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The hot deformation behavior of 00Cr23Ni4N duplex stainless steel under medium–high
strain rates (5–50 s−1) has been analyzed using the Zener–Hollomon parameter and
processing maps, which is based on compression tests made at temperatures ranging
from 900 to 1150 °C. The results display the significant influence of high strain rate and high
temperature on hot deformation behavior of 00Cr23Ni4N duplex stainless steel. A classical
hyperbolic sine equation is applied to reveal the relations between the peak stress, strain
rate and deformation temperature, in which the activation energy, Q and stress exponent, n
are 263.4 kJ/mol and 2.6, respectively. The Zener–Hollomon parameters at low and high
temperatures are calculated respectively to reflect the microstructural evolutions. Based on
the processingmap obtained, an ideal hot working condition for commercial processing is in
the temperature range between 1075 and 1150 °C with a strain rate of 10 to 30 s−1. Under
such condition, both ferrite and austenite dynamic re-crystallizations can be obtained and
the corresponding Zener–Hollomon parameter is relatively low. Furthermore, the unstable
domains are indicated by the processing map.
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1. Introduction

Due to the excellent combination of high strength and
toughness, good weldability with superior resistance under
critical working conditions, duplex stainless steel has been
widely used in diverse fields, such as petroleum refining,
paper manufacturing and ocean industries etc. [1–3]. Such
good properties of duplex stainless steel rely on a two-phase
microstructure comprised by approximately equal amounts of
austenite and ferrite [4]. Therefore, the high performance and
special microstructures have made duplex stainless steel a
special class in all stainless steels.

Duplex stainless steel can be processed by different proce-
dures, i.e. casting, forging, extrusion or rolling. These forming
operations are usually performed at high temperatures where
duplex stainless steel still has duplex structure and prefers
; fax: +86 29 82202923.
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medium–highstrain rates especially for commercial processing.
However, different coefficients of thermal expansion and
deformation behaviors of each constituent phase, austenite or
ferrite, are considerably affected by the presence of the other
phase under hot working conditions, which can lead to edge
cracks or an inappropriate surface finish [5,6]. It is established
that ferrite (body centered cubic), with rather high stacking fault
energy, easily undergoes dynamic recovery to soften during hot
deformation. On the other hand, austenite (face centered cubic),
characterized by significantly lower stacking fault energy,
undergoes only limited dynamic recovery and is likely to have
dynamic re-crystallization [7–9]. Generally, the restoration
process in ferrite for duplex stainless steel is found to be far in
advance of that in austenite.

Onemethod to investigate the hot deformation behavior of
duplex stainless steel is to derive a constitutive relation for the
.
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Table 1 – Chemical composition of 00Cr23Ni4NDSS (wt.%).

C Si Mn Cr Ni Mo N P S Fe

0.02 0.5 1.2 23.5 4.0 0.4 0.13 0.024 0.002 Bal.

Fig. 1 – The microstructure of 00Cr23Ni4N duplex stainless
steel before hot deformation.

199M A T E R I A L S C H A R A C T E R I Z A T I O N 6 2 ( 2 0 1 1 ) 1 9 8 – 2 0 3
flow stress with processing variables under hot working
conditions. It has been noticed that the peak stress or
steady-state stress with different working parameters is of
great importance in studying hot deformation behavior of
alloys [10]. In this paper, the peak stress obtained from the
flow curves will be considered. At high temperatures, the
strain rate and deformation temperature-dependence of the
peak stress can be described by the classical hyperbolic sine
equation [7,9,10]:

Z = ε̇ exp Q = RTð Þ = A sinh a⋅σp
� �� �n ð1Þ

where Z is Zener–Hollomon (Z) parameter, ε̇ the strain rate
(s−1), Q the activation energy for hot working (J/mol), R the
universal gas constant, T the deformation temperature (K), A
the material constant (s−1), α the constant, σp the peak stress
(MPa), and n the stress exponent. Accordingly, before describ-
ing the flow behavior of the steel with this equation,A, α, n and
Q need to be established first by experiments. Z parameter can
be used to characterize the combined effect of temperature
and strain rate on the deformation process, especially on the
deformation resistance and microstructural evolutions. The
lower the Z value is, themore effectively the dynamic recovery
and dynamic re-crystallization occur, and the smaller defor-
mation resistance value is during hot deformation. There will
be a critical value Zc for the Z parameter, over which dynamic
re-crystallization hardly occurs in the alloy [11].

The processingmap technique developed in recent years is
another useful method to determine optimum processing
parameters under hot deformation. It superimposes a power
dissipation map and instability map, which is developed on
the basis of the Dynamic Materials Model by Prasad et al. [12].
In this model, the work piece deformed under hot working
conditions is considered to be a power dissipater. The power
might be instantaneously dissipated into two complementary
parts: the power dissipated by plastic work and the power
dissipated by metallurgical processes. The efficiency of power
dissipation (η) occurring through microstructural changes
during deformation is given by:

η =
2m

m + 1
ð2Þ

in which m is the strain rate sensitivity of flow stress given by
∂logσð Þ = ∂ log ε̇ð Þ. The power dissipation map can be obtained
on the basis of the values of η under different conditions.

The extremum principles of irreversible thermodynamics
as applied to continuum mechanics of large plastic flow are
employed to define a continuum criterion to obtain metallur-
gical instability during the plastic flow [12], as shown in Eq. (3):

ξ ε̇ð Þ = ∂ln m = m + 1ð Þ½ �
∂ln ε̇

+ m≤0 ð3Þ

Flow instabilities are predicted to occur when ξ is negative,
and then the instability map can be obtained. Therefore, the
variation of parameters of η, ξ, ε̇ and T constitutes the
processing map directly. Each domain on the map can reflect
microstructural mechanisms through the dissipation char-
acteristics varied with different operating under those condi-
tions of the domain. Nowadays, processing maps have been
applied successfully in alloys of magnesium, aluminum,
titanium and Ni-based super alloys as well as stainless steels
such as AISI 304L, 304, 316L and 22Cr–1Ni–0.7Mo duplex
stainless steel [11,13–19].

Low-alloyed 00Cr23Ni4N duplex stainless steel, with good
performance and a comparatively lower cost, can replace 304,
304L, 316 and 316L austenite stainless steels under certain
conditions [20]. In this work, we will focus on the hot
deformation mechanism of this steel under medium–high
strain rates in the temperature range of 900–1150 °C, based on
the Z parameter and processing maps.
2. Materials and Methods

The experimentalmaterial for this study is 00Cr23Ni4N duplex
stainless steel, commercially produced by Taiyuan Iron and
Steel (Group) Co. Ltd. Its chemical composition is listed in
Table 1 andmicrostructure before hot deformation is shown in
Fig. 1. It is clear that acicular austenite is distributed in the
ferrite matrix as cast. Hot compression tests were conducted
on a Gleeble-3800 thermo-mechanical simulator with cylin-
drical specimens of 10 mm in diameter and 15 mm in height
over the range of temperatures from 900 to 1150 °C at 50 °C
intervals and strain rates from 5 to 50 s−1 at intervals of an
order of magnitude. The specimens were experimented in the
first heating up to 1230 °C for 4 min, and then cooling them to
testing temperature at about 5 °C/s. All tests were performed
to a total true strain of 0.9. The specimens were quenched
immediately after hot compression in order to study the
microstructural evolutions under high temperatures. Before



Fig. 2 –Thephasediagramcalculatedbyusing theThermo-calc
software for 00Cr23Ni4N duplex stainless steel.
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observing microstructures along the longitudinal surface
using optical microscopy, the specimens were electrolytic
etched in oxalic acid solution.
Fig. 3 – Flow curves of 00Cr23Ni4N duplex stainless steel at
different hot working conditions: (a) 5 s−1; (b) 25 s−1; and
(c) 50 s−1.
3. Results and Discussion

3.1. Flow Stress

Fig. 2 shows the phase diagram calculated by using the
Thermo-calc software. It can be seen that only ferrite and
austenite were formed at the present experimental tempera-
tures. Ferrite increases with increasing the deformation
temperature while austenite decreases instead.

Fig. 3 shows true stress–true strain curves obtained
at different temperatures and medium–high strain rates. It
can be noted that flow stress increases when strain rate
increases and temperature decreases. All the flow curves
demonstrate similar characteristics. The flow stress increases
to a peak value with the increase in strain and then decreases
slowly as the strain further increases. The critical strain to
the peak stress increases with the decrease in temperature
and with the increment of strain rate. Furthermore, at strain
rate of 50 s−1, the flow curves reveal obvious strain hard-
ening features and exhibit significant waviness at strain
lower than 0.4, which may be attributed to the fact that the
severely uneven distribution of strain in the ferrite and
austenite phases at very high strain rates in the early stage
of deformation process. The discontinuous or localized
softening of the ferrite occurs because the strain in ferrite
is hindered by the harder austenite and more strain
obtained in austenite accelerates its occurring of dynamic
re-crystallization.

3.2. Characterizations ofActivation Energy andZParameter

Peak stress valueswere obtained in formerly illustrated curves
under different working conditions. Eq. (1) was employed to
describe the peak stress as a function of deformation
temperature and strain rate for deformation conditions in
application. After taking logarithm, it can be written as:

ln sinh a⋅σp
� �� �

=
1
n
ln ε̇ +

Q
nR

1
T
−
1
n
ln A: ð4Þ

Linear statistical regression analyses can determine the
values of A, n and Q. Before regression, the value of constant α
is firstly estimated to be 0.012 MPa−1 [9,10]. Figs. 4 and 5 exhibit
the relationships of ln[sinh(α⋅σp)] vs ln˙εand ln[sinh(α⋅σp)] vs
10000/T, in which the values of A, n and Q determined by this
analysis are A=2.7×1010 s−1, n=2.6 and Q=263.4 kJ/mol, re-
spectively. Previous studies have shown that the activation
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Fig. 4 – Variations of peak stress with strain rate for
00Cr23Ni4N duplex stainless steel at different temperatures.

Fig. 6 – Variations of peak stress with Z parameter for
00Cr23Ni4N duplex stainless steel at different deformation
conditions.
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energy of deformation for duplex stainless steel is of great
differences in terms of different processing parameters, i.e.
strain rate, temperature and strain. Temperature is consid-
ered as a critical and influential factor owning to the distinct
dual phase scale with enhancing temperature. Higher than
about 1050 °C, the ferrite in the steel crosses 50% threshold
and becomes the majority phase (Fig. 2). Hence, the activation
energy under different temperature ranges is also confirmed
in the present work. The activation energy calculated at high
temperatures (1050–1150 °C) is lower than that at low tem-
peratures (900–1050 °C), amount to 212.1 kJ/mol and 301.5 kJ/
mol, respectively. Indeed, theQ value can be used to reflect the
dominant mechanism during hot working, such as dynamic
re-crystallization and dynamic recovery. It is well known that
the Q value, for dynamic re-crystallization in austenite is
higher than that of dynamic recovery in ferrite. Therefore, the
declination of Q value with temperature is attributable to the
fact that a lower volume fraction of austenite and a higher
content of ferrite form in high temperatures, during which
ferrite softening will be the dominant mechanism [7].
Fig. 5 – Variations of peak stress with temperature for
00Cr23Ni4N duplex stainless steel at different strain rates.
According to Eq. (1) and the obtained parameter values, the
Z parameter can be written as:

Z = ε̇ exp 263;400 = RTð Þ ð5Þ

Z values under the experimental conditions are calculated by
usingEq. (5). The relationshipof theZparameter andpeak stress
is shown in Fig. 6. It is clear that the data calculated are verywell
fit linearly to experiments. The peak stress indeed increases
with increasing the Z parameter. Lower Z values are obtained
at higher deformation temperatures, the corresponding Q value
is low.

3.3. Processing Map and Microstructure

Fig. 7 shows the processing map obtained at the strain of 0.8,
which based on the flow stress data at different temperatures
and strain rates demonstrated above. Contour numbers
represent efficiency of power dissipation and shaded region
corresponds to instability. High efficiency of power dissipation
indicates the material dissipates more energy for microstruc-
tural changes, and then is benefit to hot deformation. It is
clearly seen that the map exhibits two domains (A and B) with
peak power dissipation efficiency of about 40% and 65%
respectively (the upper panel). However, the region on the
under panel presents low efficiency values, which illustrates
high strain rate may make more contributions to the
deformation. The flow instability regions can be observed at
950 °C and low strain rate (5 s−1), where the efficiency value is
also negative.

Typical microstructures obtained on the specimen after
deformed are shown in Fig. 8. As can be seen in Fig. 8a,
corresponding to the microstructure in domain A (1000 °C,
50 s−1), the substructure formed by dynamic recovery in ferrite
and mixed austenite grain structure, consisting of partial re-
crystallized grains and original grains elongated along the
vertical direction of the deformation have obtained. By increas-
ing temperature at high strain rates, austenite with small
islands indeed decreases and its dynamic re-crystallization
process becomesmore sufficient. Furthermore, the dynamic re-
crystallization of ferrite is easily observed under this condition,

image of Fig.�4
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Fig. 7 – The processing map of 00Cr23Ni4N duplex stainless
steel at the strain of 0.8.

Fig. 8 – Microstructures for the specimens after deformed in
the region with peak efficiency of power dissipation:
(a) 1000 °C, 50 s−1; and (b) 1150 °C, 50 s−1.

Fig. 9 – Themicrostructure for the specimen after deformed at
the unstable region (950 °C, 5 s−1).
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as shown in Fig. 8b, which may result in the enhanced power
dissipation efficiency during hot deformation. It is known that
the dynamic restoration behavior of duplex stainless steel is
correlatedwith the softeningmechanismof constituent phases.
As commonly ferrite softens by dynamic recovery, called soft
phase, and austenite softens by dynamic re-crystallization,
called hard phase. Coexistence of hard austenite and soft ferrite
at high temperatures is found to result in a strain mostly
accommodating by the ferrite phase at the early stages of
deformation.Athigher strains, load is transferred from ferrite to
austenite leading to increment of dislocation density in the
latter till triggering of dynamic re-crystallization. So from Fig. 3
the shapes of all the true stress–strain curves are typical for the
occurrence of dynamic re-crystallization with extending of
strain. The austenite in duplex stainless steel may also obtain
more strain with increasing strain rate at low temperatures,
which may accelerate its dynamic re-crystallization behavior.
Meanwhile, after the application of very high strain rates and
sufficiently high temperatures, the local presence of dynamic
re-crystallization in ferrite is promoted [21], which results in a
lower Z value and a higher efficiency of power dissipation in the
corresponding conditions.

No wedge and macro-crack are found in the specimen
deformed at flow instability region, at least under the present
condition (950 °C, 5 s−1) and the microstructure is shown in
Fig. 9. No dynamic re-crystallization has occurred in both
phases and visible flow location of austenite in the smooth
matrix of ferrite might have caused the instability during hot
deformation.

In an industrial practice, highest possible strain rates and
lowest possible stresses are preferred from productivity
viewpoint [18]. Considering this reason, it can be concluded
that the range of strain rates from 10 to 30 s−1 and tempera-
tures from 1075 to 1150 °C is an optimun zone for hot
deformation of 00Cr23Ni4N duplex stainless steel.

image of Fig.�7
image of Fig.�8
image of Fig.�9


203M A T E R I A L S C H A R A C T E R I Z A T I O N 6 2 ( 2 0 1 1 ) 1 9 8 – 2 0 3
4. Conclusions

The hot deformation behavior of 00Cr23Ni4N duplex stainless
steel under medium–high strain rates is studied in compres-
sion at temperatures from 900 to 1150 °C. Below is the results
obtained:

(1) The classical hyperbolic sine equation can be adopted to
describe the relationship among the peak stress, strain
rate and deformation temperature, in which the mean
activation energy, Q and n are 263.4 kJ/mol and 2.6
respectively.

(2) The lower the Z parameter, the lower the flow stress, the
lower the activation energy and the more easily the
dynamic re-crystallization may occur.

(3) Based on the processingmap, high strain rate facilitates
the power dissipation by microstructure evolution
during hot working process. The domain with peak
efficiency of power dissipation is in the temperature
range of 1075–1150 °C and the strain rate range of 10–
50 s−1, in which both ferrite and austenite dynamic re-
crystallizations can be obtained. Meanwhile, the unsta-
ble domains through flow localization can be observed
at 950 °C and 5 s−1.

(4) The conditionwith high strain rate and sufficiently high
temperature is beneficial to hot deformation procedure
for 00Cr23Ni4N duplex stainless steel. It can be con-
cluded that the range of strain rates from 10 to 30 s−1and
temperatures from 1075 to 1150 °C is an optimun zone
for hot deformation of 00Cr23Ni4N duplex stainless
steel in an industrial practice.
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