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This paper presents the results of an experimental study aimed to identify hot working domains in oxide
dispersion strengthened (ODS) 18Cr ferritic steel over a wide range of temperatures (1323-1473 K) and
strain rates (0.01-10 s21). The experimental data were obtained by uniaxial compression test using the
Gleeble-1500D simulator in this range of temperature and strain rate. An inverse relationship with tem-
perature and positive strain rate sensitivity associated with dynamic recovery and recrystallization, which is
influenced by temperature and strain rate, was derived from the flow stress. Based on the processing map
generated at 0.5 true strain, using rate dynamic material model (DMM) approach and the calculated
instability parameter n ��ð Þð Þ > 0, the optimum processing domain has been determined for this steel. The
most favorable processing parameters are found in the temperature ranges of 1350-1450 K with a strain
rate of 0.01 s21 and 1473 K with a strain rate 0.1 s21 with peak efficiency of 30 and 35%, respectively. The
material flow behavior was studied using scanning electron microscopy (SEM)-based EBSD microstruc-
tural characterization. The steel subjected to 1323 K at high strain rate 10 s21 in the low-efficiency
workability region showed low aspect ratio as compared to the elongated bamboo-like initial microstruc-
ture; however, minimum strain rate (0.01 s21) showing that localized slip/shearing is the key mechanism
and fiber texture studied from the intensity distribution of inverse pole figure showed the presence of
significant amount of h-fibers. In contrast, dynamic recrystallization dominated at higher efficiency region
in the safe domain of processing map and c-fiber texture was evident in the specimen deformed at 1373 and
1473 K with strain rate of 0.01 and 0.1 s21, respectively, which is responsible for the change in the initial Æ1
1 0æ//ED a-fiber texture.
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1. Introduction

Aggressive service condition such as high-energy neutron
irradiation at high-temperature poses a strong challenge in
selection of materials for Gen IV nuclear reactors (Ref 1-3).
Ferritic–martensitic steels with a bcc structure are considered to
be superior to austenitic steels for high damage levels
exceeding 155 dpa, due to their excellent void swelling
resistance (Ref 4). However, their high-temperature creep and
corrosion/oxidation properties are to be improved for good
performance as core structural materials. In this context,
addition of oxide dispersoids in dispersion strengthened high
(> 12%) Cr ferritic steels provides excellent creep properties at
elevated temperature as well as swelling resistance, due to the
effective pinning of dislocations (Ref 8-10). This makes them
potential candidates for cladding in fast breeder reactors and
first wall in fusion reactors (Ref 5-7). Besides creep and
swelling resistance, increasing Cr content helps in enhancement

of corrosion/oxidation properties is desirable to reprocess the
spent fuel (Ref 11-13). These steels are fabricated by a powder
metallurgical route, wherein mechanical alloying is followed by
various sequences of cold or warm working and annealing
treatments (Ref 14). However, the anisotropic morphological
microstructure that forms during unidirectional fabrication
induces severe anisotropy in mechanical properties and remains
a point of concern for their final applications (Ref 6, 15, 16).

During thermomechanical treatments, the steel undergoes a
variety of metallurgical changes like dynamic recovery and
recrystallization as well as work hardening and flow instability
(Ref 18, 19). The resultant microstructure influences the
mechanical properties and performance of the final product
during service exposure. In order to design an appropriate
microstructure, it is necessary to optimize the high-temperature
deformation domain through generation of processing maps
and in this context the dynamic material models (DMMs) are
useful (Ref 20, 21).

Several studies are reported on processing parameters for
various materials such as austenitic stainless steels (Ref 22-24)
and 9Cr-1Mo/9Cr ODS steels (Ref 25, 26) based on their high-
temperature deformation behavior, and the mechanisms have
also been reported. Few studies are available on high (> 12%)
Cr ODS ferritic steels, wherein the microstructural modification
is achieved through various thermomechanical treatments (Ref
17, 27). In the present study, processing map of an 18Cr ODS
ferritic steel is generated by hot compression test using Gleeble
simulator to identify the hot working parameters. The evolution
of microstructure and microtexture in the processing domains
has been studied using the SEM based Electron Backscatter
Diffraction technique.
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2. Experimental Procedure

2.1 Material and Specimen Preparation

18Cr ODS ferritic steel used in the present work was
obtained by a powder metallurgical route followed by consol-
idation using hot extrusion (HE) process in collaboration with
International Advanced Research Centre for Powder Metal-
lurgy and New Materials (ARCI) and Nuclear Fuel Complex
(NFC), Hyderabad.

Pre-alloyed steel powder of nominal composition Fe-18Cr-
2W-0.01C-0.2Ti of average particle size � 100 lm was
mechanically blended with 0.35Y2O3 (by weight) powder
of � 40 nm size in an attritor mill under argon atmosphere
following optimized milling conditions. Details of the process
are given elsewhere (Ref 28). The powders packed in mild
steels cans of � 72 mm diameter were upset forged under
pressure of 800 MPa at 1323 K (1050 �C) to produce forged
billets. The forged billets were extruded to a diameter of 24 mm
at 1423 K with extrusion speed 25-30 m/s at a pressure
of � 620 MPa.

Cylindrical specimens of 9 ± 0.1 mm height and
6 ± 0.1 mm diameter were fabricated from the extruded rod
for the hot compression tests using Gleeble simulator. During
compression testing at high temperatures, it is reported that the
contact surface experiences a higher stress than the center (Ref
29). This means a higher possibility of sticking to the die,
which could lead to high strain level and increase in the friction
coefficient as well. Application of lubricant helps in reducing
this. Hence, the flat faces of the cylindrical samples were
grooved with concentric circles up to 0.5 mm depth for
withholding the lubricant to reduce the effect of friction (Ref
30). The thermocouple was welded with specimen surface for a
precise temperature measurement during testing.

2.2 Hot Compression Test

The Gleeble-1500D simulator was used to conduct the hot
compression tests. The �Gleeble� machine typically provides
controlled rate of heating and cooling of specimens. The
mainframe controller in the system keeps the true strain rate
constant during deformation. The axisymmetric compression
test is carried out by compressing the cylindrical sample
between two parallel platens, and the displacements of the
platens impose the axial compression. Specimens were held for
5 min at the testing temperature prior to the deformation
process to attain equilibrium. The specimens were deformed to
a maximum strain of 50% at a constant true strain rate in the
range 0.01-10 s�1 in the temperature range of 1323 K
(1050 �C) to 1473 K (1250 �C) at intervals of 50 K, followed
by immediate to suppress any diffusional transformation during
cooling. A total of 16 specimens were used for each of the four
strain rate and four temperature conditions. The Gleeble 1500D
contains direct resistance heating system and heats specimens at
rates of up to 10,000 �C/s, or can hold steady-state equilibrium
temperatures. Supplementary thermocouples and infrared
pyrometer have been attached for precise feedback control of
temperatures for the specimen. In comparison with conven-
tional furnace equipped machines, the Gleeble systems can run
thermal tests typically 3-10 times faster, because of the unique
high-speed heating method. The grips that hold the specimen
are made with high thermal conductivity and enhance the
capability of high cooling rates in Gleeble 1500D. An

additional water quench system has also been provided to
attain further high cooling rates for the specimen and to avoid
temperature gradation.

The dimensions of each specimen were measured after hot
compression test including the diameter of the top (dmin) and
bottom (dmin) surfaces, maximum diameter (dmax) in barreled
section and the specimen height (h). Five measurements were
carried out for each specimen using a digital Vernier Caliper
with resolution 0.01 mm. Dimensions of the specimen 1-16 are
listed in Table 1 which shows the variations are negligible for
different test conditions.

2.3 SEM/EBSD Characterization

The specimens were sectioned using a precision cutting
machine along the longitudinal direction of hot compression
testing geometry to obtain the mid-thickness which is known to
be the maximum deformation zone. Microstructure and micro-
texture analysis was carried out using EBSD attached to FEI
Helios Nanolab 600i Field Emission Scanning Electron Micro-
scope (FE-SEM) at 20 kV at appropriate magnifications to
include reasonable number of grains using a scan step of
0.05 lm. The standard metallographic procedure was carried
out followed by final electropolishing in �20% Perchloric
acid + 80% methanol� electrolyte at 283-287 K (10-15 �C) and
15 V. The TSL-OIM� software was used to analyze the
microtexture scan data. The as-extruded and uniaxial compres-
sion test are in line with axisymmetric products, and the crystal
orientation described by inverse pole figure distribution map in
one set of Miller indices [uvw] has been used to indicate the
resultant crystallographic direction which is parallel to the
sample axis (Ref 31). The extent of preferred orientation is
approximated from the inverse pole figures by harmonic series
expansion method evaluated with a tolerance angle criterion of
5� (Ref 32).

3. Results and Discussion

3.1 Characterization of Hot Extruded Steel

Grain boundary distribution along the extruded direction in
�as-extruded� sample is superimposed on the EBSD crystal
orientation map in Fig. 1. The microstructure exhibits elon-
gated grains with an average aspect ratio of 1.6, and the
maximum dimensions of � 0.8 ± 0.2 and � 2 ± 0.5 lm in
the transverse and longitudinal direction, respectively. The
black and gray lines in the microstructure represent the low (2�-
15�) and high (> 15�)-angle boundaries, respectively. A close
look shows a network of low-angle boundaries contained
within the high-angle boundaries. The low-angle boundary
networks indicate an intragrain rotation in the partially
recovered microstructure, which is attributed to dynamic
recovery during the extrusion process, which are the most
common deformation and annealing mechanism at high
temperatures (Ref 33, 34). Further, the orientation map suggests
the existence of a preferential crystallographic plane normal to
Æ1 1 0æ along the extrusion direction, which has been confirmed
by the analysis of the inverse pole figure (IPF) (Fig. 1b). The
analysis of IPF also shows a strong contribution of Æ1 1 0æ fiber
texture along the extruded direction which is attributed to the
deformation induced texture, and it is reported as a typical
behavior of high Cr (> 12%) ferritic ODS steels (Ref 35).
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3.2 Effect of Temperature and Strain Rate on Flow Stress

Figure 2 shows the experimental flow curves of the 18Cr
ODS steel compression tested in a range of temperatures (1323-
1473 K) and strain rates (0.01-10 s�1). Based on Table 1 where
the dimensional changes are negligible it is assumed that
deformation is homogeneous during compression test. The flow
stress characteristics are observed to vary with test temperature
and strain rate. A sharp increase in flow stress is observed at all
temperatures and strain rates in the initial stages of deformation
due to strain hardening phenomenon. However, beyond a true

strain value of 0.2, saturation or decrease in flow stress was
observed, which is attributed to the softening due to dynamic
recovery and recrystallization (Ref 26). At 1323 K, at strain
rate ‡ 0.1 s�1 a mild increase in flow stress with strain is
observed (Fig. 2(a)). This is attributed to higher work harden-
ing rate due to deformation at low-temperature and high strain
rate.

Flow stress curves show a dominant softening behavior at
low strain rates of £ 0.1 s�1 at high temperatures of 1373-
1473 K, suggesting recovery process and a steady-state behav-
ior of the flow stress curves implies a balance between work
hardening and thermal softening. This behavior is attributed to
dynamic recovery which is characteristic of high Stacking Fault
Energy (SFE) materials. The flow curve determined at 1373-
1473 K, at a strain rate of 0.01 s�1 suggests the occurrence of
dynamic recrystallization, characteristic of the high temperature
of deformation (Ref 36).

Although the characteristics of true stress–strain curves
qualitatively indicate dynamic recrystallization (Ref 37), Poliak
and Jonas have reported a point of inflection in the relationship
of work hardening rate (h) with stress (r) (Ref 36, 38, 39).
Since, d(lnh)/de = dh/dr, an inflection point is also expected in
the plot of ln(h) as a function of e which is a signature of
dynamic recrystallization (Ref 40). The plot of ln(h) versus e at
1373 K with strain rate of 0.01 s�1 is shown in Fig. 3. A sharp
point of inflection in Fig. 3 thus substantiates the event of
dynamic recrystallization above the temperature > 1373 K in
this material which in corroboration with the fact that observed
in Fig. 2.

However, the experimental true stress–strain curves reflect
the complex interplay of concurrently operating phenomena of
work hardening and softening processes during high-tempera-
ture deformation and annealing. The identification of various
workability regimes from the predicted flow stress using
constitutive equations is explained in the subsequent section.

3.3 Hot Deformation Constitutive Equations

The analysis and simulation of the flow behavior can be
predicted using constitutive equations for the material. The

Table 1 Dimensions of pre- and post-hot compression tested specimen

Test condition

Specimen dimension

Initial diameter, mm Initial height, mm

Post-hot compression tested specimen

dmin, mm dmax, mm Height, mm

1050 K/0.01 s�1 5.99 9.01 7.12 7.72 6.10
1050 K/0.1 s�1 6.00 8.95 7.10 7.70 5.80
1050 K/1 s�1 6.01 8.94 7.10 7.70 5.74
1050 K/10 s�1 5.98 8.98 7.14 7.68 5.74
1100 K/0.01 s�1 6.01 8.99 7.06 7.76 5.84
1100 K/0.1 s�1 5.99 8.98 7.04 7.78 5.82
1100 K/1 s�1 6.00 8.99 7.08 7.74 5.86
1100 K/10 s�1 6.00 8.98 7.08 7.70 6.02
1150 K/0.01 s�1 6.01 8.97 7.12 7.78 5.70
1150 K/0.1 s�1 5.99 8.99 7.08 7.80 5.88
1150 K/1 s�1 6.00 9.00 7.10 7.82 5.72
1150 K/10 s�1 6.01 8.96 7.10 7.80 5.88
1200 K/0.01 s�1 6.00 8.98 7.06 7.92 5.88
1200 K/0.1 s�1 6.01 8.98 7.08 7.90 5.78
1200 K/1 s�1 6.00 9.01 7.08 7.88 5.76
1200 K/10 s�1 6.00 8.98 7.12 7.88 5.74

Fig. 1 (a) Grain boundary distribution (Gray—2�-15� marked
arrow, Black— > 15�) superimposed on EBSD crystal orientation
map and (b) inverse pole figure from the longitudinal section of hot
extruded rod of 18Cr ODS ferritic steel
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Arrhenius equation is used to derive the correlation between
flow stress and strain rate during high-temperature deformation
(Ref 41), and the constitutive behavior can be explained as
follows (Ref 26, 42-45):

_e ¼ A1r
n1 exp � Q

RT

� �
ðEq 1Þ

_e ¼ A2 exp brð Þ exp � Q

RT

� �
ðEq 2Þ

_e ¼ A sinh arð Þ½ �nexp � Q

RT

� �
ðEq 3Þ

where Eq 1 and 2 correspond to the power exponent relation-
ship in the low- and high-stress conditions, respectively,
whereas Eq 3 represents sine relationship for all stress condi-
tions, and therein _e is the strain rate, r is the flow stress, T and
Q are the temperature and activation energy during deforma-
tion, respectively, R is the gas constant (8.31 J mol�1 K�1) and
A1, A2, A, n1, n, a, and b are denoted for material constants.
Further, Eq 1-3 can be rewritten in the following way:

Fig. 2 True stress vs. true strain plots obtained by hot compression test for strain rates in the range of 0.01-10 s�1 at temperatures of (a) 1323,
(b) 1373, (c) 1423 and (d) 1473 K

Fig. 3 Variation of work hardening rate (ln h) and strain (e) of
18Cr ODS ferritic steel at 1373 K with strain rate of 0.01 s�1
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ln _e ¼ n1 lnrþ lnA1 � Q= RTð Þ ðEq 4Þ

ln _e ¼ brþ lnA2 � Q= RTð Þ ðEq 5Þ

ln _e ¼ n ln sinh arð Þ½ � þ lnA� Q= RTð Þ ðEq 6Þ

The peak stress that signifies the highest load during high-
temperature compression and is a function of the deformation
condition is selected for estimating the corresponding strain
(Ref 26). Equations 4-6 represent linear relationships between
ln _e � lnr, ln _e � r and ln _e � ln(sinh(ar)), and the values of
n1, b, and n can be derived from the slope of the fitted lines
from the above plots in the temperature range of 1050-1200 �C
(Fig. 4). Further, a can be calculated from the relation a = b/n1
and the average value a and n are considered as optimum for a
given strain (Ref 46). The estimated result of material constants
is given in Table 2.

Further, the correlation between flow stress and the strain
rate could be presented based on linear regression correspond-
ing to the hyperbolic sine relationship.

ln _e ¼ 6:64 ln sinh 0:00418rð Þ½ � � 4:1494 for T ¼ 1323 K

ln _e ¼ 6:49 ln sinh 0:00493rð Þ½ � � 2:7013 for T ¼ 1373 K

ln _e ¼ 7:22 ln sinh 0:00541rð Þ½ � � 1:8078 for T ¼ 1423 K

ln _e ¼ 6:95 ln sinh 0:00616rð Þ½ � � 0:43846 for T ¼ 1473 K

The activation energy for hot deformation is assumed to
remain constant for small temperature ranges at which the strain
rate is constant (Ref 42, 46). Further, Eq 6 can be rearranged
for all the stress levels as follows:

n ln sinh arð Þ½ � ¼ ln _eþ Q= RTð Þ � lnA ðEq 7Þ

Fig. 4 Relationship between (a) ln _e � lnr, (b) ln _e � r and (c) ln _e � ln(sinh(ar) of 18Cr ODS ferritic steel in a temperature range of 1323-
1473 K

Table 2 Estimated values of material constants and
activation energy for a given strain at peak stress

a, MPa21 b, MPa21 n1 n Q, kJ/mol ln A

0.0051 0.0977 18.9227 6.9557 624 34.70
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The activation energy can then be calculated from the slope
of the plot that can be derived from the intercept of
nln(sinh(ar)) versus ln _e as a function of 1/T; further, the
intercept gives the value of lnA (Ref 42, 46). The estimated Q
value and lnA for the 18Cr ODS steel is � 624 kJ/mol and 34,
respectively, in the temperature range of 1323-1473 K in the
strain rate range of 0.001-1 s�1. The estimated Q value is
higher than that reported for non-ODS T24 ferritic steel
(515 kJ/mol) (Ref 42). The higher values can be attributed to
the dislocation pinning by the dispersoids which introduces a
threshold stress for deformation.

During the initial stage of deformation, the dispersoids
induce elastic stress through lattice mismatch within the matrix
that restricts dislocation motion. The movement of dislocations
is also restricted through the pinning effect, which causes
dislocation sliding and climbing with increase in strain energy;
increases in strain energy effect the dynamic recovery (Ref 26).
In addition, the dispersoids also inhibit recrystallization by
obstructing the formation of grain boundary and their advance-
ment which attributes to delay in recrystallization phenomena.
Besides, the reduction of grain boundary strength at high
temperature promotes grain refinement and helps the material to
deform easily, which outweighs the recrystallization phenom-
ena.

Taking into account for the values of a, Q, A, and n into
Eq 3, the constitutive equation of 18Cr ODS steel can be turn
out to be:

_e ¼ sinh 0:00517rð Þ½ �6:955exp 34:70� 624=RTð Þ ðEq 8Þ

3.4 Processing Map Generation

A dynamic material model (DMM), which considers the
basic concepts for a large plastic flow with the conjunction of
both continuum mechanics (Ref 47) and irreversible thermo-
dynamics (Ref 48) reliably predicts (Ref 49, 50) the various
workability regimes for a given material and processing map
can be arrived at. According to the governing principle, the
power dissipation (P) from the workpiece during hot working is
harmonized by two complementary components G and J as per
the following equation:

P ¼ r � _e ¼ r
_e

0

r � d_eþ r
r

0

_e � dr ¼ Gþ J ðEq 9Þ

where r is the flow stress and _e is the strain rate. Further, G
corresponds to power component which is dissipated during
plastic deformation and J signifies the dissipation of power co-
component that leads to evolution of microstructure via
dynamic recovery/recrystallization (Ref 26, 30). The order of
strain rate at a given temperature influences the power
dissipation, which can be described by the constitutive material
flow properties and the strain rate sensitivity m (Ref 26).

m ¼ d lnrð Þ
d ln _eð Þ

� �
¼ dJ

dG
ðEq 10Þ

Further, the efficiency of power dissipation (g) which
specifies the workability of the material at different domains of
temperature and strain rate can be defined by (Ref 26):

g ¼ J

Jmax
¼ 2m

mþ 1
ðEq 11Þ

In addition, the instability parameter (n(_e)) which imply the
unstable region can be related to the strain rate and strain rate
sensitivity by the relation (Ref 26):

n _eð Þ ¼
d ln m

mþ1

� �
d ln _eð Þ þ m ðEq 12Þ

The processing domain falls in the instability region if
(n(_e)) < 0 (Ref 26, 50) and the instability map is obtained
from the plot of change in efficiency of power dissipation at
different temperatures and strain rates. The workability regimes
are separated with a contour value (n(_e)) = 0. The flow stress at
a finer step size has been calculated through the cubic spline
interpolation to improve reliability and for each step size the
strain rate sensitivity (m), efficiency of power dissipation (g)
and instability parameter (n(_e)) are determined from Eq 10, 11
and 12, respectively.

Figure 5 shows the distribution of strain rate sensitivity (m)
map with respect to temperature and strain rate. The variation
of m in the entire range of temperatures and strain rates
employed in this study is found to be within the range of 0.06-
0.25. Similarly g and (n(_e)) contour maps were also generated
for all temperatures and strain rates. The processing map of
18Cr ODS ferritic steel is generated by superimposing the g and
(n(_e)) contour maps and is shown in Fig. 6, which reveals a
limited safe workability regime (marked yellow) for processing
this material. It is also observed that an instability domain exists
in the temperature range of 1300-1473 K with strain rate >
1 s�1 and 1330-1425 K with a strain rate > 0.1 s�1. The
stored energy increases during deformation at high strain rate,
since it is not rapidly distributed throughout the matrix due to
localized deformed regions. This leads to thermoplastic/flow
instability domain at higher (> 1) strain rates for this steel (Ref
51). The safe temperature and strain rate domains of processing
the steel are identified to lie between 0.01 and 1 s�1 at 1323
and 1473 K (encircled in Fig. 4), which is also evident from the
strain rate sensitivity map (Fig. 5) where the m values are very
high. It is also observed that at a low strain rate of 0.01 s�1, the
dominant mechanism for the material flow behavior changes
from dynamic recovery at 1300 K to dynamic recrystallization

Fig. 5 Variation of strain rate sensitivity with temperature and
strain rate for 18Cr-ODS ferritic steel
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at 1450 K. These results are in agreement with the reported
temperatures for the recovery and recrystallization as 1323 K
and above 1423 K, respectively (Ref 27), in ODS ferritic steels,
where the dispersoid distribution favors higher dislocation
pining during deformation.

Though the processing map indicates a safe domain at
1323 K at a strain rate 10 s�1, the g contour value is low and
also the domain size is small, suggesting that it is not energy
efficient. Hence, the most favorable processing parameters are
found to be between the temperature range of 1350-1450 K
with a strain rate of 0.01 s�1 and 1473 K with a strain rate
0.1 s�1, based on high values of peak efficiency (g) up to 30-
35% in the safe workability domain.

3.5 Evolution of Microstructure and Microtexture During Hot
Compression Testing

The safe zone in processing map with respect to temperature
and strain rate has been identified. However, this needs to be
validated in conjunction with a detailed microstructure analysis.
Hence, 4 regions in the safe zone (marked in Fig. 6) of the
processing map have been selected for detailed analysis.
Region 1 corresponds to high strain rate and low-temperature
zone, Region 2 corresponds to low strain rate and temperature
zone, while regions 3 and 4 lie in the high-efficiency safe
zones. The resultant room temperature microstructures from
these four regions are shown in Fig. 7(a, c, e and g). Significant
differences are observed in Fig. 5 from the initial extruded
microstructure (Fig. 1). Figure 5(a) shows the microstructure
from region 1 corresponding to the steel deformed at 1323 K
with strain rate of 10 s�1. Elongated grains (aspect ratio > 1)
typical of a deformation induced microstructure is evident from
the figure. A closer look at Fig. 7(a)) indicates the coalescence
of the initial fine bamboo-like structure of the extruded steel.
The low-angle boundaries between the grains have been
marked to indicate the retention of the deformed microstructure.
Low ductility and low efficiency (� 5%) during deformation in
this region is also evident from the lower strain rate sensitivity.
The microstructure of the steel tested at 1323 K with strain rate
of 0.01 s�1 from the safe domain (region 2) is shown in

Fig. 7(c). The microstructure reveals shear bands developed
during deformation and initiation of fine recrystallized
microstructure at the periphery of shear bands. Hence, it can
be concluded that deformation at low temperatures and low
strain rates leads to dynamic recovery which softens the
material and average efficiency of up to 15% is achieved. Since
the temperature is not high enough to compensate for the
strengthening effect due to dislocation pinning by the disper-
soids this region is prone to develop shear bands (Ref 52). With
further increase in temperature from 1323 to 1423 K with strain
rate 0.01 s�1 (region 3) the average efficiency and strain rate
sensitivity increases from 5 to 30% and 0.068 to > 0.157,
respectively. The microstructure corresponding to this region is
given in Fig. 7(e) which shows equiaxed grain morphology,
suggesting that dynamic recrystallization is the key mechanism
that associated with deformation in this domain. A similar
workability region is also observed at 1473 K with strain rate of
0.1 s�1 and the corresponding microstructure is shown in
Fig. 7(g). This microstructure also reveals an equiaxed
microstructure with slightly coarser grains due to higher
temperature and strain rate in contrast to the specimen
deformed at a strain rate of 0.01 s�1 at 1373 K. This shows
that dynamic recrystallization with partial grain growth is
dominant in this domain during deformation as shown in Fig. 8
compares the frequency distribution of grain size in these four
regions. The analysis shows that low-temperature deformation
phenomena result in a large variation in grain size distribution
due to coalescence of grains during the deformation process.
Dynamic recrystallization is favored during deformation at
temperatures around 1373 K for low strain rates below rate
10�2 s�1 while at high temperatures > 1423 K it is observed
even at high strain rate of 10�1 s�1. The resultant microstruc-
ture consists of nearly uniform fine-sized (2-3 lm) grains
wherein the pinning effect of the dispersoids effectively
restricts the grain growth despite high temperatures.

Figure 7(b, d, f and h) shows the inverse pole figure maps
corresponding to the same 4 regions of discussed above, which
reveals the texture evolution during hot compression. During
uniaxial deformation, the fiber texture is typically represented
using inverse pole figures to truly represent the tendency for
preferred crystallographic directions with respect to particular
sample axis. It is observed that there is significant reduction
from 8.1 to 2.3 of Æ1 1 0æ fiber texture of the extruded steel after
deformation at strain rate of 10 s�1 at 1323 K (Fig. 7(b)). The
retention of directional microstructure at this test temperature
reflects efficient pinning effect of dispersoids while also
restricting boundary migration (Ref 52). Also, the decrease in
Æ1 1 0æ fiber texture during hot deformation through the uniaxial
compression of metals, can be understood based on grain
coalescence due to the reversal of direction of deformation (Ref
53). However, at the same temperature of 1323 K, when the
strain rate is reduced from 10 to 0.01 s�1 the fiber texture along
Æ1 1 0æ changes to predominantly Æ1 0 0æ with small
contribution from Æ1 1 1æ as shown in Fig. 7(d).

Shearing as well as partial recrystallization is responsible for
the development of a double fiber texture during plastic
deformation at 1323 K at low strain rate of 0.01 s�1, which is
reported as characteristic of bcc alloys (Ref 31). Figure 7(f)
shows the IPF maps corresponding to region 3 with deforma-
tion at 1373 K at a low strain rate 0.01 s�1, which reveals the
development of Æ1 1 1æ fiber without any signature of Æ1 1 0æ. It
is also observed in Fig. 7(h) that there is no appreciable change
in texture when the compressive deformation temperature and

Fig. 6 Processing map generated for 18Cr ODS ferritic steel at 0.5
true strain (*region marked 1, 2, 3 and 4 are selected for
microstructure analysis)
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strain rate is increased to 1473 K and 0.1 s�1, respectively.
This clearly indicates that the preferential Æ1 1 1æ texture along
the deformation direction is responsible for the dynamic
recrystallization during deformation in both these cases.
However, dynamic recrystallization occurs through progressive

subgrain rotation at 1373 K with strain rate of 0.01 s�1.
However, both cases involve strain-induced phenomenon with
limited or no movement of high-angle boundaries at 1473 K
(Ref 31). The relevant texture components which evolve during
high-temperature deformation of ferritic steels are often

Fig. 7 EBSD crystal orientation map of zone (a) 1, (c) 2, (e) 3 and (f) 4 as marked in Fig. 6. and corresponding inverse pole figures intensity
distribution of zone (b) 1, (d) 2, (f) 3 and (h) 4, respectively, with respect to extrusion direction
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reported to be a-fibers ({110}//RD), c-fibers (Æ111æ//ND) and h-
fibers Æ100æ//ND (Ref 54). Hence, comparison of the IPFs in the
present study confirms the following:

(a) Formation of h-fiber during deformation at 1323 K with
strain rate of 0.01 s�1 due to shearing mechanism, and

(b) Formation of c-fiber during deformation at 1373 K with
strain rate of 0.01 s�1 and 1473 K with strain rate <
0.1 s�1 due to dynamic recrystallization.

4. Conclusions

The optimum high-temperature workability region has been
identified for 18Cr Cr oxide dispersion strengthened ferritic
steel based on dynamic material model approach using the
results obtained from the hot isothermal compression tests in a
wide range of temperatures (1323-1473 K) and strain rates
(0.01-10 s�1). The variation in microstructure and microtexture
at different safe domains of processing map are analyzed. The
following important conclusions are drawn from this investi-
gation.

(A.) Limited safe processing domains have been identified
based on the influence of strain rate sensitivity (m),
efficiency of power dissipation (g) and instability
parameter (n(_e)) parameters.

(B.) Instability domains have been identified in the tempera-
ture range of 1323-1423 K with strain rate > 0.1 s�1.

(C.) Based on superior workability region with peak effi-
ciency up to 30-35%, the most favorable processing
parameters have been optimized in the temperature
range of 1350-1450 K with a strain rate of 0.01 s�1

and 1473 K with a strain rate 0.1 s�1.
(D.) Low-efficiency parameter in the safe processing do-

main resulted in shearing and retention of deformed
microstructure at high strain rate (10 s�1) and low
strain rates (0.01 s�1), respectively, and a higher grain

size distribution is attributed to coalescence of grains
during deformation.

(E.) High-temperature compression minimizes the Æ1 1 0æ fi-
ber texture; At 1373 K with strain rate < 0.01 s�1 and
at 1473 K with a strain rate of < 0.1 s�1 Æ1 1 1æ fiber
texture is obtained.
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