to their superior mechanical properties, such as high

trength, ductility, and even superplasticity at high strain rates
1–3]. Several techniques have been applied in conjunction with
evere plastic deformation where the main deformation mode was
he simple shear and, thereby, severe grain refinement could be
eadily attained through the continuous dynamic recrystalliza-
ion [4,5]. Among these techniques, equal channel angular (ECA)
ressing was regarded highly beneficial for tailoring a variety of
anostructured materials, depending on the deformation condi-
ions, such as the number of pressings and fabrication routes.
n steels, although samples with nanoscale grains exhibited their
ltrahigh strength, at more than twice that of their coarse-grained
ounterparts, the inherent mechanical shortcoming of a lack of
train hardening capability, was unavoidable when they were
eformed in tension. An earlier work attributed this unusual
henomenon to the dynamic recovery attained during tensile
eformation and the size of the nanoscale grains being compa-

able to the mean free path of dislocations [6–8]. This limited
train hardening capability restricted the practical application of
anostructured materials. Thus, research attention has focused on
vercoming this drawback by inducing nano-sized precipitates [9]
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and a bimodal grain size distribution [10] in the microstructure, but
further investigation is required.

In the present study, a plain low-carbon steel was deformed
by ECA pressing, and then was heat treated in the intercritical
region (� + �) in order to fabricate a nanostructured dual-phase
steel (DPS) having ferrite and martensite phases. DPS offer excel-
lent formability at a similar strength to that of other high strength
low-alloy steels. As it also has a low yield ratio and rapid strain
hardening rate at the onset of plastic deformation, it was expected
to overcome the typical shortcomings of nanostructured materials
such as reduced strain hardenability and ductility [1,8]. Recently,
Son et al. [11] fabricated the nanostructured DPS from the tradi-
tional, low-carbon steel consisting of ferrite and pearlite phases.
Unfortunately, our repeated experiments suggested that their
resultant microstructures were not uniform since the grain size
of the ferrite phase (∼30 �m) remained larger than the diffu-
sion distance of carbon atoms during deformation. Accordingly, a
martensitic structure was processed by ECA pressing and subse-
quently underwent intercritical annealing treatment followed by
water quenching to control the uniform distribution of each con-
stituent phase. The tensile properties were examined. Additionally,
modified Crussard–Jaoul (C–J) analysis based on the Swift equa-
tion was conducted to explain the strain hardening behavior of the
nanostructured DPS.
2. Experimental

The programmed material was a low-carbon steel plate with a chemical compo-
sition of 0.15%C–0.25%Si–1.1%Mn–Fe (in wt%). The thermo-mechanical treatment is
shown in Fig. 1. First, the sample was austenitized at 1473 K for 1 h and then water-
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Fig. 1. Thermo-mechanical treatment to obtain the nanostructured DPS.

uenched, resulting in a fully martensitic structure with an average lath width of
200 nm as shown in Fig. 2. After the sample was machined into a cylindrical spec-

men of 130 mm in length and 18 mm in diameter, four passes of ECA pressing (an
ffective strain of ∼4) were carried out at 773 K with a route C method where the
orkpieces were consecutively rotated 180◦ along their longitudinal axis between

ach passage. The route C method is known to be effective in obtaining nearly
quiaxed nanostructured grains, as an even number of passes ensures that the
hear strain in the opposite direction is worked on by the same shear plane [12].
he deformed samples were heat treated at 1013 K for 10 min and water-quenched
o fabricate a nanostructured DPS with a homogenous distribution of ferrite and

artensite phases. For comparison, coarse-grained DPS was also prepared by the
ame intercritical annealing treatment.

The size and volume fraction of the ferrite and martensite phases were measured
y scanning electron microscope (SEM, JEOL-6330F). The magnified structures were
bserved by transmission electron microscope (TEM, JEOL-2010). For TEM observa-
ion, thin foils were prepared by a twin-jet polishing technique using a mixture of
0% perchloric acid and 80% methanol at 233 K. The room-temperature tension tests
ere performed at a strain rate of 1.33 × 10−3 s−1 on dog-bone specimens (gage

ength: 25.4 mm, and gage diameter: 6.25 mm) machined along the ECA pressing
irection.

. Results and discussion

.1. Microstructural evolution
Fig. 3 displays the microstructural change of the steel sam-
le prior to and following the intercritical annealing treatment
fter four-pass ECA pressing. Before the annealing treatment in the

ig. 2. Fully martensitic structure for ECA pressing and intercritical annealing treat-
ent.
Fig. 3. (a) OM image and (b) TEM image of samples after deforming four-pass ECA
pressing.

two-phase regime (Fig. 3a), the martensite packets were macro-
scopically deformed and bent throughout the microstructure. The
deformed structure in Fig. 3b exhibited contain an ill-defined con-
trast and a high dislocation density in the vicinity of the (sub)grain
boundaries, which was typical of several nanostructured materi-
als that had undergone severe plastic deformation [1,2,10–14]. In
addition, most of the grains were considerably refined to ∼350 nm
in diameter. After the intercritical annealing treatment, marten-
site phase grains appeared in an isolated blocky type. The equiaxed
ferrite and blocky martensite phases with a grain size of ∼1 �m
were uniformly distributed and the volume fraction of the marten-
site phase was estimated to be ∼35% (Fig. 4a). Like conventional
DPS, a number of glissile dislocations, which were generated by
transformation from austenite to martensite phases during cool-
ing, were detected in the ferrite grains close to the martensite
grains (Fig. 4b) [15]. This suggested that the nanostructured DPS
here would exhibit moderate strain hardening behavior, in contrast
to the previously reported nanostructured materials. As compared
to the coarse-grained DPS (Fig. 1d in Ref. [13]), the nanostruc-
tured DPS exhibited significant differences in the morphological

characteristics of the martensite such as the distribution, size, and
shape. More importantly, carbon dissolution from the initial fully
martensite phase would be easier during ECA pressing due to the
strain-induced mechanical decomposition [16]. This phenomenon
resulted in uniformly distributed austenite nucleation sites, and
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ig. 4. (a) SEM image and (b) TEM image of the nanostructured DPS. F and M stand
or the ferrite and martensite phases, respectively.

nhibited the active grain growth of fine retained-ferrite dur-
ng intercritical annealing at 733 K, thereby affording the present
anostructured DPS with a uniform distribution of each constituent
hase.

.2. Strain hardening behavior

The engineering and true stress–strain curves of the two dif-
erent DPSs are shown in Fig. 5. The true stress–strain curves
ere plotted up to the uniform elongation determined by Con-

idère’s criterion for necking [17]. Two interesting findings were
rawn. The apparent shape of the stress–strain curve in the nanos-
ructured DPS was somewhat similar to that of its coarse-grained
ounterpart in that continuous yielding and rapid strain harden-
ng occurred in the initial stage of plastic deformation. Hence, the
wo steels demonstrated the same yield ratio (∼0.6), suggesting
hat the effect of grain size and volume fraction on the yield ratio
as not appreciable. Second, the strength of the nanostructured
PS was significantly greater than that of coarse-grained one. In
eneral, the strength of DPS is directly proportional to the volume

raction of the martensite phase [18], and dependent on the grain
ize of the ferrite phase according to the Hall–Petch relationship
19]. As a result, these two microstructural parameters induced the
igher strength of the nanostructured DPS compared to that of the
oarse-grained DPS.
Fig. 5. (a) Engineering stress–strain curves and (b) true stress–strain curves of the
nanostructured and coarse-grained DPSs.

As strain hardening capability is closely related to the ductility
in tension, many investigations have analyzed the strain harden-
ing by using various equations. The two empirical analyses based
on classical equations have been commonly used: the Hollomon
analysis based on the Hollomon equation [20] and the modified
C–J analysis based on the Swift equation [21]. Those are as follows:

nH = d(ln �)
d(ln ε)

Hollomon analysis (1)

ln
(

d�

dε

)
= (1 − nS)ln � − ln(kSnS) modified C–J analysis (2)

in which � and ε are the true stress and strain, respectively, and nH

and nS are the strain hardening exponents that could be calculated
by linear regression from the logarithmic plot of the iterated curves.

The two analyses were applied to the stress–strain data of the
two DPSs in order to describe the strain hardening behavior. How-
ever, the application of the Hollomon equation only provided a
monotonous relation, indicating that such analysis was unlikely to
elucidate the strain hardening behavior of the DPS due to the varia-
tion in all microstructural parameters such as the size, distribution,

and volume fraction of the ferrite and martensite phases. In con-
trast, the modified C–J analysis (Fig. 6) was sensitive to the phases
present in the microstructure and, thus, produced two values asso-
ciated with the two stages whose slope gave the value of (1 − nS).
Fig. 6 reveals three implications. First, as mentioned above, DPS
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ig. 6. A plot of ln(d�/dε)–ln � for the modified C–J analysis based on the Swift
quation. The slope indicates (1 − nS).

ormally exhibits two-stage hardening behavior after yielding has
ccurred. According to Jiang et al. [22], the ferrite phase is deformed
lastically while the martensite phase remains elastic in the initial
tage, whereas both phases are deformed plastically in the second
tage. Second, the nS value of the nanostructured DPS was higher
han that of the coarse-grained DPS in the first stage. The higher
S value of the nanostructured DPS in this stage was attributed
o the fact that the plastic deformation of ferrite in the nanos-
ructured DPS was more restrained by the martensite islands that
ad smaller interspacing compared to those of the coarse-grained
PS. However, the nS values became comparable in the following

tage. Plastic deformation was mainly governed by the martensite
hase, so that nearly the same values were found in the second
egion. Third, the transition strain between the first and second

tages was smaller in the nanostructured DPS (2.8%), than in the
oarse-grained DPS (3.7%), indicating that the plastic deformation
f martensite in the nanostructured DPS started earlier than that in
he coarse-grained DPS. The higher nS value of the nanostructured
PS in the first stage further reinforced this rationale.
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4. Conclusions

By using a fully martensitic structure as the starting microstruc-
ture, DPS with a uniform distribution of nanostructured grains of
ferrite and martensite phases was fabricated through ECA press-
ing followed by intercritical heat treatment and water quenching.
Unlike several nanostructured steels, the present DPS showed a
good combination of strength and ductility due to its excellent
strain hardenability.
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