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Abstract: In this paper the hot working behaviour of med-
ium carbon duplex cast steel is studied using uniaxial hot
compression tests over a temperature range varying from
700°C to 1000°C and at different strain rates ranging
from 10 to 107! s7!. A model based on a variant of a dy-
namic materials model was employed to construct proces-
sing maps. These maps delineate the safe and unsafe do-
mains. The safe domains, associated with dynamic
recrystallization and dynamic recovery, can be chosen to
optimize the hot workability of the studied material.
Whereas, the unsafe domain is to be avoided because it is
associated with plastic deformation instabilities. The do-
main associated with dynamic recrystallization is centred
at 1000 °C and 10* s~! with a peak energy dissipation effi-
ciency of about 40 %, while the domain associated with
dynamic recovery is centred at 700°C and 10~* s™! with a
peak energy dissipation efficiency of about 27 %. The un-
safe hot working domain, spread over the entire tempera-
ture range and moderate to high strain rates, predicts the
appearance of flow instabilities, in the form of shear bands
and intergranular cracks. To validate the obtained results,
microstructural observations corresponding to different
processing conditions are presented.
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1 Introduction

The globalization of markets combined with an increasing
number of product variants poses a serious challenge to the
mechanical manufacturing companies as they are now forced
to compete not only in their own country, but they face inter-
national competition. After all, what prevails is not only in-
creasing productivity but also the ability to adapt to a new
quality of flexible behaviour. Therefore, the need for greater
competitiveness, lower costs and increasing productivity re-
quire all areas of technology to be very demanding in terms
of optimization of forming processes in order to obtain reli-
able parts with precise dimensions and a longer service life.
As is well known, hot forming is distinguished from other
fabrication techniques (casting, machining, welding, etc.)
by introducing large degrees of strain that cause specified
microstructural changes. These changes affect the mechani-
cal properties of the deformed material such as the flow
stress. So, to optimize the mechanical parts design during a
hot forming process it is essential to carry out an adequate
characterization of material flow behavior [1].

Duplex cast steels (DCS) are a family of steels charac-
terized by a microstructure containing two phases: ferrite
(o) and austenite (y). The applications of this material
are steadily increasing in importance, especially for com-
ponents working in corrosive and erosive environments
[2, 3]. It offers a combination of the advantages of both
ferritic and austenitic steels. In the last few years, this
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kind of steel has been widely used in the nuclear and
chemical industries [4]. However, its use is still limited
due to its limited formability and there is a growing inter-
est in improving the understanding of the physical and
mechanical phenomena that affect its workability in order
to expand its field of applications. The hot working of the
DCS requires special attention; it is well known that aus-
tenite and ferrite have a dissimilar flow behaviour during
hot working. When they are deformed jointly the defor-
mation is not distributed uniformly, so the workability of
the deformed steel can decrease dramatically, causing
the formation of microstructural defects (cracks, cavities,
flow localization, shear bands, surface cracks, etc.) [5-7].
In order to establish the optimum hot working processing
conditions, modelling workability, influenced by process pa-
rameters such as applied temperature, strain rate and strain,
become very important.

Various models and approaches have been used to char-
acterize the hot working processes [§—10] and one of the
most important models is the dynamic materials model
(DMM) [8, 10—12]. This model has been found to be a
very valuable tool for analysing and optimizing the hot
workability of a wide range of materials. But, regrettably,
DMM is still not being recognized by several hot working
researchers because of the anomalies that they have en-
countered on its physical and conceptual foundations [9,
13-16]. In DMM, to describe the behaviour of the de-
formed material, Prasad et al. used a power constitutive
law (0 = K&™) to calculate the energy dissipation effi-
ciency and the instability parameter. Narayana Murthy et al.
showed that employing a power constitutive law, indiscrimi-
nately for higher and lower domains of stress, is erroneous
because it is well known that in the forming processes the
power constitutive law has only been used for the analysis
of steady state flow stress data under low stress conditions.
Therefore, an alternative approach has been proposed and it
can be considered as a variant of the dynamic materials mod-
el (VDMM) [17-20].

Although various research work has been carried out to
study the hot working of different kinds of steels using
DMM, at present there is little work on the workability of
DCS during hot forming. The main objective of the present
work is to characterize the hot working behaviour of a med-
ium carbon DCS using processing maps constructed on the
basis of DMM and its variant, VDMM. From analysis of
these maps, optimized parameters of stable hot workability
were determined and unstable parameter domains were va-
lidated by the microstructural observations. Furthermore, a
comparative study of the obtained results has been made to
show the difference between the positions of stability do-
mains predicted by the two models.

Table 1. Chemical composition of studied steel (wt.%), balance Fe.

2 Workability and DMM flow stability criteria

In industrial conditions, hot forming processes involve
complex deformation patterns and generate extreme defor-
mations of the initial geometry. The development of possi-
ble plastic instabilities can compromise the progress of
these processes causing the onset of rapid crack propaga-
tion before the final rupture of the hot formed piece. In the
attempt to optimize process control parameters, many re-
searchers have proposed several criteria capable of predict-
ing the onset of plastic instabilities [8, 9, 21 —23]. These cri-
teria are based on the simultaneous intervention, during the
hot deformation, of numerous metallurgical mechanisms
such as strain hardening, dynamic recovery (DRV), dy-
namic recrystallization (DRX), etc.

In the dynamic materials model the hot worked piece
does not store energy but dissipates it as microstructural
changes and a temperature rise [8]. Following this consid-
eration, Prasad demonstrated that the energy dissipation
efficiency (yp) may be expressed as a dimensionless pa-
rameter:

B 2m
T om o+ 1

np(&,T) (1)
where m is the strain rate sensitivity parameter of flow
stress.

The variation of #p (¢,7) with temperature and strain rate
constitutes the energy dissipation efficiency map, which ex-
hibits various domains that may be correlated with “safe”
and “unsafe” mechanisms that occur at different strain rates
and temperature combinations. It is necessary to point out
that optimum hot working conditions are attained when the
energy dissipation efficiency is maximum.

Moreover, Prasad established an analytical expression
for the condition of the onset of the flow instability, based
on the extremum principles of irreversible thermodynamics
applied to large plastic flow, and is as follows:

0 log | ™
colam) = 2108 i 1] L L

+m<0 (2)
The variation of the instability parameter &p (¢,7) with tem-
perature and strain rate constitute the flow instability map.
This map indicates the regions where the instability param-
eter is negative, and therefore delimits the zones to avoid
during hot forming.

As can be seen from above, the strain rate sensitivity pa-
rameter m is the key to defining both the energy dissipation
efficiency (#p) and the instability parameter (&p). In litera-
ture, it is well known that when a power constitutive law is
employed, to describe the behaviour of materials in hot

C Mn Si P S Ni Al Mo Nb w N Cr
0.31 0.79 1.07 0.03 0.32 0.083 0.018 0.49 1.28 0.08 0.34 26.7
DE GRUYTER Int. J. Mater. Res. 112 (2021) 7 519



I. Alcelay et al.: Hot working behaviour and processing maps of duplex cast steel

forming processes, the strain rate sensitivity parameter m
becomes a parameter totally independent of strain rate [9,
14, 15, 24, 25]. Therefore, the instability condition estab-
lished by Prasad et al., in Eq. (2), reduces to simply m < 0
for an eventual metallurgical instability. This assumption
is considered by several authors to be a scientific inconsis-
tency, because the experimental values of the parameter m
should be between zero and one [14—-20]. To overcome this
inconsistency, Narayana Murthy et al. [9, 17-20] presented
a variant of the dynamic materials model (VDMM) as a
new methodology to calculate the energy dissipation effi-
ciency #y (&,7) and established a new flow instability pa-
rameter Cy (¢,7), applicable for any type of flow curve. The
detailed procedures to develop the VDMM are described in
previous papers, where the energy dissipation efficiency 7y
(&,7) is given by:

i (5,T) = % [1 —é ((mafl)_Jr/eads)] (3)

Eminrepresents the lowest strain rate used in the hot com-
pression tests.

Fig. 1. Initial microstructure of the studied steel.
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Fig. 2. Schematic illustration of hot compression test.
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Moreover, the new VDMM condition for the flow in-
stability is:

e =2""1<0 4)
N

3 Experimental procedure

The studied steel was melted in a medium frequency induc-
tion furnace and produced by continuous casting at 1620 °C.
The chemical composition of the steel, received in the form
of keel blocks, is shown in Table 1. The typical initial micro-
structure of the cast steel is shown in Fig. 1 and it was ana-
lysed using automatic image analysis software. The volume
fractions of ferrite and austenite have been estimated as
~20% and ~ 80 %, respectively. In this kind of steel, the
presence of the ferrite in the structure is desirable to improve
its weldability and its resistance to stress corrosion cracking.

To characterize the hot flow behaviour of the studied
steel, uniaxial hot compression tests were performed, at
constant true strain rate, on an INSTRON 4507 electrome-
chanical machine with a 100 kN load cell and equipped
with an electrical resistance furnace, that ensured a con-
stant and homogeneous temperature, and computer pro-
grams that allow obtaining directly the true stress—true
strain curve at end of each test. The compression tests
were carried out in the temperature range of 700—
1000°C with 50°C intervals and at different strain rates
varying from 10 to 107! s7!. The dimensions of the com-
pression cylindrical samples were 11.4 mm in length and
7.6 mm in diameter. To reduce the friction effects, boron
nitride lubricant was deposited on both contacting surfaces
of specimens.

Prior to testing, each compression test sample was
soaked at 1100 °C for 15 min in an argon atmosphere fol-
lowed by cooling at 2 K s™! to the test temperature and
maintained there for 5 min. before starting the compres-

i
(b)

Fig. 3. Macro-morphologies of selected specimens deformed at:
(a) T=750°Cand é=0.1s",and (b) T=950°Cand é=10"*s7".
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sion test. Figure 2 shows schematic illustration of the hot
compression test. The experimental flow curves were ob-
tained immediately after each compression test. The de-
formed samples were water cooled immediately after test-
ing to avoid changes in the deformed microstructure.
Specimens for metallographic examination were sectioned
parallel to the compression axis and prepared by grinding
and polishing, and then etched using a solution of
(HCL+HNO3+ H,0O). A metallographic study was per-
formed using automatic image analysis techniques to de-
termine the volume percent of the two phases in the start-
ing specimens and to follow microstructural changes
through hot deformation.

Figure 3 shows macro-morphologies of selected speci-
mens deformed in hot compression conditions. In speci-
mens deformed at low temperatures and high strain rates
(Fig. 3a) surface cracking was found to occur, suggesting
that material exhibits low ductility at these temperatures
and probably onset of damage mechanisms. By contrast, at
high temperatures and low strain rates the material flow is
quite acceptable (Fig. 3b).

500
- 700 °C
]
g 0 750 °C
03]
% 300 - 800°C
H
()]
g 200.
= 850°C
100 900°C
950°C
s 1000 °C
0 Strain rate: 0.0001 s
0.0 0.2 04 0.6 0.8 1.0 1.2
True strain
700
(©
600 4
=
E 500 |
= 015t
é 400 4 0.01 s*
B 0.001 5
[2]
% 300+ 0.0001 s
= 200 |
100 4
0 Temperature: 800 °C
0.0 0.2 04 06 0.8 1.0 12

True strain

4 Results and discussion

Figure 4 shows the flow curves of the steel obtained at
various temperatures and strain rates. The different char-
acteristics of true stress—true strain curves can be ex-
plained bearing in mind the coexistence of ferrite and aus-
tenite in the microstructure of DCS and that the dominant
softening mechanisms are DRV and DRX. It is well
known that the hot deformation behaviour of ferrite and
austenite is different; normally ferrite is restored by
DRV and austenite is restored by DRX [5, 26—28]. In
the flow curves, when the compression test starts, the flow
stress increases rapidly to attain a peak stress value and
subsequently decreases or it remains constant when the
strain is increased. It is generally recognized that the pre-
sence of the peak stress in the flow curves indicates the
existence of DRX. Also, in the curves in which there is
no well-defined peak stress but is steady state, the domi-
nant restoration mechanism is DRV. In these curves, the
flow behaviour is a result of dynamic equilibrium reached
between generation and elimination of dislocations. Fig-
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Fig. 4. Flow curves obtained at: (a) strain rate of 10~ s~! and various temperatures, (b) strain rate of 0.1 s~ and various temperatures, (c) tempera-
ture of 800 °C and various strain rates, and (d) temperature of 1000 °C and various strain rates.
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ure 5 shows the variation of peak stress and steady state
stress with temperature and strain rate. As expected, tem-
perature and strain rate have important effects on the flow
behaviour of the studied steel, peak stresses and steady
state stresses increase when the strain rate increases or
the deformation temperature decreases. The effect of tem-
perature can be easily interpreted considering that at tem-
peratures where the diffusion mechanism is slow, flow be-
haviour become increasingly difficult producing higher
values of flow stresses [29]. The increase in the peak
stresses and steady state stresses with strain rate can be at-
tributed to the increase in the rate of the strain hardening
mechanism and decrease in the restoration mechanisms
(DRV and DRX). Moreover, it is well known that higher
strain rates produce higher dislocation density and conse-
quently higher strain hardening due to dislocation interac-
tions. To characterize the flow softening caused by DRX
degree of softening X, defined in Eq. (5), has been used.
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A contour map representing iso-X variations with tem-
perature and strain rate is shown in Fig. 6.

X — 10072 —_ 788 (5)
ap

where op and ogq are peak and steady state flow stress, re-
spectively.

In the softening degree contour map, it is noticeable that
the flow softening behaviour of the studied steel is sensitive
to deformation temperature and strain rate. At low strain
rates and high temperatures domain, the maximum softening
degree is reached at 1000°C and 10~ s~!. As seen above, in
this domain the flow softening is mainly induced by the
DRX. However, with the increase of strain rate or decrease
of temperature, the degree of softening becomes low. In this
case, the softening flow is mainly caused by the DRV.

The processing maps constructed on the basis of DMM
and VDMM at a strain of 0.6 are shown in Fig. 7. Although

Fig. 5. Variation of peak stress and steady state stress with temperature and strain rate.
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the numerical integration procedure used in the VDMM, to
compute the energy dissipation efficiency, is different to that
used in the DMM, the values of energy dissipation efficiency
defined in DMM and VDMM (Fig. 7a and b) are similar.
This similitude suggest that the constitutive behaviour of
the studied steel obeys a power law. Nevertheless, the in-
stability maps (Fig. 7c and d) reveal the existence of some
differences concerning the instability parameter values and
position of domains situated at the upper part of the maps.
In Fig. 7a and b the energy dissipation maps exhibit three
significant domains; the first is centred at 1000 °C and 10
s! and with a peak energy dissipation efficiency of about
40 %, the second is centred at 700°C and 10* s~! with a
peak energy dissipation efficiency of about 27 % The third
domain appears in the upper left of the map with the lowest
energy dissipation efficiency of about 2 % (Fig. 7a and b).
In literature, it is well accepted that the DRX domain is
characterized by energy dissipation efficiency values of about
30-50% while the energy dissipation efficiency values of the
DRYV domain are about 30 % [30, 31]. Hence, the first domain
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Fig. 8. Microstructure of specimens deformed at: (a) 1000°C and 10571,
(b)700°C and 3 - 10* 57",

can be easily associated with DRX of the austenite phase, be-
cause in this domain, the flow curves (Fig. 4) show clearly
continuous softening with a single peak behaviour followed
by a steady state. This is emphasized by the fact, shown in
Fig. 6, that degree of softening X reaches its highest values
in the mentioned domain. The microstructure of the specimen
deformed in this domain (1000°C and 10* s7!) is shown in
Fig. 8a. As can be observed, the microstructure shows DRX
characteristics with structure considerably refined in compar-
ison with initial one. Furthermore, and for additional confir-
mation, observation of Fig. 7c and d shows that the instability
parameter takes its maximum positive values in this domain,
and it is generally recognized that in the safe domains of hot
working processes, the instability parameter is characterized
by high positive values [32]. As is obvious, the domain with
negative & (¢,T) values is nearly situated at the domain where
the energy dissipation reaches its minimum values. In the sec-
ond domain, the energy dissipation efficiency value is less
than 30 % and the flow curves show a typical behaviour of
DRV (Fig. 4). For this case of low temperatures and low
strain rates, DRV is expected to be the controlling softening
process in the hot deformation since the X values in this do-
main become increasingly smaller (Fig. 6). Typical micro-
structures of specimens deformed in this domain (Fig. 8b) ex-
hibit a mixed of austenitic grain structure and elongated
ferritic grains along the applied deformation, which is a sig-
nificant characteristic of the dynamically recovered ferrite
structure [26, 27]. In this micrograph, a small amount of
DRX nucleis can be seen within the austenite structure. It is
well accepted that ferrite and austenite behave differently
during hot working processes; due to its high stacking fault
energy, ferritic structure tends to soften more by DRV than
by DRX, while austenite, with relatively low stacking fault
energy, is normally softened by DRX [5, 26—-28]. It is impor-
tant to emphasize that both DRX and DRV are considered
safe processes, where DRX is more efficient than DRV and
is preferred for hot forming processes, since it improves in-

Fig. 9. Microstructures of steel specimens deformed at: (a) 700°C and 0.1 s7!, (b) 850°C and 0.1 s7.
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trinsic workability by reducing the flow stress and reconstitut-
ing the microstructure. Also, DRX produces more dissipation
energy, through the formation of new grain structure (free of
dislocation) and the migration of the boundaries, than DRV
where the energy is mainly dissipated through dislocations
annihilation. It is important to note that the relationship be-
tween microstructural evolution and restoration mechanisms
during the hot working processes of DSS has been well docu-
mented and recognized in previous studies [5, 2629, 33].
However, the restoration processes dominant in constituent
phases and the acting dynamic softening mechanisms in
DSS are still controversial. Therefore, to have a deeper under-
standing more research is needed, doing further microstruc-
tural and microscopic characterizations.

Despite the differences found in the contour shape and the
instability parameter values, the instability maps based on
the DMM and VDMM criteria (Fig. 7c and d) are similar. In
these maps, the domain spread over the entire temperature
range and moderate — high strain rates of the instability map
show negative values of the instability parameter. As stated
above, domains in which instability parameter values are
negative are characterized by low energy dissipation effi-
ciency, as depicted in Fig. 7a and b, indicating low intrinsic
workability and probably the presence of some kind of flow
instability. Hence, this instability domain has to be avoided
during the hot forming process of the studied steel. As
pointed out in several research papers [8, 11], the microstruc-
tural manifestations of plastic flow instabilities are various
but the most common are attributed to the occurrence of
adiabatic shear bands, flow localization, intergranular crack-
ing, void formation and so forth.

The instability predictions of DMM and VDMM proces-
sing maps were validated by microstructural observations,
shown in Fig. 9, and by the observation of the superficial
cracks in the macro-morphologies of the specimen de-
formed under conditions of the unstable domain (Fig. 3a).

The microstructure of the specimen deformed at 700 °C
and 0.1 s! (Fig. 9a) shows the appearance and propagation
of cracks in the ferrite/austenite interface and preferentially
in ferrite, due to the presence of a large amount of carbides
unevenly distributed in the ferrite phase. In cast duplex
steels, the presence of the carbides could be the source of
stress concentration areas and cracks during deformation,
which produces considerable variations in its mechanical
properties and reduce its toughness and plasticity [34, 35].
Also, it can be seen in Fig. 9b that the microstructure of the
specimen deformed at 850° and 0.1 s~ exhibit shear bands
oriented at about 45° with respect to the compression axis.
As mentioned above, the presence in the microstructure of
ferrite and austenite (which have significantly different me-
chanical properties) should be considered as the main reason
for shear band appearance. In most literature, shear bands ap-
pear during hot working processes to facilitate the imposed
deformation to continue among the ferrite and austenite
phases when slip and twinning mechanisms are hampered
[33, 36, 37]. Since it is considered to be a microstructure re-
gion where plastic flow is highly localized and related to un-
even deformation, shear bands could be the source of flow

DE GRUYTER Int. J. Mater. Res. 112 (2021) 7

instabilities and heterogeneous microstructures. These in-
stability manifestations should be avoided during the hot
working process of the studied steel.

4. Conclusions

The hot working behaviour of medium carbon duplex cast

steel has been studied using Prasad’s criterion (DMM) and

Narayana Murthy’s criterion (VDMM). The analysis of the

obtained results of this study can be summarised as follows:

1. Despite the strict mathematical procedure used in the
VDMV, its results are very similar to DMM’s. This si-
militude suggests that the constitutive behaviour of the
studied steel obeys a power law.

2. The studied steel undergoes single peak dynamic recrys-
tallization in the domain centred at about at 1 000 °C and
10~ s7! and with a peak energy dissipation efficiency of
about 40 %, which may be considered as the optimum
domain for hot working.

3. The material exhibits flow instabilities, in the form of
shear bands and intergranular cracks, in the domain lo-
cated in the upper part of the instability map. This in-
stability domain has to be avoided during hot forming
processes of the studied steel.
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