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Hot compression tests were performed to study the hot deformation characteristics of 13Cr-4Ni stainless
steel. The tests were performed in the strain rate range of 0.001-10 s21 and temperature range of 900-
1100 �C using Gleeble� 3800 simulator. A constitutive equation of Arrhenius type was established based on
the experimental data to calculate the different material constants, and average value of apparent activation
energy was found to be 444 kJ/mol. Zener-Hollomon parameter, Z, was estimated in order to characterize
the flow stress behavior. Power dissipation and instability maps developed on the basis of dynamic materials
model for true strain of 0.5 show optimum hot working conditions corresponding to peak efficiency range of
about 28-32%. These lie in the temperature range of 950-1025 �C and corresponding strain rate range of
0.001-0.01 s21 and in the temperature range of 1050-1100 �C and corresponding strain rate range of 0.01-
0.1 s21. The flow characteristics in these conditions show dynamic recrystallization behavior. The
microstructures are correlated to the different stability domains indicated in the processing map.

Keywords constitutive equation, dynamic recrystallization, flow
curve, hot deformation

1. Introduction

The hydro turbine components are used underwater due to
which these are affected by the high-speed movement of slurry
and pressure. Mostly, hydro turbine blades and runner body are
made from the 13% chromium-4% nickel (13Cr-4Ni) marten-
sitic stainless steel (MSS). To improve the erosion resistance of
this steel, various techniques and methods such as thermal
spray coatings (Ref 1), hot rolling (Ref 2), heat treatments (Ref
3), friction stir processing (Ref 4), and thermomechanical
processing (Ref 5, 6) are applied. These components should
have the excellent corrosion resistance and good workability
(Ref 7). Difficulties are encountered during hot working due to
lack of information regarding the process parameters and the
hot deformation behavior of this important engineering steel.
Excellent hot workability refers to the plastic deformation at
high temperatures without the occurrence of fracture or flow
localization (Ref 8). True strain, strain rate, and temperature are
required to characterize the flow behavior (Ref 9). Generally,
cast products are forged or rolled and heat treated to refine a
microstructure (Ref 10). Therefore, hot forging influences the
mechanical properties of cast MSS. But limited workability at
lower temperatures below 925 �C in MSS hinders the hot
forging process (Ref 11). Hot deformation contributes to
improvement in mechanical properties through microstructural
refinement (Ref 12, 13). During deformation, microstructural
defects may be produced due to the inhomogeneous effect of
temperature and strain rate and result in unsafe domains.

However, homogeneous deformation can produce microstruc-
tures free from defects (Ref 14, 15). The improved mechanical
properties, i.e., ductility and toughness of 13Cr-4Ni MSS
obtained through hot deformation can provide better resistance
against the erosion (Ref 4-6). Therefore, the high-temperature
flow behavior of 13Cr-4Ni MSS must be studied in order to
find out the desired hot working parameters.

In this regard, some workers studied the hot deformation
behavior of MSS using constitutive equations and processing
maps. Xiao and Guo (Ref 7) performed isothermal compression
of 1Cr12Ni3Mo2VNbN MSS in the temperature range of 1253-
1453 K and strain rate range of 0.01-10 s�1. Constitutive
equations were found to be a better tool to reveal the effects of
true strain, strain rate, and temperature on the flow stress.
Momeni et al. (Ref 16) discussed the characteristics of flow
curve for 410 MSS and validated through modeling the
constitutive equations. Momeni and Dehghani (Ref 17) char-
acterized the hot deformation behavior of AISI 410 MSS in the
temperature range of 900-1150 �C and strain rate range of
0.001-10 s�1 and established constitutive equations and pro-
cessing maps. Dependence of Zener-Hollomon parameter (Z)
on flow stress was analyzed. Hot deformation in the temper-
ature range of 1000-1125 �C and strain rate range of 0.001-
10 s�1 was found to be satisfactory. Most of the investigations
regarding hot deformation characterization involve the consti-
tutive equations and processing maps especially for austenitic
stainless steels that are validated for actual industrial process
such as hot forging. Venugopal et al. (Ref 18) evaluated the hot
deformation characteristics of AISI 304L, 316L, and 304
grades of austenitic stainless steels to establish processing,
microstructure and property relationships. Sivaprasad et al. (Ref
19) discussed the development of various models for
microstructural control during processing for a 15Cr-15Ni Ti-
modified austenitic stainless steel. Marchattiwar et al. (Ref 20)
investigated the kinetics of dynamic recrystallization (DRX)
during hot deformation of 304 austenitic stainless steel based
on the characteristics of flow curves. Murty et al. (Ref 21)
identified the flow instabilities in the processing maps of AISI
304 stainless steel. Tan et al. (Ref 22) described the processing
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map and hot workability of Super 304H austenitic heat-resistant
stainless steel.

The hot deformation characteristics of 13Cr-4Ni MSS are
not studied until now. This is required in order to identify the
best processing conditions and for modifying the microstruc-
ture because high-temperature deformation of MSS is shown to
be a promising technique to refine the microstructure (Ref 23).
Therefore, the present work studied the hot deformation
characteristics of 13Cr-4Ni MSS by performing compression
tests using Gleeble� 3800. The tests were performed in the
temperature range of 900-1100 �C and strain rate range of
0.001-10 s�1, for 50% total deformation (true strain of 0.69).
Flow stress data obtained from experimental true stress-true
strain curves are used to derive the constitutive equations.
Material constants and apparent activation energy (Q) are
determined for true strain range of 0.1-0.69. Flow stress and the
values of Z parameter are established for the entire range of
deformation conditions at true strain of 0.5. Processing map is
constructed by superimposition of power dissipation efficiency
and instability maps using a true strain of 0.5 based on dynamic
materials model (DMM) which follows the continuum criteria
(Ref 24, 25). Optical microstructures of deformed specimens
corresponding to different regions of processing map are
studied in order to characterize the DRX occurred in the
stable regions and the instability behavior.

2. Experimental Procedure

The ingot of 13Cr-4Ni MSS obtained from M/s Vaishnav
Steel Pvt. Ltd., Muzaffarnagar India, was machined to manu-
facture 10-mm-diameter and 15-mm-long cylindrical specimens
according to the ASTM Standard E209 (Ref 26). The chemical
composition of 13Cr-4Ni MSS was determined using Thermo
Jarrell Ash spark emission spectroscope and is given in Table 1.
K-type thermocouple was spot welded on the center of
specimen along its length to monitor the true temperature
during the deformation. Inside the hot compression chamber,
graphite lubricant with 0.05-mm-thick tantalum foil was
positioned between the ISO-T anvil and the specimen to reduce
the friction and sticking between them. The scheme of
deformation is shown in Fig. 1.

All the specimens were heated up to the austenitization
temperature of 1100 �C at heating rate of 5 �C/s and soaked for
120 s to homogenize. To attain the deformation temperatures,
specimens were cooled down at the rate of 1 �C/s. At
deformation temperatures (900, 950, 1000, 1050, and
1100 �C), soaking time of 30 s was allowed to eliminate the
thermal gradients. Temperature range of 900-1100 �C is
selected in the present study for the following reasons. During
the hot deformation, the control of austenite recovery and
recrystallization can induce grain refinement (Ref 27). The
temperature range of 900-1100 �C covers the range of stability
of single-phase austenite for this steel. Delta ferrite forms above
1095 �C which leads to cracking during hot working in
martensitic stainless steel grades (Ref 11). Therefore, 1100 �C

was taken as upper limit. Further, in this grade of 13Cr4Ni
martensitic stainless steel, carbides are completely dissolved as
temperature is increased to 900 �C (Ref 6) and the single-phase
austenite remains, which is likely to exhibit good workability.
In the scientific literature involving other martensitic stainless
steel grades, temperature ranges of 980-1180 �C (Ref 7), 900-
1150 �C (Ref 16, 17, 28), and 950-1100 �C (Ref 23) have been
employed.

The deformed specimens were compressed by 50% and
immediately air quenched. In order to study the microstructural
evolution, deformed specimens were cut parallel to the
compression axis and internal cut surfaces were polished.
Electro-etching using 60% nitric acid + 40% water solution
revealed the microstructure using a Leica DMI 5000M light
optical microscope. Activation energy, Q, is derived from the
true stress-true strain data for true strain range of 0.1-0.69.
Material constants and Z parameter for flow stress are described
for true strain of 0.5. Flow stress data are used to construct the
processing map.

3. Results

3.1 True Stress-True Strain Curve Behavior

Figure 2 shows the true stress-true strain flow curves of
13Cr-4Ni MSS for various deformation conditions. For defor-
mation conditions at temperatures of (900-1100 �C) and strain
rates of 1 and 10 s�1, flow stress increases with strain to a peak
followed by continuous softening and thereupon the flow stress
reaches a constant value. Flow stresses seem to increase rapidly
in the initial stage of deformation followed by a gradual
increase. Specimens deformed with 0.1 s�1 at temperatures of
900 and 950 �C also show similar behavior. In the strain rate
range of 0.1-0.001 s�1, after reaching the peak, the flow stress
decreases up to certain level and follows a steady state (except
at 900 and 950 �C) (Fig. 2a-e). Zhou et al. (Ref 29) observed a

Table 1 Chemical composition (wt.%) of 13Cr-4Ni MSS

C Si Mn P S Cr Ni Mo Cu V Al Fe

0.065 0.62 0.73 0.027 0.008 12.30 3.78 0.45 0.22 0.04 0.005 Bal.

Fig. 1 Schematic diagram for deformation of 13Cr-4Ni MSS
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similar behavior and defined the dynamic recovery (DRV) and
DRX deformation mechanisms according to flow stress
response with true strain. In DRV, the flow stress increases
up to a peak followed by a constant value with increasing true
strain. However, in DRX, the flow stress decreases after
reaching a peak, and maintains a steady state. Hence, peak
position of flow stress with true strain gives the indication of
change in deformation mechanism (Ref 29). For hot compres-
sion at 900 and 950 �C at higher strain rates, the flow stress
keeps on increasing because the microstructure restoration
mechanisms are inhibited due to paucity of time and lower
temperature which suppress the diffusional processes.

The plots of peak stress and strain with various strain rates
are shown in Fig. 3. Peak stress is found to be higher for lower

deformation temperatures (Fig. 3a). At deformation tempera-
tures of 1000, 1050, and 1100 �C, peak strain increases with the
increasing strain rates (Fig. 3b). However, for 900 �C, the peak
strain is high at 0.001 s�1, and it drops at 0.01 s�1 and follows
the increasing trend up to 1 s�1. Subsequently, it drops again.
For 950 �C, the peak strain increases from 0.001 to 1 s�1 and it
drops for 10 s�1. Generally, the peak strain is considered as the
initiation point for the commencement of a restoration mech-
anism and its value increases with strain rate (Ref 30).
However, in the present work for lower temperatures of 900
and 950 �C, the variation of peak strain values with true strain
showed abnormal manners, suggesting a change in restoration
mechanism from continuous DRX (CDRX) to discontinuous
DRX (DDRX) (Ref 31).

Fig. 2 True stress-true strain curves for 13Cr-4Ni MSS at strain rates from 0.001 to 10 s�1 at particular temperatures of (a) 900 �C, (b)
950 �C, (c) 1000 �C, (d) 1050 �C, (e) 1100 �C
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3.2 Constitutive Equation and Determination of Material
Constants

Sellars andTegart (Ref 32) appliedArrhenius-type equations to
correlate the flow stress and strain rate at high deformation
temperatures. The mutual effects of different strain rates and
temperatures on deformation are expressed by the Z parameter in
an exponent-type equation (Ref 33) and this is given as

Z ¼ _e exp
Q

RT

� �
¼ f ðrÞ; ðEq 1Þ

where

f ðrÞ ¼
Arn0 preferred for lowr level
B expðbrÞ preferred for highr level
C sinhðarÞ½ �n wide range of range of T and _e

8<
:

ðEq 2Þ

where r is the true stress, _e is the strain rate, R is the gas
constant (8.314 J/mol/K), and T is the temperature in Kelvin.
A, B, C, n¢, n, b, and (a = b/n�) are material constants.

The following expressions were derived for fixed deforma-
tion temperature and strain conditions:

n0 ¼ @ ln _e
@ lnr

� �
T

ðEq 3Þ

b ¼ @ ln _e
@r

� �
T

ðEq 4Þ

n ¼ @ ln _e
@ ln½sinhðarÞ�

� �
T

: ðEq 5Þ

In the present investigation, the values of flow stress and
strain rates are found from the true stress-true strain curves
obtained from the experimental hot compression tests for a
fixed true strain of 0.5. These values are substituted in to Eq 3,
4, and 5 for temperature range of 900-1100 �C and strain rate
range of 0.001-10 s�1. The values of materials constants are
obtained by linear fitting of the experimental data through
regression analysis. Accordingly, average slopes of the lines
shown in Fig. 4(a) and (b) give the respective values of
b ¼ 0:065 and n0 ¼ 7:94. The stress multiplier a (Ref 28) is

measured as a ¼ b
n0 ¼ 0:0082 MPa�1

� �
. Value of n is calcu-

lated as 5.84 (Fig. 4c). Now, the following relation for a
constant strain rate gives the value of Q:

Q ¼ nR
@ ln½sinhðarÞ�

@ 1=T

� �
2
4

3
5

_e

: ðEq 6Þ

Similarly, the average slope of all the plots in Fig. 4(d) is
9.04. Activation energy Q is calculated by multiplying this
average slope value with nR as given in the relation of Eq 6.
The value of Q thus calculated is 439 kJ/mol for 13Cr-4Ni
MSS at a true strain of 0.5.

This procedure is repeated for true strains ranging from
0.1 to 0.69 and the corresponding values of a and n are
shown in Table 2. The corresponding values of Q with true
strain are plotted in Fig. 5(a) and the apparent activation
energy (average value) is found to be 444 kJ/mol�1. A
higher value of Q is obtained at the lower and higher values
of true strain. In general, a higher value of Q is obtained in
the beginning of the deformation due to higher energy
imposed on specimen to initiate the plastic deformation. It
decreased up to a true strain of 0.3 and showed small
variation until a true strain of 0.5 is reached. The reason for
decrease in the value of Q is the initiation of softening due
to DRV and further by DRX. Dehghani et al. (Ref 31)
reported that the value of Q increases with strain because the
movement of high-angle boundaries during DDRX or low-
angle boundaries during CDRX require a higher activation
energy than the DRV. Therefore, at strain of 0.6 and 0.69 the
value of Q again increases. The values of Q are used to
determine the value of Z for all deformation conditions by
substituting the values of respective T, R, and strain rates in
Eq 1. It is found that the value of lnZ increases with
decrease of temperature and increase of strain rate. These
values are plotted for hyperbolic sine function (Fig. 5b) for
true strains ranging from 0.1 to 0.69. To determine the value
of constant C, the following relation is derived:

lnZ ¼ lnC þ n ln½sinhðarÞ�: ðEq 7Þ

Average values of intercept of the lines obtained from the
plot (Fig. 5b) yield the value of lnC as 38.01. The value for
C is calculated as 3.229 1016. The sinh function for the
13Cr-4Ni MSS is derived by substituting the values of
materials constants n, C, and a, into Eq 1 and 2. The
constitutive equation obtained is given by

Fig. 3 Plots showing dependence of (a) peak stress and (b) peak strain, on strain rates for different temperatures for processing of 13Cr-4Ni
MSS
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Z ¼ _e exp
439000

8:314T

� �
¼ 3:22 � 1016 sinh 0:0082rp

� 	
 �5:84
:

ðEq 8Þ

3.3 Processing Map

In the initial stage of deformation, more amount of energy is
stored in the material and the rate of power dissipation increases
with increase in temperature and strain rate. The rate of power
dissipation is represented by a dimensionless parameter (Ref
25) called efficiency of power dissipation (g) and is given as

g ¼ 2m

mþ 1
; ðEq 9Þ

where m is the strain rate sensitivity parameter. Value of m
depends on the rate of loading and is calculated as

m ¼ @ lnrð Þ
@ðln�eÞ : ðEq 10Þ

Stable region during hot deformation corresponds to values
of m between 0 and 1. Negative values of m indicate instabil-
ity in a material. Ziegler (Ref 34) proposed another dimen-
sionless parameter for microstructure instability:

n _eð Þ ¼
@ ln m

mþ1

� �
@ ln�e

þ m: ðEq 11Þ

Unstable flow is predicted when nð _eÞ; 0.
In this study, the variation of m in the frame of temperature

and log _e is studied for 13Cr-4Ni MSS and is shown in
Fig. 6(a) and (b) for a true strain of 0.2 and 0.5, respectively.
Figure 6(a) shows that at low strain of 0.2, the low values of m
occupy more frame area as compared to the map shown in
Fig. 6(b). Values of m tend to decrease and are shifted toward
high strain rate and low temperature, which indicate a larger
region of instability. Higher positive value of m close to 1
represents excellent hot workability of material (Ref 17).

The contour maps for g are shown in Fig. 7 at true strains of
0.1, 0.2, 0.3, 0.5, and 0.6. True strain of 0.1 and 0.2 correspond
to strain close to peak stress. Strain of 0.3 represents the
situation for flow softening state and both 0.5 and 0.6
correspond to the steady state. The power dissipation efficiency
represents the rate of change of microstructure during the hot
deformation (Ref 35), and maximization of g and m reduces the
tendency for flow localization (Ref 21). Because the features of
maps are similar (Fig. 7a-d), it can be said that the influence of

Fig. 4 13Cr-4Ni MSS Plot of ln _e vs. (a) r, (b) lnr, (c) ln(sinh (ar)), and ln(sinh (ar)) vs. (d) 1000/T for fixed true strain of 0.5

Table 2 Values of material constants calculated from
constitutive equations for 13Cr-4Ni MSS

True strain a n

0.1 0.0099 7.57
0.2 0.0086 6.73
0.3 0.0083 6.20
0.4 0.0082 5.96
0.5 0.0082 5.84
0.6 0.0082 5.83
0.69 0.0081 5.88
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true strain on maps is negligible. The values of g increase
slightly as the strain increases and show highest values in map
developed at 0.3 due to operation of flow softening mechanism.
Thus, in this work, the peak value of efficiency is approxi-
mately 40%. Power dissipation map developed at strain of 0.5
shows two different domains with peak efficiency range of
about 28-32%. First domain lies in the temperature range of
950-1025 �C and strain rate range of 0.001-0.01 s�1; with peak
efficiency of about 28% obtained at 1000 �C and 0.001 s�1.
Second domain exists in the temperature range of 1050-
1100 �C and strain rate range of 0.01-0.1 s�1; showing peak
efficiency of about 32% at strain rate of 0.1 s�1 for 1100 �C
and 28% for 1050 �C. The stable regions corresponding to
higher values of g are expansive. Generally, values of g
corresponding to DRX are approximately 30-50% (Ref 17).
Flow stress behavior in these regions shows the characteristics
of DRX (Fig. 2b-d) and represent the optimum hot working
conditions for this steel.

Processing map is obtained by superimposition of instability
map over the power dissipation map in the frame of log _e and
temperature. The region of flow instability as predicted by
continuum criteria given in Eq 11 is delineated by shaded
region shown in Fig. 8. Processing map shows instability at
high strain rates and at higher temperatures. The values of
efficiency in this region are lower as compared to the un-shaded

regions (stable regions), suggesting that most of the power
dissipation was converted into heat and evolved in the form of
temperature rise (Ref 36). Pan et al. (Ref 37) also reported that
a higher processing temperature caused heating and a higher
strain rate promotes flow localization due to insufficient time
for deformation. A large instability region is observed in the
temperature range of 900-1100 �C and in the strain rate range
of 1-10 s�1 and a smaller one is observed for the temperature
range of 900-920 �C and strain range of 0.001-0.005 s�1.
These conditions are detrimental to the hot deformation
processing.

4. Discussion

From Fig. 2, the presence of peaks followed by steady-state
flow is a good indication for existence of DRX (Ref 28).
Momeni and Dehghani (Ref 17) also found this behavior at
higher temperatures and low strain rates and reported that a
higher work hardening rate slows down the rate of work
softening due to DRX. Momeni et al. (Ref 16) achieved the
steady-state region in 410 grade MSS at high-temperature and
low-strain rate conditions. Thus, in this work, the DRX occurs
at higher temperature and low-strain rate conditions because

Fig. 5 13Cr-4Ni MSS Plots for (a) Variation of Q vs. true strain and (b) Dependence of flow stress on Z for hyperbolic sine function at true
strain of 0.5

Fig. 6 Contour map of the m-values for 13Cr-4Ni MSS in the frame of deformation temperature and strain rate at true strain of (a) 0.2 and (b)
0.5
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higher temperature offers higher mobility to the grain boundary
and lower strain rate provides longer time for the dislocation
annihilation, nucleation of new grains, and growth (Ref 38).

For higher strain rates, specimens show higher work
hardening characteristics without a peak or with a single small
peak. Work hardening characteristics are observed at 10 s�1

due to the insufficient time for nucleation and growth of DRX
grains. The heat generated from deformation results in temper-
ature rise that leads to flow softening (Ref 8). It is explained in
an earlier study (Ref 39) that there is a slow flow softening
stage with increasing strain rate, followed by steady flow at
larger strains. Generally, DRX occurs at low strain rates and
high temperature, because the critical dislocation density or
critical strain for the occurrence of DRX decreases (Ref 40).
The change in flow behavior with the deformation is clearly
observed in Fig. 3, which shows the variation of the peak strain
and peak stress with strain rates for different deformation

temperatures. Dehghani et al. (Ref 31) reported that the peak
strain is beneficial to find the actual commencement point for
DRX.

On the basis of experimental data and constitutive equation,
the materials constants are determined, which show the change
in mechanism of hot deformation. At initial deformation, n and
a show the higher values and correspondingly the value of Q is
also high (Table 2; Fig. 5a). The values of Q show anomalous
behavior because different deformation mechanisms operated
during the deformation. The average value of Q is determined
as 444 kJ/mol. The values of Q for other stainless steels such as
austenitic grades of 304 and 316 are reported as 400 and
460 kJ/mol, respectively (Ref 41, 42). While, for martensitic
grades such as AISI 410 and 00Cr13Ni5Mo2 super martensitic
stainless steel, the Q values are 448 and 439 kJ/mol, respec-
tively (Ref 17, 43). Thus, the value of activation energy for
13Cr-4Ni MSS in the present study is comparable to that of the

Fig. 7 Power dissipation efficiency contours of 13Cr-4Ni MSS for true strain of (a) 0.1, (b) 0.2, (c) 0.3, (d) 0.5, and (e) 0.6
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other stainless steels. Flow stress behavior is related to the
value of Z by a hyperbolic sine function (Fig. 5b). The flow
stresses for true strain of 0.5 exhibit linear fit relation with Z
parameter, which indicates that the values of Q for all the
deformation conditions studied in this work do not vary much
(Ref 44).

Processing map based on DMM model is important for
optimizing the hot deformation processes and managing the
microstructural changes during the forming process (Ref 45).
Shi et al. (Ref 10) reported that higher values of g and m are
desired for better workability and are associated with the DRX
behavior. Lower values of m and g indicate lesser restoration of
microstructure. The instability regions are found at higher strain
rates, which are primarily manifested as flow localization. It is
observed in contour map of Fig. 7 and 8 that the values of g
decrease toward the upper left corner, which is due to the
occurrence flow localization at high strain rates (Ref 46).

The microstructural features totally change after the hot
deformation when compared with as-received (ASR) 13Cr-4Ni
MSS specimen (Fig. 9a). All the microstructures exhibit

Fig. 8 Processing map of 13Cr-4Ni MSS at a strain of 0.5 using
DMM-based model. Shaded regions show instability

Fig. 9 Optical micrographs of (a) as-received MSS, and hot deformed specimens exhibiting DRX at the deformation conditions of (b)
(1000 �C, 0.001 s�1), (c) (1050 �C, 0.1 s�1). Incomplete restoration characteristics are observed for deformation condition of (d) (950 �C,
0.1 s�1). Instability features are observed in (e) (900 �C, 10 s�1) specimen
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predominantly martensitic structure for all deformation condi-
tions (Fig. 9). The optical microstructure of ASR 13Cr-4Ni
MSS before the deformation is shown in Fig. 9(a). It depicts a
fully lath martensite structure. Microstructural evolution during
the hot deformation was characterized according to the
processing map (Fig. 8) in order to validate the occurrence of
DRX, and to confirm the stable and unstable regions. Uniform
grain growth and small equiaxed grains along the grain
boundaries are observed at the deformation conditions of
(1000 �C, 0.001 s�1) and (1050 �C, 0.1 s�1) as shown in
Fig. 9(b) and (d). These features demonstrate the occurrence of
DRX. The corresponding flow stress characteristics under these
conditions also show the DRX behavior (Fig. 2c-d). Thus,
these deformation conditions represent optimum hot working
domains. For (950 �C, 0.1 s�1) deformation condition, the
microstructure revealed partially recrystallized features show-
ing equiaxed grains and remaining recovered structure, show-
ing inhomogeneous distribution of grains (Fig. 9d). It shows
the features of incomplete softening mechanism. Microstructure
in Fig. 9(e) corresponding to the instability region (900 �C,
10 s�1) revealed localized flow structure and shear bands (see
arrow) due to the absence of steady-state behavior (Fig. 2a). It
also reveals that the fine grains formed due to recrystallization
within the bands. According to processing map, this condition
is located in the instability region (Fig. 8). Ebrahimi et al. (Ref
23) explain that as the strain rate increases, stored energy
increases from increase in dislocation density which leads to
flow instability.

5. Conclusions

The hot deformation characteristics of 13Cr-4Ni MSS are
studied in the temperature range of 900-1100 �C and strain rate
range of 0.001-10 s�1. Constitutive equations are derived on
the basis of true stress-true strain curves and corresponding
mechanism for change in microstructures is discussed. The
following conclusions are derived from this study:

1. Material constants and values of activation energy for hot
deformation of 13Cr-4Ni MSS are determined using the
constitutive equations for all deformation conditions in
the true strain range of 0.1-0.69. Average value of activa-
tion energy is 444 kJ/mol.

2. The Zenner-Hollomon parameter is established using the
flow stress data at true strain of 0.5, and the following
constitutive equation is derived:

Z ¼ _e exp
439000

8:314T

� �
¼ 3:22 � 1016 sinh 0:0082rp

� 	
 �5:84
:

3. Power dissipation map developed at strain of 0.5 shows
two different domains with peak efficiency in the range
of 28-32%. First domain of optimum hot working lies in
the temperature range of 950-1025 �C and strain rate
range of 0.001-0.01 s�1 with peak efficiency of about
28% obtained at 1000 �C and 0.001 s�1. Second domain
occurs in the temperature range of 1050-1100 �C and
strain rate range of 0.01-0.1 s�1 showing peak efficiency
of about 32% at 1100 �C and 28% at 1050 �C.

4. Microstructural features for the deformation conditions of
(1000 �C, 0.001 s�1) and (1050 �C, 0.1 s�1) depict the

DRX behavior while for the deformation conditions of
(950 �C, 0.1 s�1) incomplete DRX features are observed.
All these conditions lie in the stable region.

5. Two instability domains are obtained, one in the tempera-
ture range of 900-1100 �C and strain rate range of 1-
10 s�1 and another in the temperature range of 900-
920 �C and strain rate range of 0.001-0.005 s�1. Instabil-
ity regions in the processing map are validated using
optical microstructure for the specimen deformed at
900 �C, 10 s�1.
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