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Abstract
Due to attractive strength, toughness, and corrosion resistance, duplex stainless steels
(DSS) are widely used in various applications. The current study performs a systematic investigation on the microstructure and orientation of austenite in DSS during superplastic deformation. Results show that austenite grains became uniform, equiaxed, coarse, and some were
elongated. The superplastic deformation could weaken textures in Gauss {011}<100>, Brass
{011}<211> and Copper {211}<111> orientations. Dynamic recovery followed by continuous
dynamic recrystallization occurred in austenite during superplastic deformation. Concentrated
strain in softer ferrite phase leads to a slightly lower dislocation density in austenite. This paper provides new insight into the deformation mechanism of the austenite matrix during hot
deformation in duplex stainless steels.
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1. Introduction
Due to their desirable combination of strength,
toughness, corrosion resistance, and aﬀordability, duplex stainless steels (DSS) are widely used in chemical
processing, nuclear reactors, and other industries [1–
3]. These properties are the result of the duplex microstructure composed of face-centered cubic (f.c.c.)
austenite (γ) and body-centered cubic (b.c.c.) ferrite
(δ) [4], which also lead to superplasticity of DSS [5].
Thus hot working is one of the most important forming methods of DSS, such as forging, blow-forming,
and diﬀusion bonding [6–8].
Previous studies show that the fraction of ferrite
will be decreased while the fraction of austenite will
be increased after hot working [7–11]. Thus austenite
becomes the matrix during hot deformation of DSS,
and it plays a decisive role in the hot deformation
process. It has been proved that the austenite-based
steel has higher tensile strength at room temperature
because of its deformation mechanism and continuous

strain hardening behavior. At the same time, it should
exhibit typical planar dislocation slip characteristics
during high-temperature deformation [12]. However,
the microstructure evolution during superplastic deformation of austenite in the DSS has not been studied
systematically.
Therefore, the current study aims to investigate
the eﬀect of superplastic deformation on microstructure and orientation of austenite. The clamping end of
the superplastic sample was also observed as a comparison. This provides new insight into the deformation mechanism during hot deformation in DSS, which
has both fundamental and applied signiﬁcance in the
light of the growing importance of DSS.

2. Experimental
The material used was a commercial 3207 duplex
stainless steel with a composition of 0.029 C, 0.15 Si,
1.03 Mn, 0.014 P, 31.05 Cr, 3.88 Mo, 6.64 Ni, 0.53 N
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Fig. 1. The microstructure of the solution-treated (a) and cold-rolled (b) 3207 duplex stainless steels.

(in wt.%) and remainder Fe. The initial material
was received as a hot-rolled slab with a 4 mm thickness. The hot-rolled steel was then solution treated
at 1250 ◦C and held isothermally for 30 min in an
SRJX-8-13A box type heater with the temperature
control accuracy of ± 5 ◦C, followed by water quenching. Then the slab was rolled to 2 mm with an 80 %
reduction in room temperature. Metallographic specimens of solution-treated and cold-rolled samples were
ground and polished according to standard procedures
and etched by aqua regia. The microstructure of the
samples was characterized using an Imager.M2m optical microscope (OM).
Tensile specimens with a thickness of 2 mm, a
gauge length of 10 mm, and a width of 6 mm were machined directly from the cold-rolled sample along the
rolling direction. The superplastic deformation was realized by a hot tensile test, which was carried out
on an SK10-70300 constant temperature tensile testing machine with a temperature control accuracy of
± 4 ◦C. The sample was held for 1 min at 950 ◦C before the superplastic tensile test to ensure a uniform
temperature distribution. The initial strain rate was
1.5 × 10−3 s−1 . Both the crosshead speed and temperature were kept constant during the test; then, the
sample was quenched in water immediately.
The electron backscatter diﬀraction (EBSD) technique was employed to characterize the microstructure
and texture evolution of the sample after the superplastic tensile test. EBSD samples were taken on both
gauge (marked as sample “after hot tensile testing”)
and grip (marked as sample “after heat treatment”)
of the 3207 duplex stainless steel after tensile testing.
They were electro-polished for 3–8 min with a solution
of chromium anhydride 120 g + orthophosphoric acid
(H3 PO4 ) 280 mL + sulphuric acid (H2 SO4 ) 220 mL +
deionized water (H2 O) 40 mL, at a voltage of 6–8 V
and a constant temperature of 80–95 ◦C. The EBSD
analyses were carried out with a JEOL JSM-7800F
ﬁeld emission scanning electron microscope (SEM) op-

erating at an acceleration voltage of 20 kV. Oxford Instruments Nordlys Nano EBSD system equipped with
Channel 5 software was used for analysis. Fractions
of recrystallized, substructured, and deformed grains
were distinguished by the EBSD system automatically
depending on the density of subgrain boundaries. The
subgrain boundary is deﬁned as the boundary with
misorientation less than 2◦ . The orientation distributing function (ODF) maps were produced by the EBSD
system to describe the orientation details. The orientation lines were drawn according to the ODF maps
to quantitatively analyze the aggregation process of
the austenite grain orientation.

3. Results and discussion
3.1. Characterization of experimental material
The microstructures of the 3207 duplex stainless
steels before the superplastic tensile test are shown
in Fig. 1. In the optical micrographs, austenite and
ferrite were distinguished by the contrast of gray
and dark, respectively [13]. The solution-treated microstructure consists of austenite and ferrite, and the
equiaxed ferrite is located in the austenite matrix
with equiaxed grains, as shown in Fig. 1a. The volume fractions of austenite and ferrite are about 58
and 42 %, respectively, measured by Imagetool software (average value of ﬁve images). After cold rolling,
both austenite and ferrite are elongated along the
rolling direction, and the microstructure is uniform,
as shown in Fig. 1b. The volume fractions of austenite and ferrite are about 59 and 41 %, respectively,
measured by Imagetool software (average value of
ﬁve images). The average grain size of austenite is
about 6 µm in the normal direction (vertical to the
rolling direction in Fig. 1b) of the cold-rolled 3207
duplex stainless steel measured by Imagetool software.
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Fig. 2. Phase maps of samples after hot tensile testing (a) and heat treatment (b). The ferrite represented as “red” with
“white” grain boundaries, while the austenite represented as “blue” with “black” grain boundaries.

Fig. 3. Grain morphology and size of austenite: (a) grain morphology after hot tensile testing; (b) grain morphology after
heat treatment; (c) related grain size distribution and (d) average grain size and a fraction of equiaxed grains.

3.2. Microstructure evolution
The phase maps of the samples after hot tensile

testing and heat treatment, respectively, are shown in
Fig. 2. It is clear that the equiaxed ferrite is located
in the austenite matrix. Fractions of ferrite are 10 and
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Fig. 4. Experimental complete ODF maps and φ2 = 45◦ sections of austenite in 3207 duplex stainless steels after hot
tensile testing (a) and heat treatment (b).

9 % measured by the EBSD technique in samples after
hot tensile testing and heat treatment, respectively.
However, ferrite is coarser and more concentrated in
the sample after hot tensile testing, compared to the
sample after heat treatment. Anyway, austenite has
become the major phase in the 3207 duplex stainless
steel after hot tensile testing or heat treatment, which
should be further investigated.
Grain morphology and size distribution of austen-

ite are shown in Fig. 3. The austenite after hot tensile
testing is distributed uniformly with equiaxed grains
(deﬁned as shape aspect ratio < 2, Fig. 3a), while the
austenite after heat treatment is composed of ﬁner
equiaxed grains generally (Fig. 3b). However, abnormal grain growth can be observed in the austenite
after heat treatment, resulting in some grains larger
than 10 µm, as shown in Fig. 3b.
The austenite grain size distributions are shown in
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Fig. 3c. According to the characterization of distributions, grains were deﬁned as ﬁne grains (FG) < 1 µm,
small grains (SG) for 1–3 µm, and coarse grains (CG)
> 3 µm, respectively. As shown in Fig. 3c, the proportion of FG decreased to 75 % after hot tensile testing
compared with 85 % after heat treatment measured by
the EBSD technique. Correspondingly, there is an obvious increase of CG from nearly 0 % after heat treatment to more than 1 % after hot tensile testing measured by the EBSD technique. It can be concluded
from the above analysis that the hot tensile process
is beneﬁcial in grain coarsening for the 3207 duplex
stainless steel. This process can eﬀectively improve the
softening eﬀect, which could prevent localized necking
and contribute to a longer elongation [14].
A quantitative description of the average austenite
grain sizes and the grain shape are shown in Fig. 3d.
The fraction of equiaxed austenite grains decreased
from 0.88 (after heat treatment) to 0.75 (after hot
tensile testing), indicating some grains were elongated
during the hot tensile process. The average austenite
grain size increased from 0.47 to 0.78 µm. However,
the grain size is ﬁne enough for grain boundary sliding
during superplastic deformation [15].
3.3. Texture changes
A complete way of representing texture requires
an orientation distribution function (ODF) analysis.
In an ODF analysis, all the possible orientations are
projected in a 3D Euler space deﬁned by three Euler’s
angles of φ, φ1 , and φ2 , following the Bunge notation
[16]. Serial 2D sections of the 3D cube containing values of φ, φ1 , and φ2 from 0◦ to 90◦ as well as the φ2 =
45◦ section, which include the most important texture
components found in f.c.c. metals [17], are shown in
Fig. 4. It can be seen clearly that the main texture
of austenite after hot tensile testing is weak Gauss
{011}<100> (G) texture, and its orientation density
value is only 2.96, as shown in Fig. 4a. While moderate {110}<3–22> texture can be observed in austenite after heat treatment (calculated by the Textool
software), with an orientation density value of 8.11
(Fig. 4b). The peak ODF value for austenite after hot
tensile treatment is too small; thus, the orientation
distribution could be regarded as random [18]. It can
be concluded that the hot tensile process could weaken
the texture intensity, resulting in weak deformation
texture in austenite. This result is also demonstrated
in previous studies for these materials [14, 19].
Related research demonstrates that the deformation textures of f.c.c. metals mainly aggregate along
α- and β-ﬁber orientation lines [17, 20]. Thus we can
quantitatively analyze the aggregation process of the
austenite grain orientation by α- and β-ﬁber orientation lines. Figure 5 shows the orientation lines analysis
of austenite textures after hot tensile testing and heat

Fig. 5. Orientation lines analysis of austenite textures: (a)
α-ﬁber, (b) β-ﬁber position.

treatment, respectively. It is clear that the austenite grain after heat treatment shows a strong peak
of orientation density in φ1 = 65◦ , which does not
belong to deformation textures; while the austenite
grains after hot tensile testing show weak textures
in Gauss {011}<100> (G) and Brass {011}<211>
(B) orientation, as shown in Fig. 5a. It can also be
found that the austenite grains after heat treatment
are slightly concentrated in the Copper {211}<111>
(C) and Brass {011}<211> (B) orientation, while the
austenite grain after hot tensile process concentrated
in Copper {211}<111> (C) orientation with a slightly
lower degree, as shown in Fig. 5b. Figure 5c shows
β-ﬁber position lines in the Euler angle space, which
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Fig. 6. Fractions of recrystallized, substructured, and deformed austenite grains of 3207 duplex stainless steel after hot
tensile testing (a) and heat treatment (b), respectively.

is smoothly changed. In summary, the superplastic
deformation process aﬀects weakened textures of the
austenite grains in 3207 duplex stainless steel.
3.4. Recrystallization behavior
Fractions of recrystallized, substructured, and deformed austenite grains of 3207 duplex stainless steel
after hot tensile testing and heat treatment are shown
in Fig. 6, respectively. It can be observed that the fraction of recrystallized austenite grains after hot tensile
testing is lower than that after heat treatment, while
the fractions of substructured and deformed austenite
grains are higher than those after heat treatment. It
should be noted that the deformed and substructured
austenite grains shown in Fig. 6b are remaining from
the cold rolling process, without further deformation.
Thus most of the deformed and substructured austenite grains in Fig. 6a are introduced by the hot tensile
process.
Previous studies found that the f.c.c. austenite in
DSS undergoes dynamic recrystallization (DRX) with
a limited dynamic recovery (DRV) during hot deformation because of its high stack fault energy [21, 22],
and work hardening is the dominant mechanism until
DRX occurred [23]. Thus the substructured and deformed austenite grains should be the eﬀect of DRX.
To investigate the DRX mechanism of austenite
during hot tensile testing, the misorientation angle
distributions are shown in Fig. 7. The correlated misorientation means the misorientation between every
two grains; the uncorrelated misorientation means the
misorientation between grain and the initial identiﬁed grain; the random misorientation angle distribution represents standard misorientation angle distribution when no texture exists in the structure. The
fractions of low angle grain boundaries (LAGBs, 2◦ –
10◦ ) and high angle grain boundaries (HAGBs, > 10◦ )
are 15 and 85 % for austenite after hot tensile testing while 6 and 94 % for austenite after heat treatment, respectively. The fraction of LAGBs of austenite after hot tensile testing is slightly higher than that
of austenite after heat treatment. The LAGBs are
formed in the initial stage of superplastic deformation,

Fig. 7. Misorientation angle distributions of austenite after hot tensile testing and heat treatment, respectively: (a)
correlated misorientation angle distributions and (b) uncorrelated and random misorientation angle distributions.

in which only dynamic recovery (DRV), but little subgrain growth or recrystallization, occurred [15]. It is
well known that continuous dynamic recrystallization
(CDRX) and discontinuous dynamic recrystallization
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(DDRX) are fundamental mechanisms for DRX [14].
A signiﬁcant characteristic of CDRX is the progressive
subgrain rotation occurring at short-range interaction,
which leads to a continuous increase in the misorientation for LAGBs [24]. Thus LAGBs can potentially
evolve into HAGBs, by which the deformed or recovered microstructures transform into recrystallized microstructures [25]. In contrast, DDRX involves the nucleation and growth process of new grains. The main
feature of DDRX nucleation is the local bulging of serrated grain boundaries, which can hardly be observed
in the austenite after hot tensile testing, as shown in
Figs. 2a and 3a. Based on the discussion mentioned
above, it can be clearly found that the primary recrystallization mechanism during hot tensile testing is
CDRX.
Moreover, austenite grains after both hot tensile
testing and heat treatment have a high similarity between uncorrected and random curves, as shown in
Fig. 7b. It suggests that the recrystallized microstructures possess a random texture, and the prominent
rolling deformation textures have almost disappeared
[14].

4. Conclusions
In conclusion, the eﬀect of superplastic deformation on microstructure and orientation of austenite in
3207 duplex stainless steel has been studied by using
the EBSD technique and TEM. Based on the analysis of experimental results, the main outcomes of this
work could be summarized as follows:
(1) After superplastic deformation, the fraction of
austenite was increased. The elongated grains after
cold rolling have changed, showing equiaxed ferrite
located in the austenite matrix. Ferrite is coarser and
more concentrated in the sample after hot tensile testing than the sample after heat treatment.
(2) After superplastic deformation, austenite
grains are uniformly distributed and equiaxed, and
they are coarser than austenite grains after heat treatment. Some austenite grains were elongated during the
hot tensile process.
(3) Copper {211}<111> (C), Brass {011}<211>
(B) and {110}<3–22> textures formed in austenite
after heat treatment while the austenite after hot tensile testing shows weak textures in Gauss {011}<100>
(G), Brass {011}<211> (B) and Copper {211}<111>
(C) orientation with a slightly lower degree. The superplastic deformation process aﬀects weakened textures of the austenite in 3207 duplex stainless steel.
(4) In the initial stage of superplastic deformation, only dynamic recovery occurred in austenite.
Then CDRX occurred in austenite, resulting in the
deformed or recovered microstructures transforming
into recrystallized microstructures.
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