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Abstract: Recrystallization behavior of 20% coldworked
alloy D9 (14Cr-15Ni-2Mo austenitic stainless steel) during
high temperature tensile deformation has been assessed.
The alloy was produced by vacuum induction melting
followed either by vacuum arc refining (VAR) or electro-
slag refining (ESR). Tensile studies were carried out at
various temperatures between ambient and 1073 K at an
interval of 50 K and at strain rate of 1.2x 103 s The
peak in the stress-strain curve was observed for the
tensile tests conducted at 973-1073 K. This is attributed to
dynamic recrystallization during tensile deformation. The
values of the apparent activation energy were estimated as
384 kJ/mol for ESR grade alloy D9 and 372 kJ/mol for VAR
grade alloy D9 by hyperbolic-sine Arrhenius equation,
which agree well with that required for dynamic recrystal-
lization in stainless steels. TEM studies confirmed exten-
sive recovery and dynamic recrystalization in both the
alloys.
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1 Introduction

A titanium-modified 14Cr-15Ni-2Mo austenitic stainless
steel, known as alloy D9, has been chosen as the material
for the fuel cladding and hexagonal wrapper of the Pro-
totype Fast Breeder Reactor [PFBR] presently under con-
struction at Kalpakkam. Core materials in fast breeder re-
actors are subjected to a high dose of energetic neutrons
which lead to profound changes in physical and mechani-

cal properties [1]. One primary form of radiation damage is
the displacement damage in which atoms are knocked out
from their normal lattice positions producing vacancies
and interstitials. The important phenomena arising out of
irradiation defects is the change in dimensions generally
referred as void swelling, irradiation creep and embrittle-
ment. The mechanical stability of the core components
is profoundly affected by this phenomenon. Extensive
studies have been carried out [2] to determine the influ-
ence of chemical composition and microstructure on the
void swelling behaviour of austenitic stainless steels.
Compositional adjustment of AISI type 316 stainless steel
in terms of decreasing Cr and increasing Ni, led to the de-
velopment of a 14Cr-15Ni-2Mo steel designated as Alloy D9.
Coldwork and grain size refinement were also found to be
effective in suppressing swelling [3].

In PFBR, the fuel clad tubes experience temperatures
in the range of 673-973 K under steady state operating
conditions. Under transient conditions, (due to failure of
pumps, rupture of pump to grid plate pipe, uncontrolled
withdrawal of control rod etc.), the temperatures can rise
upto 1273 K. For target burn-up of 100,000 MWd/t, the
maximum neutron dose is 85 dpa (displacements per
atom, i.e., the number of times an atom is displaced from
its lattice site). Considering the elevated temperature ser-
vice and influence of irradiation induced stresses, high
temperature mechanical properties are essential to be
studied. As the alloy constitution profoundly influences
tensile behavior, two different methods of refining were
chosen and a comparative study is made. Further, micro-
structural changes during and after high temperature de-
formation are noteworthy because of their influence on
mechanical properties of materials. The processes such as
dynamic recovery, dynamic recrystallization and static re-
crystallization can have a significant effect on the micro-
structure of the deformed material. The influence of steel
melting processes on the mechanical properties of alloy
D9 is discussed in our earlier study [4]. Yield strength
values of ESR grade material are about 85% of the
yield strength values of VAR grade material, the Ultimate
Tensile Strength values are about 90% of the Ultimate
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Tensile Strength of the VAR grade material. This shows
that there is only a little influence in cleanliness, on the
strength values of the steel. In the present study the re-
crystallization behaviour of the steel during tensile defor-
mation and how such behaviour is influenced by melting
methods, are studied.

Dynamic recrystallization is the process during which
dislocation free grains form, in the materials with low
to medium stacking fault energy. More specifically called
as discontinuous dynamic recrystallization [5] it occurs
after some critical strain ¢, at high temperature due to
straining of metals. The stress-strain response changes
from strain hardening to recovery and then to dynamic
recrystallization in the case of metals of low stacking
fault energy [6]. When critical strain is reached, dynamic
recrystallization dominates — while strain hardening
and recovery are less effective as principle mechanisms
of the stress-strain response. In a stress-strain curve, the
onset of dynamic recrystallization can be recognized by
a distinct peak in the flow stress, due to the softening
effect of recrystallization. The onset of such a deforma-
tion mechanism can also be detected from inflection
point in plots of the strain hardening rate against stress.
It has been shown that this technique can be used to
establish the occurrence of the same when this cannot
be determined unambiguously from the shape of the flow
curve.

2 Experimental

Two heats of alloy D9 were produced by MIDHANI,
Hyderabad, India. The alloys were melted by vacuum
induction melting followed either by vacuum arc refin-
ing or by electroslag refining. Chemical compositions of
the alloy D9 are shown in Table 1. Tensile tests were con-
ducted at ambient temperature and in the temperature
range 523-1023 K at an interval of 50 K at a strain rate of
1.2x 1073 s7.. The test temperature was controlled within
+2 K. Microstructural characterization was carried out
by standard metallographic practice using 60% nitric
acid solution as etchant. The grain size measured in
case of ESR steel is 67 pm and that of VAR steel is 25 pm.
Transmission Electron Microscope (TEM) investigations
were carried out for evidences of dynamic recrystalliza-
tion. Electrolytic etching for TEM samples was carried out
using dual jet elecropolishing technique. The polishing
was carried out at ~20 V in a medium containing one
percent perchloric acid and four parts of ethanol. Tem-
perature of the bath was maintained at ~230 K during
electropolishing.
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Table 1: Chemical composition of ESR and VAR grade alloy D9 SS
(in wt%)

Element ESR grade VAR Grade
Chromium 13.58 13.88
Nickel 15.12 15.24
Manganese 1.9 2.12
Molybdenum 2.24 2.12
Carbon 0.04 0.045
Titanium 0.23 0.23
Phosphorous 0.005 <0.005
Sulphur 0.003 <0.005
Silicon 0.71 0.64
Cobalt 0.007 0.007
Vanadium 0.02 <0.01
Copper 0.012 0.017
Aluminum 0.018 0.01
Arsenic <0.0005 0.0019
Niobium <0.02 <0.005
Tantulum 0.02 <0.01
Boron <0.001 12 ppm
Nitrogen 0.0077 0.0021
Iron Balance Balance

3 Results and discussion

Table 2 shows the dynamic strain ageing (DSA) and
Dynamic Recrystallization regions (DRX) for both the
steels i.e. the ranges of temperatures in which the steels
exhibit dynamic strain ageing and dynamic recrystalli-

Table 2: DSA and DRX regions of ESR and VAR steels

Designation 300-523 K 573-823 K

No serrations

Type A serrations

No dynamic recrystallization

ESR
300-723K 773-823 K
No serrations Type A serrations
No dynamic recrystallization
VAR



http://en.wikipedia.org/wiki/Stress-strain_curve
http://en.wikipedia.org/wiki/Inflection_point
http://en.wikipedia.org/wiki/Inflection_point

DE GRUYTER

M. Nandagopal et al., Recrystalization Behavior of Stainless Steel =——— 415

600

300

Engineering stress, MPa

Room temperature

0 1 1
0.0 0.2 0.4

Engineering strain

Fig. 1: Engineering stress-strain curves of ESR grade stainless
steel.
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Fig. 2: Engineering stress-strain curves of VAR grade stainless
steel.

zation are tabulated. Figs. 1 and 2 show the engineering
stress-strain curves of the ESR grade alloy D9 stainless
steel and VAR grade alloy D9 stainless steel respectively.
Repeated pinning of moving dislocations while arrested at
obstacles during plastic straining called as dynamic strain
ageing (DSA) is observed in both the steels in the interme-
diate temperature range [7]. Figure 3 shows the smoothen-
ing and averaging procedure used for serrated stress strain
curves [8].

Figure 4 shows the stress-strain curves of the ESR and
VAR grade stainless steel in the DRX regime. Both the steels
show a distinct peak in the stress-strain curve at 973, 1023
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Fig. 3: A schematic showing the smoothening and averaging
procedure used for serrated stress strain curves.
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Fig. 4: Typical curves in the DRX regime of ESR and VAR stainless
steels.

and 1073 K. As expected, the strength of the alloy de-
creased with increase in temperature. The peak observed
in the stress-strain curve for the tests conducted at 973-
1073 K is often attributed to dynamic recrystallization oc-
curring in this material. The activation energy for dynamic
recrystallization was evaluated, using the hyperbolic-sine
Arrhenius equation ¢ = A[sinh(ac ,)]" exp(}‘z—?) where ¢ is
the strain rate, A and n are constants, T is the deforma-
tion temperature, R the universal gas constant, o, is the
ultimate tensile stress and Q is the activation energy. From
the above equation, we can write Insinh(ac,) = —In A+
+lné +%% where « is the stress multiplier that provides
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Fig. 5: Plot of [n sinh(a.s,) vs. temperature.

an adjustable constant. The value used in our study is
0.014 MPa'. Figure 5 shows the plots of Insinh(ac,)
against temperature for ESR and VAR grade stainless
steels respectively. The values of A, n and Q were found
to be: A=2.1x10° s, n=4.0 and Q=384 kJ/mol for ESR
grade stainless steel and A=6.6x10° s7!, n=2.64 and
Q=372 kJ/mol for VAR grade stainless steel. These values
agree well with that required for dynamic recrystalliza-
tion [9] (376-460 kJ/mol). In order to substantiate the
occurrence of dynamic recrystallization, microscopy was
carried out. The optical micrographs of ESR grade stain-
less steel and VAR grade stainless steel are shown in
Figs. 6 and 7 respectively. Optical micrographs of both the
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Fig. 6: Optical micrograph of ESR grade SS; (a) 20% coldworked
condition and (b) after tensile testing at 1023 K.

steel show no evidence of recrystallization. Therefore ex-
tensive electron microscopy was carried out. Figure 8(a)
shows defect dominated elongated cells. During high tem-
perature tensile deformation, the grains resist deforma-
tion; the recovery process operates and relieves the stress
in the grain resulting in elongated cells. Figure 8(b) shows
the wavy nature of grain boundaries, i.e. serrated grain
boundaries, which is a signature of dynamic recrystalliza-
tion [10, 11]. During deformation the grains will be flat-
tened until the boundaries on each side are separated by a
small distance. Further the deformation is accompanied
by the serration of the grain boundaries where they are
in contact with low-angle grain boundaries belonging to
sub-grains. Eventually the points of the serrations will
come into contact. Figure 8(c) shows the formation of sub
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Fig. 7: Optical micrograph of VAR grade SS; (a) 20% coldworked
condition and (b) after tensile testing at 1023 K.

grains along the wavy grain boundary. Figure 8(d) shows
fine recrystallized grains with moire fringes around its
edge.

Inclusions in VAR steel are confined to a very few, well
dispersed sulphides, oxides and sometimes silicates. ESR
method improves the cleanliness of the steel. But micro
inclusions are not removed to the extent in ESR steel as
that in VAR steel. These micro inclusions in ESR steel
are responsible for recrystallization by pinning low angle
and high angle grain boundaries. However ESR method is
more effective in decreasing the inclusion content (large
particles) in view of the close contact between molten
steel droplets and the flux. The deformation fields around
these large particles in the case of VAR steel play a major
role by acting as ideal sites for the development of recrys-
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tallization nuclei. Thus only inclusions viz., micro inclu-
sions or large particles determine the recrystallization be-
haviour in the case of ESR and VAR steels. Therefore it may
be concluded that grain size does not have any dominant
role for causing the difference in the recrystallization be-
haviour. However smaller grain size as in the case of VAR
steel increases the critical strain required for DRX, there
by delaying the process. Also, the smaller grain size may
influence the nucleation behavior and hence delays the
onset of dynamic recrystallization, or smaller grain size
results in higher work hardening rate and hence delay in
the onset of dynamic recrystallization.

Several mechanisms such as dynamic recrystalliza-
tion (DRX), dynamic strain aging (DSA) and flow localiza-
tion may cause serrations [12]. DRX considered to be the
main mechanism during high temperature deformation,
is related to the size of inclusions in the present study.
Nevertheless there is no evidence to show that the serra-
tions affect the mechanism of recrystallization and hence
the activation energy. However a detailed study is still
need to be carried out. But it is evident from the values
of activation energy for recrystallization of the both the
steels, that DRX occurs in this steel at the temperatures
where DSA also occurs.

The flow curves are plotted using 0 (work hardening
rate) against stress (Figs. 9 and 10) for ESR and VAR in the
non-DRX and DRX regimes. In the DRX regime, the curves
consist of two stages. While dynamic recovery is the dom-
inant process in the first stage, dynamic recrystallization
marked by a change in slope is operative in the second
stage. Figures 11 and 12 show the critical strain for initia-
tion of dynamic recrystallization and strain to the peak
stress respectively against Zener-Hollomon parameter,

. . . no, Q
predicted [13, 14] using Z :A[smh(aaﬂ = expﬁ.
Dynamic recrystallization in metals will involve some mi-
gration and rotation of grains. The ratio between critical
strain and peak strain for dynamic recrystallization in
both steels is approximately 0.9.

4 Conclusions

1. The peak observed in the stress-strain curve of alloy
D9 stainless steels, for the tests conducted at 973—
1073 K is attributed to dynamic recrystallization oc-
curring in these materials.

2. Dynamic recovery is the dominant process, followed
by dynamic recrystallization which is marked by a
change in slope in the plot, flow stress against work
hardening rate.



418 —— M. Nandagopal et al., Recrystalization Behavior of Stainless Steel DE GRUYTER

Fig. 8: TEM micrographs of ESR grade alloy D9 stainless steel (a) tested at 1073 K, depicting defect dominated elongated cells (b) tested
at 1073 K, showing wavy nature of grain boundaries (c) tested at 1023 K, showing formation of subgrain boundaries along wavy grain
boundary, and (d) tested at 1073 K, depicting fine recrystallized grains with moire fringes along its edge.



DE GRUYTER M. Nandagopal et al., Recrystalization Behavior of Stainless Steel =——— 419

30000

Work Hardening,6 (MPa)

0
370 375 380 385 390 395 400 405
Flow Stress, MPa

Fig. 9: Typical plots of work hardening rate as a function of flow stress in the non DRX regime.
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Fig. 10: Typical plots of work hardening rate as a function of flow stress
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Fig. 11: Critical strain as a function of Zener—Hollomon parameter.
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in the DRX regime.

3. The values of the apparent activation energy evalu-
ated as 384 kJ/mol for ESR grade and 372 kJ/mol for
VAR grade, both called as alloy D9 stainless steel,
agree well with that required for the dynamic recrys-
tallization in both the steels.

4. The higher critical strain for onset of dynamic recrys-
tallization in case of VAR alloy D9 stainless steel is
due to smaller grain size.

5. The ratio between critical strain and peak strain
for dynamic recrystallization is approximately 0.9 for
both the steels.
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