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This paper uses a modified dynamic material modeling (MDMM) suggested by Murty and Rao to develop
processing maps (PM) of 2205 duplex stainless steels (DSS). Gleeble 1500D, a thermo-mechanical simulator
was used to conduct single hit compression tests at a temperature between 850 and 1050 °C and strain rates
of 0.001-5 s~'. Additionally hot compression tests at a strain rate of 15 s~' and same temperature range
were also conducted on a Bahr 805 dilatometer. As per general procedure acquired stress-strain data were
corrected for friction and adiabatic heating, before constructing PMs at true strains of 0.1, 0.3, 0.5 and 0.8.
Microstructures to validate the PM were prepared from safe domains and instability regimes belonging to
PM of 0.8 true strain. Results showed that hot processing at intermediate to high strain rates and tem-
perature leads to formation of flow instabilities such as mechanical twins and adiabatic shear bands. Safe
domain located within the temperature range of (850-925) °C, strain rates of (2.6-15) s ' and peak n = 35%
gave an inhomogeneous microstructure with presumably non-uniform mechanical properties. This region
was considered ideal for hot processing of 2205 DSS provided that deformation conditions are carefully
controlled to optimise DRX. Low Z conditions also provided an optimum hot working for hot processing.

Keywords 2205 duplex stainless steel, instability regimes,

processing maps, safe domain

1. Introduction

Duplex stainless steels (DSS) are dual phase alloys that have
earned several engineering applications due to their exceptional
mechanical properties. Particularly, the excellent properties are
attributed to the dual phase microstructure comprising of almost
equal proportions of ferrite and austenite (Ref 1). In which, the
alloy tends to have a combination of mechanical properties
from the single phase austenitic and ferritic stainless steels (Ref
2, 3). In petroleum, refinery, and pulp and paper industries,
shell structures of thick-walled cylindrical vessels (heat
exchangers) are fabricated from plates or metal sheets of
2205 DSS. These plates or metal sheets are produced from hot
rolling (HR), which is generally conducted at high speed and
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higher temperatures to take advantage of high production rate
and lower rolling forces.

HR is a thermomechanical process (TMP) that involves the
optimisation of process parameters (strain, strain rate and
temperature) in order to initiate good restoration mechanisms
(Ref 4). These mechanisms play a crucial role in refining the
deformed structure to improve the mechanical properties of the
final rolled products (Ref 5). On the other hand, their absence
warrant poor mechanical properties and defective end product
(Ref 6, 7). HR of DSS comes with significant challenges due to
their poor hot workability, which often leads to edge cracking
of the final rolled products (i.e., plates). According to Faccoli
and Roberti (Ref 2), poor hot workability of DSS can be
ascribed to difference in restoration behaviour between austen-
ite and ferrite. For instance, Han et al. (Ref 1), explained that
the manner in which each phase soften or restore in DSS is
dependent on the magnitude of stacking faults energy (SFE).
Their work (Ref 1), showed that non-conservative movement of
dislocations was easier in ferritic phase due to high SFE and
subsequently it restored by means of dynamic recovery (DRV).
Whereas in austenitic phase, low SFE restricted the movement
of partial dislocations to a specific slip system. Such that these
dislocations pile up at any barriers of slip and accumulate to a
level that is critical for initiation of dynamic recrystallization
(DRX).

Studies from Qiannan et al. (Ref 8), Min et al. (Ref 7) and
Zhao et al. (Ref 9), elaborated on the importance of DSS phase
balance, where higher volume fraction of ferrite (softer phase)
at elevated temperature was thought to be responsible for
improved in hot workability of DSS. Apart from differences in
restoration behavior and phase balance, other common causes
of poor hot workability in DSS include differences in thermal
expansion between the phases, presence of coherent interfaces
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that causes stress accumulation at the interphases due to
restricted grain boundary sliding, non-uniform strain distribu-
tion between the phases, strength difference between the phases
and poor control of hot processing parameters.

Significant amount of research has been conducted to try
and mitigate the mentioned challenges associated with hot
processing of DSS. To this end, processing maps (PMs) remain
the robust metallurgical tool that is available for hot processing
optimisation (Ref 10). PMs were developed by Kumar and
Prasad (K-P) on the basis of dynamic material modeling
(DMM) (Ref 5). And since their inception, they have been
successfully applied to many hot deformation studies, that
analyse the response of an alloy to imposed hot processing
conditions. Chen et al. (Ref 6), Momeni et al. (Ref 11), and Ma
et al. (Ref 12) investigated the hot behaviour of 2205 DSS and
suggested low strain rates and high temperatures (low Z
conditions) as favourable conditions for hot processing. Using
Prasad’s instability criteria they (Ref 6, 11, 12) identified unsafe
hot working zones at higher strain rates and temperature. In
similar vein, Han et al. (Ref 13) studied the hot workability of
21 Cr as cast DSS, and also establish similar processing
conditions (low strain rates and high temperatures). However,
unsafe hot working zones were identified using two instability
criteria which were K-P and Murty and Rao (M-R), where the
latter was found to be the most reliable (Ref 13). There are very
few studies that adopt M-R approach when investigating the
general hot behavior of alloys. On this basis this paper seeks to
use M-R approach in identifying good combination of process
parameters that are suitable for hot processing.

2. Processing Maps

2.1 Background to Processing Maps

During hot rolling of metals and alloys, the expectation is to
at least produce a quality sound rolled product with desired
mechanical properties (Ref 14, 15). Such expectations can only
materialise when the hot rolling mill operates within the
optimum range. Where the deformation conditions (strain,
strain rate and temperature) are carefully controlled to eliminate
microstructural instabilities and promote good restorative
mechanism (DRV, DRX and super-plasticity) (Ref 16, 17).
The overall function of the restorative mechanisms is to
improve the mechanical properties of the rolled product
through microstructural refinement (Ref 18-20). In addition,
minimal hot rolling loads are realised when restorative
mechanisms such as DRX are at play and which this benefit
the industrial hot mill to operate at lower energy costs (Ref 21,
22). In hot compression studies, restorative mechanisms are
realised through flow curves, however this often creates
challenges as some microstructural instabilities mimic these
mechanisms. For example, the drop in flow stress post peak
point is generally associated with softening of the material
through DRX (Ref 23-25). Similarly, adiabatic heating or flow
localisation also cause flow softening during hot deformation
thus making it difficult to distinguish between good and
unwanted deformation mechanisms. This challenge is often
resolved by using processing maps that have a capability to
make a clear distinction between good restorative mechanisms
and flow instabilities.
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As stated in the introduction, the processing maps were
developed by Kumar and Prasad (Ref 5, 26) on the basis of
dynamic material modeling (DMM) which applies the princi-
ples of continuum mechanics. In short, DMM explicitly
explains the response of the deforming material to macroscopic
deformation conditions (strain, strain rate and temperature) (Ref
27]. During hot working, the DMM specify that the deforming
tools generate and transmit power to deforming specimen (Ref
28). Wherein the specimen act as a dissipator and allocate a
significant portion of power towards raising its temperature
while the rest is used for microstructural development through
DRX and DRV (Ref 29-31). In mathematical form, the division
of power is normally express in the following form (Ref 31):

& g
P:aé:G—i—J:/Gdé—l—/ édo (Eq 1)
0 0
where P = power, & = strain rate (s '), ¢ = flow stress (MPa),
G = G-content representing fraction of power that goes towards
temperature rise and J = J-co content representing fraction of
power given to microstructural development.

The manner in which power is distributed between the G
and J depends on the strain rate sensitivity index (m) which
gauges how the material in terms of flow stress respond to
changes in strain rate (Ref 32). At low temperatures m is very
low indicating no significant change in flow stress with change
in strain rate (Ref 33]. However, with increase in temperature to
a level of hot working, m-values increases and a noticeable
change in flow stress is expected when strain rates are varied.
The m-values are generally calculated from the slope of flow
stress against the strain rate at constant strain and temperature
(Ref 34):

d(l
Strain rate sensitivity (m) = d(( ln:))
n

(Eq 2)

In turn, the m-values become an input in calculating the
percentage of power allocated to microstructural changes. Such
percentage as described by K-P is termed power dissipation
efficiency and calculated by the following equation (Ref 35-
37):

2m

Sl (Ba3)

Nk-p
where 1,_p= power dissipation efficiency that measures the
rate which the microstructure is being developed by DRX or
DRV during hot working).

M values varies with deformation conditions and can be
portrayed through a power dissipation efficiency (PDE) map
which is a plot of temperature vs logarithmic strain rate at
constant true strain. PDE map identifies the regions of high and
low efficiencies during hot working. For instance, high m
values are taken as indication that good softening mechanisms
(e.g., DRV, DRX and super-plasticity) have occurred at a
specific deformation conditions (Ref 38-40). Whereas low m
values are generally associated with unwanted microstructural
instabilities (i.e., adiabatic shear bands, flow localisation,
dynamic strain aging, micro-cracks etc.,) (Ref 35). However,
Feng et al. (Ref'41] and Quan et al. (Ref 42] cautioned that high
1 values do not necessarily mean good softening mechanisms,
in some instances they may be associated with cracking of the
material. In view of this, K-P (Ref 10) applied extremum
principles of thermodynamics to define a useful parameter for
identification of flow instabilities as follows (Ref 43):
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where {g_p = instability coefficient and define the unsafe hot
working zones where plastic flow of deforming alloy has been
exceeded at the particular region.

Similarly, & values varies with deformation conditions at
constant strain and can be represented on a plot of temperature
vs logarithmic strain rate to produce an instability map. By
placing this map on top of PDE map, a processing map is
produced which clearly isolates the optimum zones of hot
working from the instability regimes (Ref 36, 43, 44). K-P
developed the DMM on the basis that the deforming alloy
obeys power law and strain rate sensitivity remain constant
(Ref 44, 45). However, several scholars (Ref 5, 46-48) have
argued that while power law is valid for pure metals or low
alloys systems, it is not applicable for complex alloys where m
changes with both temperature and strain rate. In essence, the
DMM may bring some errors when dealing with complex
systems or high stress applications (Ref 48, 49). In response to
constructive criticisms from several hot deformation studies,
Murty and Rao (Ref 46) modified the DMM model to cater for
complex alloy systems and all types of flow curves. Their work,
(Ref 46) showed that the power dissipation efficiency can be
calculated as follows:

1 ot é
M- :2<1_7.[( ) + f Gdé})
M-R gt [\m+1/:_0001 0001

In terms of instability, Neethu and Chakravarthy (Ref 45)
and Zhang et al. (Ref 50) also argued that the first term in (Eq

(Eq 5)

4) given as din {ﬁ} should be zero after differentiation, given

that m is a constant. This implies that the instability criteria
according to K-P should be £ =m < 0. However, where m
fluctuates with deformation parameters a different approach for
computing the instability was defined by Murty and Rao (Ref
46) as follows:

Sur=2m—n (Eq 6)

where instability occur when: 2m — 5 < 0

Till date there has been very few studies that compare
Murty’s and Prasad’s approach (Ref 13, 44, 51). In terms of
instability regimes, the findings from these studies (Ref 13, 44,
51), revealed that Murty’s criteria predicts similar but narrower
instability regions as compared to Prasad’s criteria. In hot
deformation studies of 2205 DSS, Prasad’s approach had been
popular when designing processing maps, probably due its
simplicity. For instance, Fig. 1 illustrates processing maps of
2205 DSS constructed by Li et al. (Ref 8) and Chen et al. (Ref
6) at a true strain of 0.8 and 1.0 respectively. The chosen
deformation parameters in each study were slightly different in
terms range selected, however the instability regions (shaded
areas) were almost similar and located at medium to high strain
rates and temperatures between 1223 and 1350K and just above
1400K. Furthermore, both studies showed a peak efficiency of
approximately 50% at low Z conditions.
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3. Microstructural Features of Restoration Mech-
anisms

As alluded earlier in Sect. 2.1, the DRX and DRV are the
most critical softening mechanisms during hot working of
metal and alloys. The occurrence of these mechanisms could
easily be identified through flow curves, where DRV normally
maintain constant flow stress post peak stress while a drop in
flow stress after a peak till attainment of steady state is
associated with DRX as represented in Fig. 2 below (Ref 52).

To ascertain the occurrence of DRV or DRX during hot
working, flow curves must be supported with microstructural
analysis to confirm the type of restorative mechanism that
dominated during hot working. According to Huang and Loge
(Ref 53), the process of DRX can occur in three forms namely:
(1) discontinuous dynamic recrystallisation (DDRX), (2) con-
tinuous dynamic recrystallisation (CDRX) and (3) geometric
dynamic recrystallisation (GDRX). The latter process (GDRX)
has been deemed to occur at higher strains ranging between 5
and 10, and since this range of strain was far higher than the
one applied in this study the focus was the directed to the other
two processes. The DDRX and CDRX processes can be briefly
explain using Fig. 3 and 4 that were adopted from the study of
Dong et al. (Ref 54).

3.1 Discontinuous Dynamic Recrystallization (DDRX)

During hot rolling of polycrystalline materials, any two
adjacent grains may experience different amount strain because
their orientation with respect to the working stress is not the
same. As a result of strain variation from one grain to the other,
the concentration of lattice defects generated and stored in each
grain is different. Lattice defects such as dislocations are
associated with elastic strain energy, which means their
presence raises the stored energy of the deformed grain. And
since the two adjacent grains are deforming differently, the
amount of energy stored in each is not the same. Which lead to
a differential energy that serves as the driving force to a process
known as strain induced grain boundary migration (SIBM) (Ref
55). The SIBM has been regarded in many hot deformation
studies as the responsible mechanism for the formation of new
recrystallised grains in low stacking fault materials (Ref 56-59).
As shown in Fig. 3, during SIBM, part of the original high
angle boundary separating grain A and B bulges towards a
higher energy grain via grain boundary migration (GBM). As
the bulging continue, it drags a dislocation structure that re-
arrange itself to form a subgrain adjacent to lower energy grain.
In turn, the subgrain convert to high angle grain boundary
through absorption of dislocations resulting in a formation of
new DDRxed grain. The end result of an SIBM process is the
necklace structure of fine DRXed grains that engulfed the entire
high angle grain boundary and subsequently cover the entire
original microstructure. Chen et al. (Ref 57) and Haghdadi et al.
(Ref 58) have argued that the austenitic phase in DSS tends to
soften by means of CDRX instead of DDRX due to limited
number of austenite/austenite high angle boundaries that
support the latter process. However, in another study of 2205
DSS, Haghdadi et al., (Ref 60) confirmed that limited DDRX
may occur in this alloy, provided there are some distorted
special high angle grain boundaries.
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Fig. 1 (a) and (b) shows 2205 DSS PM constructed at 0.8 and 1.0 true strain respectively (Ref 16). Reprinted from Materials & Design, Vol
32, Lei Chen, Xiaocong Ma, Xiao Liu, Longmei Wang, Processing map for hot working characteristics of a wrought 2205 duplex stainless steel,
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Fig. 2 Typical flow curve showing DRV and DRX behaviour (Ref
52)

3.2 Continuous Dynamic Recrystallisation (CDRX)

Unlike DDRX, the CDRX has been observed in materials of
high SFE such as ferritic stainless steel, aluminium etc. The
process of CDRX as shown in Fig. 4 occurs my means of
subgrain rotation, initially the generated dislocations from
plastic deformation glide and climb to form low angle
subgrains (cell substructures) inside an original deformed
grain. The adjacent subgrains then rotate, coalesce, and form
a CDRXed grain.

During hot deformation studies, the occurrence of DDRX in
low SFE materials is generally recognised through formation of
necklace structure, serrated and bulging of boundaries(Ref 52,
61-63). Whereas visible high angle grain boundary that can be
resolved by optical microscopy (OM) signify the occurrence of
CDRX which is sometimes termed extended DRV. In instances
whereby only DRV was active, the microstructure usually
reveals subgrains within the deformed grain. Fig. 5 below was
taken from the hot deformation study conducted by Chen et al.
(Ref 16) in 2205 DSS, where the evolution of hot deformation
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structure through both DRX and DRV was observed. Fig. 5(f)
showed fine DRXed grains of austenite dispersed around the
ferrite-ferrite boundaries as well distinguishable high angle
boundaries of ferrite which signified the occurrence DRV. The
similar findings were also observed by Momeni and Dehghani
(Ref 64), in a study of 2205 DSS, where well-developed grain
boundaries on the ferrite matrix were attributed to DRV, while
sub-boundaries such as deformation twins, bands on the
austenite islands suggested the occurrence of DRX.

4. Experimental Procedure

The 16 mm rod of 2205 DSS acquired from Multi-alloys
(LTD) in the as rolled condition was used to investigate the hot
behaviour. Chemical composition of the alloy was confirmed
through spectro analysis and the results in (wt.%) are displayed
in Table 1 below. Furthermore, the as-received microstructure
(Fig. 6) revealed a dual phase of ferrite matrix (brown) with
austenite islands (light phase) oriented along the working
direction.

4.1 Gleeble Hot Compression Tests

To analyse the hot deformation behaviour, twenty-five (25)
cylindrical samples of 10 mm @ x 15 mm height in size were
prepared using wire cutting machine. After sectioning, each
sample was prepared for Gleeble test as illustrated in Fig. 7.
The hot deformation cycle as per Fig. 8 was programmed into
the computer attached to the Gleeble unit, and hot processing
conditions varied from sample to sample (S/, S2..., S25)
during testing. All 25 samples were hot compressed in a
Gleeble 1500D thermo-mechanical simulator to a total true
strain of 0.8. The deformed structure was retained by fast
cooling from the deformation to room temperature using
helium. In addition to 25 samples, an extra five (5) cylindrical
samples of 5 mm @ x 10 mm height in size were also prepared
and hot compressed in a Bahr 805 dilatometer at the same
temperature range but higher strain rate of 15 s~ .

Journal of Materials Engineering and Performance
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Fig. 4 Formation of CDRXed grain through sub-grain rotation. Reprinted with permission from Springer Nature (Ref 54)

4.2 Microstructural Preparation

The deformed samples of interest were sectioned in the
middle parallel to the hot compression axis, mounted, ground to
1200 in grit size and polished down to 1 um in diamond paste.
Polished samples were then electro-etch at 2 V for 20 s with
60% nitric (HNO;) solution. During compression, most defor-
mation is concentrated at the center of the sample, thus optical
and SEM images from the polished samples were taken around
this region using optical microscope (OM) and high-resolution
scanning electron microscope (HRSEM) respectively. The
preparation of the microstructures was done to validate the
safe domains and instability regimes of the developed process-
ing maps.

4.3 Modification of Experimental Flow Curves

Post compression tests, the obtained flow curves may be
affected by both friction and adiabatic heating. In the case of
friction, flow stress values are usually higher than actual values
whereas adiabatic heating due to higher strain rates may cause a
reduction in flow stress values. To produce reliable constitutive
analysis and processing maps experimental flow curves must be
adjusted for both friction and adiabatic heating (Ref 65, 66).

4.3.1 Adjustment for Friction. During compression
tests, a test-specimen normally changes its shape from a
cylindrical to barrelled shape due to presence of friction. The
degree of barrelling experienced by the deforming sample can
be quantified through the barrelling factor (BF), to assess
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whether friction have any influence on the applied flow stress
(Ref 65, 67, 68). According to Gong et al. (Ref 30), a
BF > 1.1 means that the frictional stress has a noticeable
effect on the applied flow stress, and the latter will appear
higher than expected values. Under this circumstance, flow
curves from the laboratory experiments must be corrected for
friction. In this study, barrelling factors at various deformation
conditions were calculated by first taking the measurements of
the barrelled samples as shown in Fig. 9 and plugged them into
(Eq 7) to obtain the results given in Table 2 below. The results
were extracted from temperatures of 900, 950 and 1000 °C for
illustration purposes.

B HiR,
H,R3

(Eq7)

where Rlz\/[andHf is maximum radius and final height after
deformation respectively, and HyandR3 are initial height and
radius.

Table 2 results showed that the deforming samples experi-
enced significant friction between 900 and 950 °C, and as such
flow curves belonging to these temperatures were adjusted for
friction as shown in Fig. 10. Correction for flow curves
belonging to 1000 °C was not necessarily due to BF < 1.1.
The correction was done by converting the Gleeble force and
stroke data to Von Mises stress using (Eq 8) which considers
the effect friction at the interface (between test specimen and
tantalum foils).

Volume 33(24) December 2024—13901



Fig. 5 Deformed microstructure at different conditions: (a) 1223 K /10 s™', (b) 1273 K/10 s™', (c) 1323/0.01 s™', (d) 1373 kK/10 ™', (e)
1423 K/10 s™", and (f) 1473/0.01 s (Ref 16). Reprinted from Materials & Design, Vol 32, Lei Chen, Xiaocong Ma, Xiao Liu, Longmei Wang,
Processing map for hot working characteristics of a wrought 2205 duplex stainless steel, Pages No. 1292-1297, Copyright 2011, with permission
from Elsevier

Table 1 2205 DSS chemical composition

%C %Si %Mn %P %S %Cr %Ni %Mo %N %Fe

0.023 0.34 1.67 0.029 0.003 22.80 5.20 3.20 0.1703 66.57
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(Eq 8)

where: P, = Gleeble force (in kN), %, = stroke (in mm), dy =
initial diameter (in mm), %, = initial height (in mm), and
[ = coefficient of friction at the interface and taken as 0.2
4.3.2 Adjustment for Adiabatic Heating. When con-
ducting isothermal hot compression tests, one of the objectives
is to maintain the constant temperature throughout the defor-
mation process. This means that, the actual temperature
measured by thermocouple should more or less match the set
temperature. However, this is often hard to achieve when higher
strain rates are applied during testing (Ref 70). The reason for
this is that higher strain rates are coupled with shorter
deformation times, thereby restricting the heat exchange
between the deforming sample and the surroundings. There-

tofofo} el

fore, the actual temperature given by the thermocouple tends to
be higher than the set one since the sample is not efficiently
giving away heat, and isothermal conditions are not maintained
(Ref 50). From the theory of thermodynamics, the inability of
the system to adequately exchange heat with the environment is
termed adiabatic heating. Similarly, failure of the deforming
sample to successfully exchange heat with deformation tools
(dies) during hot compression test is termed adiabatic heating
(Ref 65).

Under adiabatic conditions, the sample temperature in-
creases due to accumulation of heat causing deformation to
occur at low flow stress values (Ref 71). This implies that, flow
curves belonging to sample (s) that suffered from localised
heating reflect lesser deformation resistance of the sample to
applied stress. During the course of this study, the effect of
adiabatic heating was first assessed by comparing the set
temperature with that measured by the k-type thermocouple as
shown in Fig. 11. The comparison showed no significant
temperature difference between the strain rates of 0.001-0.1 s™'.
This was because low strain rates had longer deformation times
that allowed the sample to adequately release heat to the
surroundings such that equilibrium conditions were maintained.
Consequently, the temperatures measured by the thermocouple
did not deviate much from the set temperature (Ref 72).

However, for strain rates of 1, 5 and 15 s~! the deviation
from the set temperature averaged to 20 and 10 °C between 850
and 900 and 1050 °C respectively. Significant deviation at
lower temperature was thought to be the increased in applied
flow stress that subsequently raised the store strain energy of
the sample. A similar observation was observed by Zhang et al.
(Ref 70), Matsumoto and Chiba (Ref 71) and Lu et al. (Ref 34),
where they attributed larger AT to (1) inability of the material to
efficiently release heat at higher strain rates due to shorter
deformation times, (2) larger applied stress at low deformation
temperatures and (3) low specific heat capacity at low
temperatures. Another noticeable deviation was at 1050 °C
and strain rates of 0.1 and 1 s~', where the actual temperature
fell below the desired temperature. This scenario was also
observed by Qian et al. (Ref 72) and Wang et al., (Ref 73) and

! i‘""‘*fzihk 1500 heating X

Tantalum foils

Fig. 7 Schematic representation of sample preparation before hot compression test in a Gleeble 1500
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Fig. 9 Illustration diagram showing a cylindrical sample before and
after hot compression (Ref 69)

attributed to two folds: (1) sample initially retained heat and
increased its temperature causing the Gleeble heating system to
decrease heat supply in order to bring sample back to desired

13904—Volume 33(24) December 2024

Table 2 Barrelling factor values at various deformation
conditions.

Strain rates, s~ 900,°C 950,°C 1000,°C
0.001 1.20 1.15 1.01
0.01 1.29 1.14 1.08
0.1 1.23 1.34 1.08
1 1.24 1.27 1.03
5 1.18 1.17 1.04

temperature, and (2) as deformation progresses the contact area
at the interface increases and cause heat loss to the surround-
ings.

Furthermore, a strain rate of 15 s~ was expected to bring a
much higher temperature difference than 1 and 5 s~', however
Fig. 11 showed some contradictions. According to Qian et al.
(Ref 72), when strain rates are substantial high, the deformation
times are much shorter than the response time of the
thermocouple. This causes the thermocouple to undergo
hysteretic effect, whereby it is incapable of capturing instan-
taneous temperature changes during the compression test (Ref
73).

Therefore, computation of adiabatic heating by relying on
the temperature difference between set and actual temperature
from the thermocouple is not advisable when hysteretic
behaviour is observed. But rather a theoretical approach as

Journal of Materials Engineering and Performance
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suggested by Wang et al., (Ref 73) is recommended when
quantifying the change in temperature. This approach involves
using (Eq 9) to compute changes in temperature other than
taking the difference between set and actual temperature.
However, Bodunrin et al., (Ref 66) indicated that theoretical
approach may present some errors because (Eq 9) tends to
overestimate adiabatic change in temperature. Nevertheless, the
theoretical approach has been adopted in many studies of hot
deformation (Ref 65, 70, 74, 75) to name a few. Similarly, in
this study the temperature changes (AT) due adiabatic heating
at a strain rate of 1, 5 and 15 s were calculated using (Eq 9)
below.

&

7 0951 / ode
pCy

0

(Eq9)

where p = density of the 2205 DSS in g/em?, C,, = specific
heat capacity in J/kgK, #n = Taylor Quin coefficient,
0.95 = proportion of stored energy allocated for temperature

&
rise and [ ode = area under true-stress strain curve calculated
0

using Origin 2022 software.

The specific heat capacity at various temperatures were
calculated using empirical relation found in Kanan et al. (Ref
76) and the results are shown below.

Before adjusting for adiabatic heating, it is important to
select a true strain range where correction of flow stress will be
based. In this study, a true strain range of {0.05-0.75} was
selected. To clarify this, a true strain of 0.05 and strain rate of
1 s are selected as an example to show how the flow stress
was corrected for localised heating. The followed procedure
was adopted from the study conducted by Saxena et al. (Ref
77).

Initially, the AT were calculated for each set temperature
(Tset) using (Eq 9) at mentioned constant strain and strain rate.
Followed by addition of AT to each T, to get the actual
temperatures (7T acwa). For instance, at 850 °C the actual
temperature was calculated as follows and the procedure
repeated for all temperatures:

Tactual—ss0°c = ATgsooc + Tgsec (Eq 10)

Strain rate = 1s!
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True strain

Fig. 12 flow curve @ 1 s~ illustrating extraction of uncorrected
flow stress at ¢ = 0.05
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The next step was to find the uncorrected flow stresses
(Guncorr) values (shown within red circles) from the experimen-
tal flow curve as demonstrated in Fig. 12 below.

After finding gyncorr and T ycrual, the rate at which flow stress
was changing per unit increase in temperature was determine
by first doing a scatter plot of actual temperature vs uncorrected
flow stress. Followed by performing linear regression analysis
to find the slope of the linear curve. Where the product of the
slope and AT was equal to change in flow stress (Ac) due to
adiabatic heating as per following equation:

do

Ac = AT x—
o * T

where (‘11—9[ is the slope from the linear plot of actual temperature

(Eq 11)

vs uncorrected flow stress.

It is worth noting that, the slope from the linear plot must be
used to calculate the Ao for all temperatures. For instance, at
850 °C the change in flow stress was calculated as follows and
the procedure was repeated until 1050 °C

dr
Acssooc = ATgsooc * i
J

After finding Ao, it was then added to uncorrected flow

stress to get corrected flow stress at each temperature.

(Eq 12)

O (corrected) — Ao + Ouncorrected (Eq 13)

The above procedure was repeated for each strain until
¢&=0.75 at an interval of 0.05 to get all the corrected flow
stress. And off course the same procedure was applied for 5 and
155" at the same true strain range. After correction, the
corrected flow stresses were plotted against the selected true
strain range and then superimposed on the experimental ones as
shown in Fig. 13(a) and (b) below for strain rates of 1 and 5 s~
respectively. It can be seen from the flow curves, that low
temperatures (850-950 °C) and high strain levels led to
considerable softening due to increase in deformation energy.
As a result, a large deviation was noticed around these
deformation conditions after correction.

The corrected flow curves together with the ones that needed
no correction were used to prepare processing maps at various
true strains of 0.1, 0.3, 0.5 and 0.8. However, the focus was
directed to the PM belonging to 0.8 true strain since the hot
compression tests were conducted to a total strain of 0.8.

5. Results and Discussion

5.1 Interpretation of Flow Curves

Figure 14(a) and (b) below shows the flow stress-strain
curves of 2205 DSS at constant strain rate and various
temperatures. At a glance, it can be easily seen that flow stress
of the alloy decreases with rise in temperature for both strain
rates. With increase in temperature, thermal barriers to dislo-
cation movement are cancelled out to make the slip process
easier, hence a drop in flow stress was observed.

At a strain rate of 5 s~! and across all temperatures, flow
stress of an alloy increased till a peak point due to work
hardening, then dropped before settling to a steady state. It was
noticed that between 950 and 1050 °C, that the drop in flow
stress after a peak point was shallow, possible due to sluggish
DRX kinetics or DRV coming into play. Further to this,
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temperatures of 850 and 950 °C, showed the absence of steady
state due to dominance of softening mechanisms over work
hardening. According Chen et al. (Ref 16) absence of steady
state region maybe an indication of extensive softening that is
associated with flow instabilities other than the DRX process.
Another observation at this strain rate was a yield point
phenomenon (YPP) after work hardening (indicated by black
arrows), which seemed less noticeable with increase in
temperature. A possible explanation to YPP could be unlocking
of dislocations from interstitial atoms, formation of geometri-
cally necessary dislocations at the grain boundary or strain
transfer from ferrite to austenite phase (Ref 24, 25, 78). In
addition, diminishing of YPP with increase in temperature
could be attributed to increase in diffusional rate of interstitial
atoms to an extent that they are able to match the velocity of
dislocations and produce homogeneous plastic deformation.
Oscillation or multiple peaks before steady state were visible at
1050 °C, this may be ascribed to re-recrystallisation of grains
that were recrystallised in the first cycle and the process
repeated until steady state is achieved (Ref 79).

Strain rate of 15 s~ ' and across all temperatures showed
flow curves with the characteristics of DRX behaviour. Hot
processing at higher strain rates may be accompanied by
adiabatic heating, thus softening from the peak stress must be
interpreted with caution. This is because formation flow
instabilities which manifest themselves in the form of soften-
ing, is likely to occur at this magnitude of strain rate. A rise in
flow stress at temperatures of 850°, 900 and 1050 °C was
noticed at respective true strain, particularly after the steady
state was achieved. A similar trend was observed by Zhao et al.
(Ref 80) and Wang et al. (Ref 81) who linked post steady state
rise in flow stress to increase in friction caused by increase in
contact area between the barrelled specimen and the deforma-
tion dies or anvils of the thermo-mechanical simulator.

Figure 14(c) and (d) shows the influence of varying the
strain rate while holding the temperature constant. Both
extreme temperatures showed an increase in flow stress with
rise in strain rate. In general, higher strain rate increase the
dislocation density and subsequently the formation of disloca-
tion forests or entanglements that act as obstacles to mobile
dislocations. In this sense, slip can be restricted and prompt an
increase in applied stress for continuous deformation. At lower
strain rates (< 1 s~ '), flow curves exhibited DRX behavior for
both temperatures but 1050 °C showed faster kinetics as
indicated by low values of peak strain. At 850 °C /15s ' a
pronounced drop in flow stress was observed but as explained
earlier softening at higher strain rate must be interpreted with
caution to account for adiabatic heating. Double peaks at
1050 °C/1 s~ (as shown by red arrows) were observed and
according to Han et al., (Ref 13) this may be attributed to
deformation shift from ferritic to austenitic phase at higher
strains. This shift re-initiate work hardening in the latter phase,
followed by secondary peak stress before settling to a steady
state.

5.2 Interpretation of Processing Maps at 0.1-0.5 True Strain

Figure 15 below shows the PM of 2205 DSS at various true
strains that were generated using M-R approach. The contour
lines and shaded areas surround safe domains and instability
regimes respectively. It can be seen that, areas of low m are
associated with instabilities (shaded) areas, whereas unshaded
areas had high mn indicating absence of instabilities and

13908—Volume 33(24) December 2024

occurrence of good softening mechanisms. Peak efficiency
(m) slightly changed from 41 to 46% at 0.1 and 0.3 true strain
respectively and thereafter, maintained at constant value of
43%. Increase in m could be linked to enhancement of
deformation kinetics brought by increase in true strain.

At a true strain of 0.1, a peak efficiency of 40% (A) that is
likely to be associated with DRX was observed at 1016 °C/
0.009 s~'. This was also confirmed from the analysis of flow
curves, where a drop in flow stress under similar conditions was
observed at a peak strain slightly below 0.1. Two instability
regimes associated to low M and negative & were also detected
at intermediate to high ¢ range of (0.03 to 0.69) s, T = (850-
1010) °C and high & (2.51-15) s', T = (956-1022) °C.

At 0.3 true strain, the peak efficiency was still comparable to
that one of 0.1 true strain. However, narrowing of instability
regimes coupled with addition of a new one at T = (850-925)
°C and & = (2.07-15) s~ was observed at this strain. These
results are consistent with Li et al., (Ref 8) who also did PM’s
of 2205 DSS and observed narrowing of instability regimes
with increased in true strain. According to their work (Ref 8),
the narrowing was due to improve in ductility of the alloy at
certain deformation conditions.

With increase in true strain to 0.5, a safe zone with a peak
efficiency of 31% appeared at intermediate temperature (930-
970) °C and high strain rate ((4.33-15) s™' ranges. Furthermore,
extension of safe working zone to below 900 °C (point B) was
observed at low strain rates (0.01-0.08) s~ ranges. A peak
efficiency of 43% (point A) was observed at 1008 °C/0.01 s~
deformation conditions. Coalescence of instability area was
observed at high T and &, reduction of instability areas at low T
and high é&.

5.3 Interpretation of 0.8 PM in Gonjunction
with Microstructural Analysis

Figure 16(a) and (b) below shows PMs prepared using
Murty and Rao and Prasad’s approach respectively at 0.8 true
strain. The preparation and discussion of microstructures were
solely based on the former, while the latter is just for
comparison. As such, the PM as per Murty and Rao approach
was divided into domains and instability regimes and
microstructures prepared accordingly.

5.3.1 Safe Domains. Domain #I occurred at a safe hot
working zone of low & range of (0.001-0.06) s~ ', low T (850-
925) °C and n ranging from 22% to peak of 38.9% at 908 °C/
002 s~' (A). Figure 17(a) and (b) shows OM and SEM
micrographs respectively that were prepared within this domain
at 900 °C/0.01 s~'. The OM micrograph showed islands of
elongated austenite grains (white phase) distributed within
ferrite matrix (light brown phase) along the rolling direction.
Features of DRX from both images included visible substruc-
tures (shown by orange arrows) on some of the deformed
austenite grains and few recrystallised austenite grains (shown
by red circles) on ferrite/ferrite boundaries. These observations
suggested that the DRX process could not be completed in
austenitic phase, probably due to slow kinetics of grain
boundary migration brought in by low temperatures

Both images revealed a relatively high number of high angle
boundaries (shown by black arrows) within the ferrite matrix
suggesting the mode of softening was more of extended DRV or
continuous dynamic recrystallization (CDRX) (Ref 82). The
deformation at low strain rates seemed to have supported
CDRX into two steps: Firstly, dislocations were given sufficient
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time to form low angle subgrains within ferrite phase, which is
termed DRV, Secondly, with increase in applied strain, these
subgrains absorbed dislocations to convert to high angle grain
boundaries. The fact that the microstructure obtained within
this domain was not uniform, the resulting mechanical
properties may not be desirable thus causing this domain not
appropriate for hot processing.

Domain #II was a safe domain associated with low & range
of (0.001-0.06) s, high T (980-1050) °C and 1 ranging from
25% to a peak of 38.13% at 1016 °C/003 s~ ' (C). Efficiencies
of domain I, II seemed comparable despite temperature
increase. Fig. 18(a) and (b) below shows OM and HRSEM
images respectively, prepared within this domain at 1000 °C/
0.01 s'. Both images revealed a fully recrystallised microstruc-
ture with equiaxed austenite grains dispersed between fer-
rite/ferrite high angle grain boundaries. The markings by (red
circle) on both images confirmed the DRX process where
recrystallised grains of austenite were clearly visible on the
ferrite/ferrite boundaries. The observation of equiaxed austenite
grains at this low strain rate domain seemed to suggest that the
process of DRX was similar to CDRX but occurred via SIBM
(Ref 57). In addition, the DRXed grains in this domain were
slightly coarser than those observed in domain I, probably due
to approximately 100 °C temperature difference or more
between the two domains. This increase in temperature may

13910—Volume 33(24) December 2024

have accelerated the growth of DRXed nuclei through faster
grain boundary migration.

DRX was not the only restorative mechanism because
visible high angle boundaries (shown by black arrows) on the
ferrite matrix confirmed the softening of ferrite by CDRX. The
increase in temperature by 100 °C at constant strain rate made
the high angle grain boundaries in ferrite to be more visible or
rather recognisable in an OM image than those observed in
domain I. This could be attributed to more strain being directed
to ferrite since austenite volume fraction was diminishing with
rise in temperature. Given that this domain produced a
homogeneous structure of equiaxed austenite grains randomly
distributed within ferrite matrix, the mechanical properties were
most likely uniform throughout the structure. Therefore, hot
processing of 2205 DSS under this domain was considered
ideal even though low strain rate could have a negative impact
on the production rate of an industrial hot rolling mill. Despite
the use of different approach in designing the processing maps
of the current study, the results obtained were comparable to
those of Chen et al. (Ref 6), Momeni et al. (Ref 11), Ma et al.
(Ref 12), and Li et al., (Ref 8) who used Prasad’s approach.

Domain #III occurred at intermediate ¢ range of (0.07-1.66)
s', high T (990-1050) °C and 1 ranging from 29% to a peak
of 36.1% at 1030 °C/0.11 s~ (D). Figure 19(a) and (b) below
shows OM and HRSEM micrographs that were prepared within
this domain at 1000 °C/1 s~'. The alloy seemed to have soften
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by both CDRX and DRX. The CDRX features could easily be
noticed through well-developed high angle grain boundaries
(shown by black arrows) in both images. In an OM image, most
deformed austenite grains had deformations twins or bands
(shown by red rectangles) which acted as potential nucleation
sites for DRXed grains. The increase in strain to 1 s~ ' at the
same temperature as compared to domain II, seemed to have
distorted and converted special high angle boundaries (twins) to
high angle boundaries probably due to increase in dislocation
density. Once twins were distorted, they became highly mobile,
serrated, and potential nucleation sites for nucleation of
austenite grains as shown in red rectangles from SEM image.
This observation confirmed that with increase in strain rate,
DRX of austenite occurs via distortion of special high angle
grain boundaries than SIBM. Even though both softening
mechanisms were operative, the microstructure showed a
mixture of recrystallised and un-recrystallised austenite grains,
probably due to low kinetics of DRX at these deformation
conditions. Therefore, non-uniform mechanical properties may
be realised from this typical structure.

Domain #IV occurred at high & range of (5.04-15.1) s~ ',
low to intermediate T (850-970) °C and m ranging from 22% to
a peak of 34.6% at 900 °C/13.5 s~ ' (E). Figure 20(a) and (b)
below shows OM and HRSEM micrographs which were
prepared within this domain at 900 °C/15 s~ '. Referring back
to the flow curves in Fig. 14(b) a significant drop in flow stress

o MRSV, o
S R AN

after reaching peak is thought to have occurred due to DRX at
play. Therefore, it was expected that these conditions should
have refined the austenitic phase, given that its low SFE and
present in greater proportion at 900 °C. However, the
microstructure prepared within this domain proved otherwise,
ferrite matrix was substantially refined while the austenite
grains remained deformed along the working direction with
sub-boundaries and deformation bands (hand circled in yellow).
This then suggested that the observed drop in flow stress at
900 °C/15 s~ could have been localised heating of the sample
brought by high strain rate and low temperature. The substan-
tial grain refinement of ferrite grains is thought to have occurred
by means of discontinuous dynamic recrystallisation (DDRX).
This was confirmed through SEM image that revealed a large
distribution of equiaxed ferrite grains (circled in white)
throughout the ferrite matrix. The OM image also revealed
equiaxed ferrite grains bounded by high angle grain boundaries
(marked in black), and partly covered by deformed austenite
grains (white phase) with substructures (marked in yellow).
Even though deformed austenite grains showed quite a large
number of substructures as per both images, very few showed
some evidence of nucleation taking place. The SEM image
confirmed a small fraction of nucleation of austenite grains
from the substructures (see yellow marking). The occurrence of
DDRX in ferritic phase is very rare, but have been reported by
Haghdadi et al., (Ref 60) at high strain rates, where less time is

Fig. 20 (a) OM and (b) HRSEM images of 2205 DSS @ @ 900 °C/15 s~ ', ¢ = 0.8
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Table 3 Thermo-physical properties of 2205 DSS

Thermo-physical property 850,°C 900,°C 950,°C 1000,°C 1050,°C
p,gem > 7.860
Cp, T kgK™! 587.23 594.32 602.31 611.30 621.40
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Fig. 21 HRSEM image of 2205 DSS at 1000 °C/15 5!

available for subgrains to form and induce CDRX. The
microstructure from this domain showed that ferrite matrix
was refined by means of DDRX, and most of deformed
austenite grains had substructures but not fully recrystallized.
This typical non-homogeneous microstructure could have an
impact on the uniformity of mechanical properties. Therefore,
processing at this window can only be recommended if hot
processing parameters are carefully controlled to avoid partial
DRX.

5.3.2 Instability Regimes. Instability regimes are re-
garded as unsafe zones and pose a potential risks of flow
instabilities. Any hot processing done at these zones affect
structural integrity of the rolled product. In this work, it was
observed that these regimes vary with true strain, in a sense that
they narrowed in terms of area or appeared in small numbers at
deformation progress. A possible explanation was found in Li
et al., (Ref 8) who attributed narrowing of regimes to improve
in ductility of the alloy. A similar trend was observed in this
work where instability regimes reduced from 4 (¢ = 0.3) to 2
(e = 0.8). The root cause of one-instability regime (II) occurred
at ¢ = 0.8 is explained below (Table 3).

5.3.2.1 Instability Regime II. This regime occurred at
higher strain rate range of (1.95-15) s~ ', intermediate to high
T (972-1017) °C and & < 0. HRSEM micrograph was
prepared within this regime at 1000 °C/15 s to check for
occurrence of flow instabilities. Adiabatic shear band (ASB)
oriented almost 45° with respect to compression axis and
mechanical twins (circled in green) were identified as shown in
Fig. 21 below. Formation of ASB was believed to be the
consequences of localised heating brought by hot processing at
higher strain rate and low to moderate temperatures. Under
these deformation conditions heat extraction from certain
region of the microstructure was not sufficient, resulting in a

13912—Volume 33(24) December 2024

localised drop in flow stress and severe plastic deformation.
Furthermore, higher strain rates brought additional flow stress
that may have caused the widening of stacking fault regions in
austenitic phase. This obviously could have lowered the SFE of
the phase to make the formation of mechanical twins easier
(Ref 83).

5.3.3 Application of PM to Industrial Hot Rolling
Mills. In general, low strain rates range showed a good
efficiency when compared to intermediate or higher strain rate
ranges. However, any processing done at low strain rate may
hamper the production rate of the industrial hot mills.
Furthermore, processing at higher temperatures gives the
benefit of lower rolling forces, but the energy consumption of
the hot mill may skyrocket the electricity costs and of which
this is unbeneficial from the economic point of view. Industrial
hot rolling operations are normally operated at higher strain
rates that could range from 1 s7! to as high as 100 s} (Ref
55). In this work, a possible hot working window located at
higher strain rates (5.04-15) s~' and low to intermediate
temperature (850-970) °C was identified. Even though this
window was coupled with a 34.6% moderate efficiency, it was
considered as an option on the basis of faster production rate
when compared to lower strain rate region. However, strict
control of deformation parameters is crucial to optimise DRX
kinetics and elimination the potential risk of flow instabilities
(Ref 47).

6. Conclusions

Stable und unstable zones during hot processing of 2205
DSS were investigated using modified dynamic material
modeling (MDMM) suggested by Murty and Rao. The
following conclusions were drawn from the study.

e Hot processing of 2205 DSS at higher strain rates and
intermediate to high temperature leads to instability re-
gimes that are associated with formation of mechanical
twins and adiabatic shear bands. These regimes seemed to
prevail at lower strain region and reduced as the strain in-
creases.

e At lower strain rates and across all temperatures, the en-
ergy dissipated was well utilised by good restoration
mechanisms as indicated by high dissipation efficiency
(>40%) and defect-free microstructure.

e Low strain rates seemed to be a good hot working win-
dow for hot processing. However, hot industrial rolling
mills should make trade-offs between high production rate
and good quality rolled products.

e Higher strain rates (>5s') and low temperature
(<972 °C) also presented a moderate efficiency (x=35%)
with inhomogeneous microstructure and presumably non-
uniform mechanical properties.
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e Hot processing of 2205 DSS at higher strain rates and
low temperature is recommended if deformation parame-
ters are strictly controlled to optimise the kinetics of
restorative mechanisms, particularly DRX.

¢ The obtained results from this study showed not much dif-
ference between Murty’s and Prasad’s approach in terms
of identification of instabilities. However, the former ap-
proach seemed to predict narrow range of instability re-
gimes.
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