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ABSTRACT

The nanostructure and resultant mechanical property were studied in an UNS S32304 duplex stain-
less steel subjected to equal channel angular pressing. The successive refinement of original grains was
observed to happen in dual phases, i.e., austenite and ferrite, during 4-pass pressing. Both phases exhibit
similar lamellar features of microstructures by the formation of dislocation boundaries and their mis-
orientation evolution with increasing strains. The deformation twinning and martensitic transformation
as well were observed to happen in austenite. The transversal spacing of elongated grains is 79 nm in
austenite and 130 nm in ferrite, respectively. After annealing at 973 K for 20 min, the elongated grains
tend to become equiaxed, and the average size of nanograins increases to 108 nm in austenite and 235 nm
in ferrite, respectively. The tensile tests show that the yield strength of the dual-phase nanostructure is
1460 MPa after 4-pass pressing, as compared to 403 MPa of its coarse-grained counterpart, but with uni-
form elongation of merely 2%. After annealing at 973 K, the uniform elongation increases to 7% with the
yield strength of 1100 MPa. In addition, different stages of strain hardening were observed in various

microstructures during tensile testing, and the corresponding plastic responses were discussed.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Strength and ductility are two key mechanical properties for
structural materials [1,2]. Nanostructured metallic materials pro-
duced by severe plastic deformation techniques usually have
high strength but relatively low tensile ductility, which is mainly
attributed to their low strain hardening ability [3-5]. Several strate-
gies based on microstructural designing have been developed
recently aiming at improvement of poor ductility of nanostructured
metals, including the introduction of a bimodal grain size distribu-
tion [6], the preexisting nanoscale growth twins [1], dispersions
of nano-precipitates [7,8], transformation- and twinning-induced
plasticity [9,10], and a mixture of two or multiple phases with vary-
ing size scales and properties [11].

The dual-phase nanostructures have attracted extensive inter-
est recently for their potential ability to enhance the mechanical
properties of nanostructured materials [11]. The different mechan-
ical properties between component phases would result in
additional interaction stresses and strains during deformation [12].
So the strain hardening ability of dual-phase nanostructure is
closely related to the different plastic responses of separate phases.
In the case of dual-phase steels, for example, consisting of marten-
site and ferrite both with a body center cubic (bcc) structure, the
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ultrafine-grained ferrite together with isolated martensite islands
could be generated by equal channel angular pressing (ECAP). The
ultrafine-grained microstructures have high strain hardening rate
during tensile deformation, due to the generations of mobile dislo-
cations of high density in ferrite [13-15].

There is another kind of dual-phase material named as duplex
stainless steel (DSS), consisting of bcc ferrite and face center cubic
(fcc) austenite. The austenite has the yield strength a little higher
than that of ferrite [16,17], mainly due to solid solution strength-
ening of nitrogen atom in austenite. The mechanical responses of
separate phase to applied strain are different from each other, as
evidenced by in situ neutron [18] and X-ray diffraction methods
[17]. Meanwhile, the distribution of plastic strains is heterogeneous
between two phases and the ferrite will accommodate greater plas-
tic strain than austenite during tensile testing [12,19]. Besides,
the strain hardening rate in austenite is observed to be greater
than that in ferrite during plastic deformation [20]. Accordingly,
the austenite possesses a high strength at first, and this differ-
ence in strength between austenite and ferrite would be enlarged
with increasing of the applied strain. Previous studies on DSS sub-
jected to rolling/swaging deformation exhibit that the deformation
twinning in austenite should lead to more rapid grain subdivision
than that in ferrite at the early stage of deformation, but further
deformation would result in the development of similar (sub)grain
sizes in both phases [20]. However, the influence of the resultant
microstructure on the mechanical behaviors of nanostructured DSS
has not been studied in sufficient details.
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In present paper, a dual-phase nanostructure was prepared
in the UNS S$32304 DSS by ECAP. The mechanical properties and
corresponding nanostructures were investigated. Special atten-
tions were paid to the microstructure evolution during ECAP and
the influence of resultant microstructure on the strain hardening
behavior during tensile deformation.

2. Experimental procedures

The DSS used in this investigation is UNS S32304, with chemi-
cal composition (wt.%) of 0.02C, 0.5Si, 1.2Mn, 23.5Cr, 4.0Ni, 0.4Mo,
0.13N, 0.024P, 0.002S, and balanced Fe. The initial billets of diam-
eter 10mm were annealed at 1373K for 2h, followed by oil
quenching in vacuum of about 10~ Pa.

The ECAP processing was conducted using a split die with two
channels intersecting at inner angle of 90° and outer angle of 30°,
yielding an effective strain about 1 by each pass. The samples using
for tensile tests were pressed for 4 passes (4P) at room temperature
by route B [21,22].

The deformed billets were then cut into dog-bone shape tensile
specimen by electrical discharging along extrusion direction on Y
planes. The Y plane is parallel to the side faces while X plane is
perpendicular to the extrusion direction [21,23,24].

The samples for tensile testing have a rectangular cross-section
of 2mm x 1 mm and a gauge length of 8 mm. All tensile tests were
carried out using an Instron 8871 test machine with uniaxial quasi-
static strain rate of 2 x 10~4s~1 at room temperature. At least three
times of tensile testing were conducted for each microstructure.

The phase constitutions of various microstructures were identi-
fied by X-ray diffraction (XRD) analysis on the Y planes using Rigaku
D/max 2400 X-ray diffractometer with Cu Ka radiation, and a step
size of 0.02°.

Two methods were used to measure the content of austenite.
One is to measure the area fraction based on the contrast in gray
scale of optical micrographs [25], while the other is to calculate
the intensity ratio based on X-ray diffraction (XRD). The factor F
is defined to indicate the variation of relative amount of austenite
[26],i.e.

I
F— fec(1 11) i (])
Itec(111) + Ihec(110)

where If.111) and Ipee(110) are the diffraction intensities of fcc
(111)and bee (110) peaks, respectively.

The microstructural evolution during the ECAP process was
investigated using Olympus PMG3 optical microscope (OM) and
Hitachi 800 transmission electron microscope (TEM). The chemical
etchant used for OM observation was a solution of 30 g K3Fe(CN)g,
10g KOH and 100 ml H,0. The etchant solution was first water
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bathed at 353 K, and then the sample was immersed into the solu-
tion for 3 min. Thin foils of about 0.5 mm thick for TEM observation
were first cut by electrical discharging on X and/or Y planes, and
then ground to the thickness of about 50 wm, and finally polished
by twin-jet polishing with a solution of 95% ethyl alcohol and 5%
perchloric acid (HCIO4) at 253 K.

3. Results
3.1. Mechanical property

Fig. 1(a) shows the tensile engineering stress-strain curves of
different microstructures. It is seen that the yield stress is 1460 MPa
after 4-pass pressing, about 3.6 times higher than 403 MPa of
the as-annealed microstructure. However, the uniform elongation
decreases significantly from 25.4% to 2%. After annealing at 973 K for
20 min, the uniform elongation and elongation to failure increase to
7% and 17.5%, respectively, though the yield stress and ultimate ten-
sile strength decrease to 1100 MPa and 1433 MPa. Fig. 1(b) displays
the tensile mechanical properties of current DSS in comparison
with several other metallic materials processed by severe plastic
deformation techniques, including ferritic [27,28], austenitic [29]
and dual phase (DP) steels [30-32]. It is visible that nanostructured
DSS has higher strength than DP steels at the same level of ductility.

In order to clarify the physical nature of plastic responses
of various microstructures during tensile deformation, modified
Crusard-Jaoul (C-J) model based on the Swift equation [33] was
selected to display different strain hardening stages. This model is
considered to be sensitive to different strain hardening stages espe-
cially for dual-phase microstructures [34]. The Swift stress—strain
relationship is expressed as

e=¢go+ka™, (2)

where ¢ and o are the true strain and true stress, respectively, m is
the strain hardening exponent, and €y and k are material constants.
The differentiation of the logarithmic form of Eq. (2) with respect
to € gives

In (dﬁ) —(1-m)Ino — In(km), 3)
de

Then, m values can be obtained from the slopes of the In (do/d¢) vs.

Ino curves.

Fig. 2 shows the In(do/de) vs. Ino curves of three kinds of
microstructures. Two transitions are visible for the as-annealed
microstructure, separating the whole tensile process into three
stages (left curve). The corresponding m values are 9.6, 9.8 and 3.5
for three hardening stages, with initial true strains of 0.2%, 0.4% and
1.5%, respectively. In contrast, only one hardening stage happens
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Fig. 1. Mechanical properties of UNS S32304 DSS. (a) Engineering stress—strain curves. The open circles and squares mark the 0.2% yield strength and uniform elongation,
respectively. (b) Elongation to failure vs. ultimate tensile strength for different steels subjected to severe plastic deformation.
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Fig. 2. Logarithmic strain hardening rate vs. the logarithmic true stress for various
microstructures. Different strain hardening stages are visible. The values of m and &
are also marked.

in deformed microstructure (right curve), but with a much high m
value of 22.5. After annealing, however, the transition appears again
(middle curve), with m values of 12.1 and 16.1, and corresponding
initial strains of 0.2% and 0.8%, respectively. It should be mentioned
that the transition usually implies the onset of new plastic response
with applied strain, leading to an increase in the strain hardening
ability [13]. In addition, the m values may reflect the strain hard-
ening ability qualitatively. The lower the m value is, the larger the
ability of strain hardening will be. Hence, after annealing, the ability
of strain hardening gets evident recovery.

3.2. Microstructure observation

The optical micrograph of as-annealed microstructure is shown
in Fig. 3. Both austenite (y) and ferrite () are clearly visible, with
bright and dark contrast, respectively.

The phase constitutions of different microstructures were iden-
tified by XRD measurement. Fig. 4(a) is the XRD patterns of four
kinds of microstructures. The as-annealed microstructure consists
of o and +y. No precipitate was detected after 1-pass (1P), 4-pass
pressing, and post-ECAP annealing as well. Fig. 4(b) gives the frac-
tions of austenite in four kinds of microstructures measured via
two methods, i.e., the area fraction and intensity ratio. The austen-
ite accounts for about 45% in as-annealed microstructure by both
OM and XRD measurement. During ECAP process, the fraction of
austenite declines gradually, and decreases by about 5% after 4-pass
pressing. After annealing, however, the fraction of austenite almost
rises to the initial level again. It indicates that phase transforma-
tion in austenite may happen during ECAP process and reversely
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Fig. 3. Optical micrograph of the as-annealed microstructure. The bright area is
austenite, while the dark one is ferrite.

transform to austenite during subsequent annealing. No &€ marten-
site was detected by XRD analysis in present study. It is consistent
with previous studies about DSS subjected to plastic deformation
and subsequent annealing, in which the y transformed directly to
o’ and reverse transformed to y when annealing at 773 K [35].

The microstructure after 1-pass pressing is shown in Fig. 5.
Fig. 5(a) is the bright-field TEM micrograph showing deformation
twins in austenite. The inset is the selected area electron diffrac-
tion (SAED) pattern of twins. The intersection of deformation twins
along two directions is visible. The deformation twins will induce
grain refinement via subdivision of twin boundaries into submicro-
sized blocks [36]. The dislocation tangles are also visible near twin
boundaries and inside the interiors. Fig. 5(b) exhibits the elongated
subgrains consisting of low-angle dislocation boundaries in ferrite.
The inset is the SAED pattern, indicating of low angle misorienta-
tions.

Fig. 6(a) exhibits the deformed microstructure after 4-pass
pressing viewed from Y plane. It is visible that the v is refined
greatly by comparison of a. Fig. 6(b) and (c) is TEM micrographs
with high magnification, showing the morphologies of the ferrite
and austenite, respectively. Both phases exhibit the lamellar fea-
tures, consisting of elongated grains and subgrains. Based on two
insets, it is seen that the misorientation angles increase as com-
pared with those in Fig. 5. Fig. 6(d) shows the static distribution
of lamellar spacing of both austenite and ferrite, with the average
sizes of 79 nm and 130 nm, respectively.

The deformation induced phase transformation was observed to
occur in vy after 4-pass pressing, as shown in Fig. 7. Fig. 7(a) shows
nearly equiaxed nanostructure after 4-pass pressing when viewed
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Fig. 4. (a) XRD patterns of various microstructures. (b) Corresponding area fractions and intensity ratios of austenite.
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500 nm

Fig. 5. TEM micrographs taken from Y plane after 1-pass pressing. (a) Bright-field TEM micrograph of austenite. The secondary twins are indicated by white arrows. The inset
is the corresponding SAED pattern of twins, with the zone axis [1 1 0]. (b) Bright-field TEM micrograph of ferrite. The inset is the corresponding SAED pattern, with the zone

axis [1 13].
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Fig. 6. (a) TEM bright-field micrographs taken from Y plane after 4-pass pressing. The phase boundary is indicated by a pair of white arrows. (b) and (c) High magnification
micrographs of ferrite and austenite, respectively. The insets are the corresponding SAED patterns. (d) The distribution of lamellar spacing of austenite and ferrite, respectively.

from X plane. This is typical of the microstructure for many metals
processed by ECAP for 4 passes when viewed from X plane [21].
Fig. 7(b) is the dark-field TEM micrograph, indicating the forma-
tion of o’ martensite within austenite. Fig. 7(c) is the corresponding
SAED pattern taken from the area covering austenite and o’ marten-
site. The diffraction rings indicate the crystal structure of austenite
and o martensite respectively, as marked in Fig. 7(c).

After annealing at 973 K for 20 min, the nanostructure is shown
in Fig. 8(a). Fig. 8(b) and (c) is bright-field TEM micrographs of
ferrite and austenite with high magnification. The grains in both
phases appear almost equiaxed, with visible grain boundary fringes
and low-density dislocations in their interiors. Fig. 8(d) is the distri-
bution of grain sizes for both austenite and ferrite, with the average
sizes of 108 nm and 235 nm, respectively. It indicates that both
phases have grain growth during annealing, but the grains in ferrite
tend to grow larger than that in austenite.

4. Discussion

Heterogeneous microstructure was observed after 4-pass press-
ing, with the average grain size of 79 nm in austenite and 130 nm in
ferrite, respectively, as shown in Fig. 6. The grain refinement mech-
anisms are different between austenite and ferrite during the ECAP
process. At the early stage of ECAP, the ferrite should be refined
by successive subdivision of dislocation walls due to the opera-
tion of multi-slip systems. Further deformation will increase the
portion of high-angle grain boundaries owing to rotation of sub-
grains, leading to the formation of nanostructure in ferrite [37-40].
However, the deformation mechanisms of austenite are associated
with dislocation slip and deformation twinning. The intersection
of deformation twins may result in rapid subdivision of coarse
grains into submicro-sized blocks, which could be further refined
by the formation of micro twins and dislocation boundaries inside
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Fig. 7. TEM micrographs taken from X plane after 4-pass pressing. (a) Bright-field micrograph of austenite. (b) Dark-field micrograph showing fine o’ martensite nanograins.

(c) The corresponding SAED pattern.

the interiors [36]. Fig. 5(a) shows the deformation twins along two
directions and high-density dislocations near twin boundaries and
inside the interiors, indicating that the austenite is refined simul-
taneously by twin-twin and twin-dislocation intersections [41].
Hence, the grain refinement mechanisms are different between
austenite and ferrite in DSS, leading to heterogeneous microstruc-
ture after 4-pass pressing.

Various stages of strain hardening are observed in three kinds
of microstructures, as shown in Fig. 2. The In (do/d¢) vs. In (o) curve
of as-annealed microstructure consists of three stages, indicating
various plastic responses during tensile testing. The first stage indi-
cates that the ferrite is deformed plastically while the austenite
only elastically. With increasing of strain, the onset of yielding in
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austenite lead to the presence of the second stage, similar to what
happened in conventional dual-phase steels [13-15]. The third
stage may arise as a result of deformation twinning in austenite,
the same as that in austenitic steels during tensile testing [42].
There is just one stage for deformed microstructure, which may
due to the formation of comparable strength between austenite and
ferrite. After annealing at 973 K for 20 min, however, a two-stage
feature appears again. The true strain at transition for post-ECAP
annealed microstructure (0.8%) is close to the first transitional
strain of as-annealed microstructure (0.4%). Hence, the appear-
ance of two-stage feature of post-ECAP annealed microstructure
is mainly attributed to the reintroduction of difference in yield
strength between austenite and ferrite, similar as prior two stages

1 Austenite

da=108nm
Count: 76

aav.=235 nm
Count: 102

200 300 500
(sub) grain size

Fig. 8. TEM micrographs taken from Y plane after annealing. (a) Bright-field micrograph of ferrite. Phase boundary is indicated by a pair of white arrows. (b) and (c) High
magnification micrographs of ferrite and austenite, respectively. (d) The distribution of (sub)grain sizes for austenite and ferrite, respectively.
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of as-annealed microstructure. Moreover, the second transition is
presented in as-annealed state but absent in post-ECAP annealed
condition, indicating that the deformation twinning is difficult to
operate in nanostructure during tensile testing. It is consistent with
the previous studies that deformation twinning is difficult in ultra-
fine grains under tensile deformation, in spite of prevalence in
coarse-grained counterpart [43].

The ability of strain hardening is qualitatively reflected by
m values. For as-annealed microstructure, m value in third
stage (my;=3.5) is observed to be less than that in prior
two stages (m;=9.6, my=9.8), indicating improvement of strain
hardening ability due to deformation twinning. The deformed
microstructure exhibits one much high m value, suggesting
much low ability of strain hardening during tension. Hence,
the uniform elongation is much low. After annealing, how-
ever, it is interesting to note evident decreasing in m values
and presence of two-stage feature of strain hardening. The rel-
atively low m values imply that the strain hardening ability
could be recovered by annealing, owing to the generations and
interactions of mobile dislocations, along with probable phase
interactions during tensile deformation. Meanwhile, the m value
of post-ECAP annealed microstructure in second stage is evidently
larger than that in first stage. It should be attributed to dynamic
recovery of dislocations during tensile deformation, leading to
decreasing of strain hardening ability [13,15].

5. Conclusions

A dual-phase nanostructure consisting of « and y was generated
by ECAP technique. The mechanical properties are investigated by
uniaxial tensile testing and the microstructures are characterized
by XRD, OM and TEM. Meanwhile, the strain hardening behaviors
of various microstructures during tensile testing were discussed in
detail. The main conclusions are summarized as follows.

1. Both austenite and ferrite exhibit similar lamellar features of
microstructures after 4-pass pressing, with average spacing of
79nm and 130nm, respectively. After annealing at 973K for
20 min, the grains tend to become equiaxed and grain growth
takes place in both phases. The average (sub)grain sizes in post-
ECAP annealed condition are 108 nm in austenite and 235 nm in
ferrite, respectively.

2. The yield strength of the dual-phase nanostructure is 1460 MPa
after 4-pass pressing, as compared to 403 MPa of its coarse-
grained counterpart, but with uniform elongation of merely 2%.
After annealing at 973 K, the uniform elongation increases to 7%
with the yield strength of 1100 MPa.

3. The various plastic responses and corresponding ability of
strain hardening were analyzed in detail. The as-annealed
microstructure indicates two transitions and three stages of
strain hardening, which is associated with two possible mech-
anisms, i.e., the onset of yielding and deformation twinning in
austenite, respectively. There is just one stage for deformed
microstructure, which may be resulted from the formation of
comparable strength between austenite and ferrite after 4-pass
pressing. After annealing, however, a two-stage feature appears

again, which may arise from the reintroduction of difference in
yield strength between austenite and ferrite.
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