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FOREWORD
/ am happy to see this, the first activity report of Metallurgy Division
(Earlier reports were brought out as a common report for the Centre or for
the Programme). The Division has carried out its mandate for R & D
activities in the areas of physical metallurgy, corrosion and compatibility
studies and metallurgical thermodynamics with many creditable
achievements. The commissioning and operation of the Mass Transfer
Loop with the first set of 316 SS samples is noteworthy. Other important
studies were on the bainitic structure in 2 1/4 Cr-1 Mo steel and secondary
phases in 9Cr 1Mo steel. The stress corrosion cracking studies in 304 SS
from a fracture mechanics approach is important; from crack growth
kinetics, an activation energy of -50-65 kJ/mol was obtained which
supports the hydrogen diffusion model. A mention should also be made of
the important contributions to the thermodynamics of YBaCuO system.
The Division's activities have a balanced mix of basic research and
engineering data generation.
I thank Shri Gnanamoorthy and all the members of the Division for their
sustained efforts.

Dr. Placid Rodriguez
Director, Indira Gandhi Centre for Atomic Research

PREFACE
It gives me immense pleasure to present this first Divisional Biennial
Report for the years 1989 and 1990, the first report being brought out after
formation of the Metallurgy Division in September 1988. In the earlier
years, the report on the activities of the present Metallurgy Division formed
part of the Biennial Activity Reports of the Metallurgy and Materials
Programme.
Major areas of work in the Metallurgy Division relate to aqueous
corrosion and localised corrosion, stress corrosion cracking and liquid
metal corrosion, high temperature oxidation, thermodynamic studies,
physical metallurgy studies for structure-property correlations and failure
analyses. The principal materials of studies have been the austenitic
stainless steels, the current materials of construction in the Fast Breeder
Test Reactor and the candidate materials for the Prototype Fast Breeder
Reactor.
One of the important objectives of the Division has been to generate
data and information for the reactor design engineers and reactor
operation staff and to provide consultancy and carry out failure analyses.
During the period of this report, the Mass Transfer Loop for
compatibility studies of stainless steels in flowing sodium was
commissioned; synthesis of phase-pure YBCO superconductor material
was achieved by a novel vacuum calcination method; and the
thermodynamic stabilities of 1-2-3 YBCO compounds and their related
phases were established.
In the coming years, the studies on the various aspects of the corrosion
behaviour of type 316LN would be completed. With the commissioning of
the High Resolution Transmission Electron Microscope and the new
generation Electron Probe Microanalyser, valuable insight on the
microstructures of important alloys and compounds will be available. The
future is really full of promise.
The enthusiastic efforts and the dedicated work of my colleagues have
always received constant encouragement and valuable guidance from Dr.
Placid Rodriguez, Head, Metallurgy and Materials Programme. I wish to
thank the editorial members of this Biennial Activity Report and the staff of
the Library and Documentation Services for their arduous efforts in
bringing out this report in an excellent form.

KB. Gnanamoorthy
Head, Metallurgy Division

CONTENTS
FOREWORD
PREFACE
CONTENTS
1.
1.1

AQUEOUS CORROSION AND SURFACE
STUDIES
Pitting
Corrosion
Resistance
of
Nitrogen-Bearing Types 304, 316 and 317
Austenitic Stainless Steels

1

U.Kamachi Mudali, R.K.Dayal, J.B.Gnanamoorthy and
P.Rodriguez

1.2

Nature and Composition of Passive Films of
Nitrogen-Bearing Austenitic Stainless Steels
using XPS Technique

5

U.Kamachi Mudali, R.K.Dayal, J.B.Gnanamoorthy and
P.Rodriguez

1.3

Mechanistic Approach to Improvement in Pitting
Corrosion Resistance of Nitrogen-Bearing
Austenitic Stainless Steels

8

U.Kamachi Mudali, R.K.Dayal, J.B.Gnanamoorthy and
P.Rodriguez

1.4

Influence of Thermal Ageing on the Degree of
Sensitization
and
Pitting
Resistanceof
Nitrogen-Bearing Austenitic Stainless Steels

11

U.Kamachi Mudali, R.K.Dayal, J.B.Gnanamoorthy and
P.Rodriguez

1.5

Pitting Corrosion Studies on Laser Surface
Modified Type 316 Austenitic Stainless Steel

18

U.Kamachi Mudali, R.K.Dayal, J.B.Gnanamoorthy,
S.M.Kanetkar and S.B.Ogale

1.6

1.7

1.8

Intergranular Corrosion Studies on Laser
Surface Modified Type 316 Austenitic Stainless
Steel1
U.Kamachi Mudali, R.K.Dayal, J.B.Gnanamoorthy,
S.M. Kanetkar and S. B. Ogale
Influence
of
Laser
Surface
Melting
on
Cold-Worked Type 316 Austenitic Stainless
Steel
U.Kamachi Mudali, R.K.Dayal and J.B.Gnanamoorthy
Desensitization of Types 304 and 316 Stainless
Steel by Laser Surface Melting
U.Kamachi Mudali, R.K.Dayal and G.L.Goswami

21

24

28

1.9

Characterisation of Laser Surface Alloyed Type
304 Stainless Steel using XPS and SIMS
Techniques

31

U.Kamachi Mudali, R.K.Dayai, R.Sivakumar,
N. Parvathavarthini and A. Bharati

1.10

Modification of Microstructure to Improve
Intergranular Corrosion Resistance of Type 316
Stainless Steel

33

U.Kamachi Mudali, N.Vinod, M.Sundar and R.K.Dayai

1.11

Corrosion Studies on Clad/Wrapper Materials
for Fuel Subassemblies of a Prototype Fast
Breeder Reactor in Simulated Interim Wet
Storage Conditions

37

U.Kamachi Mudali, R.K.Dayai, H.S.Khatak and
J.B.Gnanamoorthy
1.12

Development of Mixed Oxide Coated Titanium

Anodes for the
Nuclear Fuels

Electrolytic

Dissolution

40

of

U. Kamachi Mudali, R. K. Daya! and J. B. Gnanamoorthy

1.13

Electromigration Approach to Verify Cold Fusion
Effects

41

U.Kamachi Mudali, K.Govinda Rajan, R.K.Dayai and
P.Rodriguez

1.14

Susceptibility of As-Welded and Thermally Aged
Type 316LN Weldments Towards Pitting and
Intergranular Corrosion
M.G. Pujar, U. Kamachi Mudali and R.K. Dayal

43

1.15

Corrosion Resistance of Chemically Surface
Pretreated
Nonsensitised
and
Sensitised
Austenitic Stainless Steel
M.G. Pujar and R.K. Dayal

47

1.16

Corrosion Resistance Studies on the Transition
Weldments
M.G. Pujar, A.K. Bhaduri, R.K. Dayal and T.P.S. Gill

53

1.17

Effect of Laser Treatment on the Corrosion
Resistance of Chromium Plated 9Cr-1Mo Ferritic
Steel in Acidic Medium

56

M.G. Pujar, R.K. Dayal and A.S. Khanna
1.18

Corrosivity Studies on FBTR Service
Systems
M.G. Pujar, R.K. Dayal and J.B. Gnanamoorthy

1.19

Hydrogen
Steels

Permeation

Behaviour

N. Parvathavarthini and R.K. Dayal

in

Water

57

Ferritic

60

1.20

Hydrogen Embrittlement Studies on 9Cr-1Mo
Steel

65

N. Parvathavarthini, R.K. Dayal and H.S. Khatak

1.21

Pitting Corrosion Resistance of Laser Surface
Alloyed 304 Stainless Steel
N. Parvathavarthini, R.K. Dayal, R. Sivakumar, U. Kamachi
Mudali and A. Bharti

67

1.22

Characterisation of Surface Oxide Layers on
Stainless Steels by Laser Raman Spectroscopy
R. V. Subba Rao, T. Sakuntaia, A.K. Arora and R.K. Dayal

71

1.23

Upgradation of Scanning Auger Microscope

73

R.V.Subba Rao, Ravikumar Sole, R.K.Dayal,
V. S. Raghunathan and J. B. Gnanamoorthy

2.

STRESS CORROSION CRACKING

2.1

Influence of Cold Work on Crack Growth
Behaviour of AISI Type 304 Stainless Steel
H.S.Khatak, J.B.Gnanamoorthy and P.Rodriguez

77

2.2

Influence of Sensitization and Sensitization after
Cold Work on Stress Corrosion Crack Growth
Behaviour of Type 304 Stainless Steel in 5M
NaCI Solution

77

H.S.Khatak, J.B.Gnanamoorthy and P.Rodriguez

2.3

Correlation of Degree of Sensitization Measured
by EPR Technique with IGSCC Susceptibility
P.Muraieedharan

80

2.4

Effect of Grain Size on Stress Corrosion
Cracking Behaviour of Type 316 Stainless Steel

83

P.Muraieedharan

2.5

Fabrication of a Slow Strain Rate Testing
Machine for Stress Corrosion Cracking Studies

85

P.Muraieedharan and P.C.Gopi

2.6

Effect of Ferrite Transformation on the
Mechanical and the Stress Corrosion Properties
of Austenitic Stainless Steel Weld Metal

85

Hasan Shaikh, H. S. Khatak, J. B. Gnanamoorthy and S. K.
Seshadri

2.7

Stress Corrosion Cracking of D-9
Steels

Stainless

Hasan Shaikh, S. Venkadesan, C. Narayanan and H. S.
Khatak

90

3.

LIQUID METAL CORROSION

3.1

Influence of Sodium Environment on Tensile
Behaviour of AISI Type 316 Stainless Steel in
Solution Annealed, Cold Rolled and As-Welded
Conditions
H.S.Khatak, Hasan Shaikh andJ.B.Gnanamoorthy

93

3.2

Commissioning of Mass Transfer Loop
H.S.Khatak, J.B.Gnanamoorthy and R.D.Kale

94

3.3

Trimetallic Loop
H.S.Khatak, T.K.Mitra and J.B.Gnanamoorthy

94

4.

HIGH TEMPERATURE OXIDATION STUDIES

4.1

Influence of Grain Size on the Oxidation
Resistance of 2 1/4CMM6 Steel
R.K. Singh Raman, A.S. Khanna and J.B. Gnanamoorthy

97

4.2

Effect of Thermal Ageing on the Oxidation
Behaviour of 9Cr-1Mo Steel
R.K. Singh Raman, A.S. Khanna, B.K. Choudhary and J.B.
Gnanamoorthy

100

4.3

Effect of Stainless Steel Plasma Coating and
Subsequent Laser Tretments on the Oxidation
Resistance of Mild Steel
R.K. Singh Raman, A.S. Khanna, E.W. Krentz and
J. B. Gnanamoorthy

100

4.4

Acoustic
Studies

104

Emission

AE Testing for

Oxidation

R.K. Singh Raman, A.S. Khanna and J.B. Gnanamoorthy

5.

THERMODYNAMICS

5.1

Comparison of Fe and Cr Activities in D-9 alloy
with those
of AISI 304, 316 and 316 LN
Stainless Steels

109

A.M. Azad, C. Narayanan, O.M. Sreedharan and J.B.
Gnanamoorthy

5.2

Compatibility Studies on MgSb2O4 with
Cladding Alloy
K. Swaminathan, A.S. Dixit and O.M. Sreedharan

SS

110

5.3

Systematic Trend in the Tellurium Potentials in
Pd-Te System

112

C. Mallika and O.M. Sreedharan

5.4

Thermodynamic
System

Activities

C. Mallika and O.M. Sreedharan

IV

of

Mo

in

Pd-Mo

113

5.5

Thermodynamic Stabilities of NiTeOc and
Ni3TeOe by Solid Oxide Electrolyte EMF Method

115

C. Mallika and O.M. Sreedharan
5.6

Thermodynamic Stabilities of
CS2RUO4
C. Mallika and O.M. Sreedharan

and

118

5.7

The Chemical Potential of SrO in SrMoO4-x
Under Unit Fugacity of Oxygen
K. Swaminathan, K. T. Jacob and O.M. Sreedharan

120

5.8

Standard Gibbs Energy of Formation of BaMoO3
R. Pankajavalli and O.M. Sreedharan

122

5.9

Standard Gibbs Energy of Formation of ZrM02Os
R. Pankajavalli and O.M. Sreedharan

124

5.10

Thermodynamic Stability of HfMo2O8 by Oxide
EMF Method
R. Pankajavalli and O.M. Sreedharan

126

5.11

Oxygen
Potential
Measurements
Y2M0O5/Y2M0O6
R. Pankajavalli and O.M. Sreedharan

in

128

5.12

Potentiometric Determination of Activities in the
Two-Phase Fields of the System Na2O - ( a )
AI2O3
K.T. Jacob, K. Swaminathan and O.M. Sreedharan

130

5.13

Thermodynamic
Stability
of
LaCrO3
from
CaF2-Based Electrochemical Measurements
A.M. Azad, R. Sudha and O.M. Sreedharan

133

5.14

Compatibility
of
LaGaO3
for
Substrate
Application with the Ceramic Superconductor,
YBa 2 Cu 3 0 7 -x
A.M. Azad, R. Sudha and O.M. Sreedharan

135

5.15

Standard
Gibbs'energies
of
formation
BaCuO 2 , Y 2 Cu 2 0s and Y 2 BaCu0 5
A.M. Azad, O.M. Sreedharan and K.T. Jacob

of

136

5.16

Gibbs'energy
of formation of YBa2Cu3O7-x
(tetragonal)
A.M. Azad, O.M. Sreedharan and K.T. Jacob

138

5.17

On the thermodynamics of the formation
YBa2Cu3O7-x from ternary oxide precursors
A.M. Azad and O.M. Sreedharan

of

140

5.18

Thermodynamic
Stability
Potentiometric Studies
A.M. Azad and O.M. Sreedharan

from

141

of

CS2R11O3

Y2Ba4O7

6.

PHYSICAL METALLURGY

6.1

Characterization of Oriented Thin Films of
YBa2Cii3O7-x on
Zirconium Oxide Substrates
by Glow Discharge Sputtering
P. Kuppusami and V.S. Raghunathan

145

6.2

Studies on the Synthesis of Phase-Pure
YBa2Cu3O7-x by Vacuum
Calcination Method
P.Kuppusami and V.S. Raghunathan

145

6.3

Melt
Zone
Processing
of
YBCO
Superconductors for High Current Densities
P. Kuppusami and V.S. Raghunathan

148

6.4

The Growth Kinetics of Plsama Nitrided Layers
of Titanium
Modified Stainless Steel
P.Kuppusami, A.L.E. Terrance, D. Sundararaman and
V.S. Raghunathan

150

6.5

Influence of Carbon Content on Tempering
Behaviour of
2 1 / 4 C M Mo Steel
P.Parameswaran, M.Vijayalakshmi, P.Shankar and
V.S.Raghunathan

152

6.6

Analytical Microscopy of Fully Bainitic 2
1/4Cr-1Mo Steel
P. Parameswaran, M. Vijayalakshmi and V.S. Raghunathan

152

6.7

Effect of Cooling Rate on Transformation
Behaviour in 9Cr1 Mo-0.07C Steel
Saroja Saibaba, M. Vijayalakshmi and V.S. Raghunathan

157

6.8

Influence of Austenitising Temperature on the
Microstructural Parameters in a 9Cr-1Mo-0.07C
Steel
Saroja Saibaba, M. Vijayalakshmi and V.S. Raghunathan

159

6.9

Application of EPMA for Phase Analysis in
Cr-Mo Steels
Saroja Saibaba, M. Vijayalakshmi and V.S. Raghunathan

160

6.10

Electron Microscopic Studies of the Effects of
Ion Irradiation in an AI-40 a/o Mn Alloy

162

M. Vijayalakshmi, K.G.M. Nair and Kanwar Krishan
6.11

A Study of Al-Cu-Fe Quasicrystals Aspects
Relating to Coexisting Crystalline Phases
R. Divakar, D. Sundararaman and V.S. Raghunathan

165

6.12

Annealing Behaviour of Al-Cu-Fe Quasicrystals
R. Divakar, D. Sundararaman and V.S. Raghunathan

168

6.13

Study of Interfaces Produced by Solid-State
Amorphisation
D. Sundararaman, P. Shankar and V.S. Raghunathan

170

VI

7.
7.1

FAILURE ANALYSIS
Failure Analysis of an AM 350 Steel Bellow

175

Hasan Shaikh, H. S. Khatak, R. K. Dayal, J. B.
Gnanamoorthy and Amitava Sur

7.2

Failure Analysis of Aluminium Brass Condenser
Tubes of MAPS-1

178

H.S.Khatak and J.B.Gnanamoorthy

APPENDIX

I-A

179

APPENDIX

I-B

182

APPENDIX

I-C

183

APPENDIX

I-D

184

APPENDIX

I-E

186

APPENDIX

II

187

Vll

1.

AQUEOUS CORROSION AND SURFACE STUDIES

1.1

Pitting Corrosion Resistance of Nitrogen-Bearing Types 304, 316
and 317 Austenitic Stainless Steels
(U.Kamachl Mudall, R.K.Dayal, J.B.Gnanamoorthy and P.Rodriguez)

Nitrogen-bearing austenitic stainless steels are the current choice of materials
of construction for the prototype fast breeder reactors (PFBR)(1). The addition of
nitrogen has been reported to improve the localized corrosion resistance of
stainless steels and their weldments(2)i(3). In the present work an attempt was made
to study the influence of nitrogen addition on the pitting corrosion resistance of
types 304, 316 and 317 austenitic stainless steels containing different levels of
nitrogen.
The pitting corrosion resistance of the specimens in solution annealed
condition were evaluated by potentiodynamic anodic polarisation method in a
solution containing 0.5M NaCl and 0.5M H2SO4 at room temperature. A scan rate
of 10 mV/min was used, and the electrode potential was measured with respect to
a saturated calomel electrode (SCE). The critical pitting potential, EpP, above
which stable pits are formed was determined when there was an increase in the
anodic current density to about 25 ^lA/crn2. The results indicated that with the
increase in the nitrogen content the critical pitting potential also increased linearly
indicating the beneficial addition of nitrogen. Figure 1.1.1 shows the plot of
nitrogen content versus critical pitting potential for all the specimens. However,
since the alloys had different amounts of Cr and Mo, the exclusive influence of
nitrogen was arrived using the nitrogen equivalent calculated3 using Mo, and Cr
values as shown in Fig. 1.1.2. It can be noticed that with the increase in the
nitrogen content type 304 SS showed similar pitting corrosion resistance to that of
types 316 SS and 317 SS. SEM observation of the pitted specimens showed the
initiation of pitting attack at grain boundaries and around inclusions. The grown
pits were hemispherical in appearance, and had a lace like cover at the top of the
pits (Fig. 1.1.3).
The repassivation or protection potential for type 316 SS specimens containing
three different levels (530, 680 and 1600 ppm) was determined by reversing the
scan direction of the electrode potential at the criticall pitting potential after
reaching a current value 0.5 mA/cm2 during potentiodynamic anodic polarisation
study, and finding the potential where the reverse scan reaches the critical
passivation current density. This potential indicates the range over which pits can
initiate and grow, and also the resistance against the pitting attack. Also, higher the
difference between the critical pitting potential and the pit protection potential
lower will be the resistance of the alloys towards crevice corrosion. The results
indicated that the alloy containing higher nitrogen exhibited high protection
potential, namely +590 mV (1600 ppm N) compared to the specimens containing
other nitrogen contents, namely, +450 mV for 680 ppm N and +10 mV for 530
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(a) initiation of pit (ta) a hemispherical shaped grown
pit and (c) a grown pit with lace-like cover' on the
top.

ppm N. The charge value calculated from the area under the hysterisis loop was
192 mC for 1600 ppm of N, 2225 mC for 680 ppm of N and 870 mC for 560 ppm
of N. This indicated that at higher value of nitrogen the charge required to
repassivate a pit is less, and at lower levels it is independent of nitrogen level. The
difference between the pitting and repassivation potentials were 330 mV for 1600
ppm N, 500 mV for 680 ppm N and 600 mV for 560 ppm N. This indicated that
with the increase in the nitrogen content the susceptibility of the alloy towards
crevice attack was minimised. Also, pits can initiate over a potential range of 330
mV for 1600 ppm N, 500 mV for 680 ppm N and 600 mV for 560 ppm N. Hence,
the overall superiority of the nitrogen-bearing stainless steels to localised
corrosion attack is clearly seen.
1. P.Rodriguez and S.L.Mannan, Indian J. of Tech., 28(1990) 281
2. JJ.Eckenrod and C.W.Kovach, in Properties of Austenitic Stainless Steels
and their Weld Metals (Influence of Slight Chemistry Variations), ASTM
STP 679, p.17,1979.
3. U.Kamachi Mudali, R.K.Dayal, T.P.S.Gill and J.B.Gnanamoorthy,
Werkstoffe und Korrosion, 37(1986)637.

1.2

Nature and Composition of Passive Films of Nitrogen-Bearing
Austenitic Stainless Steels using XPS Technique
(U.Kamachi Mudali, R.K.Dayal, J.B.Gnanamoorthy and P.Rodriguez)

The pitting corrosion resistance of stainless steels are attributed to the stability
of the passive films formed on their surface. In general higher the chromium
content in the mixed oxy- hydroxy-(Fe, Cr) oxide film formed better will be its
resistance to pitting attack. Since the nitrogen content in the stainless steels have
been reported(1)i(2) to improve the pitting resistance an attempt was made to study
the nature and composition of the passive films of the nitrogen-bearing types
304 SS and 316 SS formed under different electrode potential conditions. It has
been reported that nitrogen dissolves to form ammonium ions and nitrate
compounds in the film and thus improved the stability of the film against pitting
attack(1).
The passive films were developed on the alloy specimens containing different
levels of nitrogen during potentiodynamic anodic polarisation method in a
solution containing 0.5M NaCl and 0.5M H2SO4 at room temperature. The
electrode potentials were chosen at regions close to the formation of passive film,
for example at + 250 mV (SCE), and at a region close to the pitting potential, for
example +450 or +650 mV (SCE), and kept there for 2 hours inorder to grow the
film. These specimens were washed in distilled water, dried with argon and stored
in a dessicator till transferred into the analysis chamber of X-ray photoelectron
spectroscopy (XPS) system. The technique of XPS is today widely used for
characterising the passive films formed on stainless steels, and has the capability
to give information related to the elements present, their chemical state, and also
semi-quantitative composition of the elements present in different chemical state
etc. The attachment of an ion gun to the XPS system facilitates the etching of the
films to have a composition depth profile of the films. In the present work the
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analysis was used to find out the presence of elements like C, N, O, Fe, Cr, Mo
and Ni, their respective chemical state, and the relative composition of some of
the elements across the passive film of nitrogen-bearing austenitic stainless steels
by depth profiling process. For this, the survey spectra in the as-passivated and
under different ion- etching conditions, and the high resolution spectra for
individual elements during depth profiling were taken.
The survey spectra of the passivated specimens indicated the presence of the
alloying elements of stainless steels present in the passive film. During depth
profiling it was found that molybdenum and nickel were not present in th passive
film. The area under the intensity peaks of Fe and Cr were measured and the ratio
of Cr/Fe was used to find out the presence of these elements in the film. It was
found that almsost for all the alloys studied chromium was present enriched in the
passive film, and this was more in the case of specimens of alloys chosen for the
construction of PFBR containing 680 ppm of nitrogen (Fig. 1.2.1). The ratio of
O/Fe of area under the peaks of O and Fe was also calculated for all the
specimens. The enrichment of O in the passive film was noticed for the specimens
of alloys containing 680 ppm on N. The high resolution spectra of N is obtained
during depth profiling of the specimens containing different nitrogen contents
indicated the presence of nitrogen in various compound forms. The binding
energy shifts were generally noted at 397.25, 402.25, 405,5 and 407.5 eV for
nitrogen peaks (Fig. 1.2.2). Thus the enrichment of chromium in the passive film
and the presence of compounds of nitrogen in the passive film improved the
pitting corrosion resistance of the nitrogen-bearing austenitic stainless steels. This
is in agreement with the results of the pitting studies carried out with different
nitrogen-bearing alloys.
1. U.Kamachi Muddli, R.K.Dayal, T.RS~Gill and J.B.Gnanamoorthy,
Werkstoffe und Korrosion, 37(1986) 637.
2. C.R.Clayton, Passivity Mechanisms in Stainless Steels: Mo-N
Synergism, Report No. AD-A172 293, (1986).

1.3

Mechanistic Approach to Improvement in Pitting Corrosion
Resistance of Nitrogen-Bearing Austenitic Stainless Steels
(U.Kamachi Mudaii, R.K.Dayal, J.B.Gnansmoorthy and P.Rodriguez)

It is now well known that the addition of nitrogen significantly improves the
pitting corrosion resistance of austenitic stainless steels. The improvement in
pitting resistance was attributed to any one of the following(1)'(2): (1) during active
dissolution of alloying elements, nitrogen preferentially segregates at the surface
and provides an inactive interface between the passive film subsequently formed
and the substrate, (2) nitrogen dissolves during the pit propagation stage and forms
ammonium ions at the pit site thus increasing the pH of the pit solution and
repassivates the pit, and (3) nitrogen stabilizes the passive film by forming
inhibiting nitrate compounds in the passive film. In the present work in order to
verify the; above factors, experiments were conducted with type 316 SS containing
530 ppm and 1600 ppm of nitrogen.

8

Potentiodynamic anodic polarisation experiments were conducted in solutions
containing 0.5M NaCl and 0.01, 0.1, 0.25, 0.5 and 1 M NH4NO3 at room
temperature on specimens of type 316 SS containing 530 ppm of N. It was found
that with the increase in the concentration of ammonium nitrate the critical pitting
potential increased up to 0.1M, but at higher concentrations of NH4NO3 there was
a tendency for saturation in the critical pitting potential value as shown in
Fig. 1.3.1. Also, at 1M concentration the critical potential was as high as the
transpassive potential of stainless steels in acidic solutions. The increase in the
critical pitting potential value measured against SCE, from 510 mV at 0.01M to
1100 mV at 0.1M indicated the excellent inhibiting action of nitrate ions in
chloride medium for stainless steels. Optical microscopy and SEM observations of
pitted specimens showed a large number of pits at lower concentration of 0.01M
compared to a few pits present at higher concentrations. A similar tendency of the
influence of nitrate ions on pure Fe is reported in the literature.
In comparison with the pitting resistance of alloys containing different levels
of nitrogen it is clear that even less than 0.1M ammonium nitrate formed at the pit
site is sufficient enough to increase the critical pitting potential value to 1100 mV.
However, a critical pitting potential value as high as 1100 mV was not seen in any
of the experiments without the addition of NH4NO3 indicating that the formation
of ammonium nitrate at the pit site is not to the level of 0.1 M concentration.
Hence, there could be some other reaction which consumes or converts the
ammonium nitrate to some other compound which is less active in inhibiting the
pit site. The passive film formed at 450 mV in 0.5M concentration was analysed
by XPS technique for the presence of Fe, Cr, Ni, Mo, N, and O across the
thickness by depth profiling method.
Role of Segregation of N at the Active Potential

In order to verify whether nitrogen preferentially segregates at the surface
during active dissolution of other alloying elements, experiments were conducted
by holding the specimens at the active potential for a known period. The
electrolyte was acidic chloride medium, and after holding for various durations
namely, 1, 2, 5 and 20 h, the samples of electrolyte were removed and analysed for
the composition of various ions by analytical methods. Subsequently after the
holding time, the potentiodynamic anodic polarization study was continued from
the active potential to find out the change in the polarisation behaviour. The results
of the chemical analysis for determining the concentrations of the alloying
elements present in the solution after different holding times are given in
Fig.1.3.2.
The concentrations of Fe, Ni and Cr increased as the dissolution time
increased from 1 h to 20 h. The concentration of Mo remained the same indicating
its segregation at the surface. Also, when the electrolyte was analysed for
ammonium ions, there was no increase in its concentration for the different
holding times, it remained constant at less than 10 |J.g/ml of the solution indicating
its segregation at the surface. These results clearly show that co-segregation of N
and Mo occurs at the surface during active dissolution. The dissolution at the
surface was very clear as revealed by the microstructure. SIMS analysis of the
specimen dissolved for 20 h showed the enrichment of N and Mo on the top
surface while the depth profiling was carried out. However, there was no change
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in the pitting resistance and polarisation behaviour of the specimens at all holding
times. This indicated that the creation of a nitrogen segregated or a nitrogen- and
molybdenum- co-segregated interface during active dissolution has no role in
improving the pitting corrosion resistance. This could be due to the change in the
nature and composition of the passive film formed during polarisation which
significantly alters the interface between the passive film and the substrate.
1. R.C.Newman and T.Shahrabi, Corros. Sri., 27(1987) 827.
2. C.R.Clayton, Passivity Mechanisms in Stainless
Synergism, Report No. AD-A172 293, (1986).

1.4

Steels: Mo-N

Influence of Thermal Ageing on the Degree of Sensitization and
Pitting Resistance of Nitrogen-Bearing Austenitic Stainless Steels
(U.Kamachi Mudall, R.K.Dayal, J.B.Gnanamoorthy and P.Rodriguez)

Very little information is available in the literature about the pitting corrosion
resistance of stainless steels with microstructures resulting from sensitisation(1)"(3).
As the passive film damage at such sensitized locations would initially result only
in pitting attack prior to intergranular corrosion (IGC) and intergranular stress
corrosion cracking (IGSCC) the topic is of paramount importance to the corrosion
engineers. Hence, a correlation between the pitting behaviour and IGC
susceptibility of the nitrogen-bearing austenitic stainless steels was studied in the
present work. The following test procedures were followed for both
nitrogen-bearing types 304 SS (430 ppm C and 860 ppm N) and 316 SS (250 ppm
C and 680 ppm N): The pitting corrosion resistance was evaluated by
potentiodynamic anodic polarisation method in a solution containing 0.5M NaCl
and 0.5M H2SO4 at room temperature. The critical pitting potential was
determined for all the cases. Intergranular corrosion testing was carried out as per
ASTM A262 practice A (oxalic acid etch test) and electrochemical potentiokinetic
reactivation (EPR) test. In the practice A test the microstructures were classified as
step, dual and ditch to estimate the degree of sensitisation. In the EPR test
conducted with a solution containing 0.5M H2SO4 and 0.01M NH4SCN, the
degree of sensitization was estimated by calculating the EPR charge value. The
specimens tested for pitting corrosion and EPR were observed in optical
microscope and SEM for the morphology of corrosion attack.
(a). Type 304 SS (430 ppm C and 860 ppm N ) :
The ageing heat treatment for the specimens were given at 823 K for 1000,
2000, 3000,4000 and 5000 h, at 873 K for 25, 50,100,200,1000,2500 and 3000
h, and at 923 K for 25, 50, 100, 200, 1000 and 2500 h. The pitting corrosion
studies indicated that as the ageing time increased at each temperature the critical
pitting potential correspondingly decreased. The beneficial effect of nitrogen was
not seen once the specimen is sensitized severely. The pits were found to initiate
along the grain boundaries and triple points and grow deeply into a hemispherical
shape. The microstructures obtained in the practice A test and the charge values
obtained in the EPR test alongwith the critical pitting potential values are shown
in Fig. 1.4.1. All the specimens aged at 823 K and 923 K, and the specimens aged
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beyond 50 h at 873 K were found to exhibit ditch structure indicating that they are
likely to be susceptible to intergranular attack. The EPR charge values were also
found to increase as the ageing time increased at all temperatures indicating the
increase in the chromium depleted area, and the extent of grain boundary attack
observed in the optical microscope also correlated with the charge values. SEM
observation of the EPR specimens showed severe grain boundary attack indicating
high degree of sensitization. In comparing the pitting corrosion resistance and the
degree of sensitization it was found that as the chromium depleted area increased
the resistance to pitting corrosion decreased. From an arrhenius plot of ageing
time versus temperature shown in Fig. 1.4.2 one can estimate the tendency of the
alloy to sensitize and to undergo severe pitting corrosion. For example, the
components made of type 304LN SS will have a sensitized microstructure with
more tendency for localized corrosion attack at 730 K after 1,00,000 h of service.

(b) Type 316 SS (250 ppm C and 680 ppm N ) :
The specimens were aged at 823 K for 1000, 2000, 3000, 4725, 5075 and
6050 h, at 873 K for 25, 50, 100, 200, 1000, 2500 and 2790 h, and at 923 K for
25, 50, 100, 200, 1000 and 2500 h. The results indicated that at 823 and 873 K as
the ageing time increased the critical pitting potential decreased indicating the
deterioration in the pitting corrosion resistance. However, at 923 K the specimen
aged at 2500 h showed a higher critical pitting potential compared to that of the
specimen aged for 1000 h. This could be due to the desensitization effect seen at
the temperature/time condition. The pits were found to initiate along the grain
boundaries and triple points, and the inside of the growing pits were found to
dissolve uniformly for all the aged specimens. They appeared hemispherical in
shape, and the growing pits extended along the grain boundaries (Fig. 1.4.3). In the
EPR test, except the specimen aged for 1000 h all the other specimens exhibited a
reactivation loop. At 873 K, the specimens aged at and after 1000 h exhibited
reactivation loop, whereas at 923 K the specimens sensitized at and after 200 h
exhibited reactivation loop. In general, as the ageing time increased there was an
increase in the EPR charge value, except at 923 K for 2500 h which showed a
decrease in the EPR charge value. This accounted also for the increase in the
critical pitting potential of the specimen aged at 923 K for 2500 h. The extent of
grain boundary attack as seen through optical microscopy was found to correlate
with the EPR charge values. The correlation of critical pitting potential with the
EPR charge value indicated that the deterioration in pitting corrosion resistance
could be related to the extent of the chromium depletion present along the grain
boundaries. In practice A test, at 823 K the specimens aged for 1000 h showed
dual structure and others showed ditch structure; at 873 K the specimens showed
step structure up to 200 h and ditch structure from 1000 h; whereas at 923 K the
specimens showed step structure up to 100 h and ditch structure from 200 h. The
microstructures obtained for all temperature/time conditions and the respective
EPR charge value alongwith critical pitting potential values obtained are shown in
Fig. 1.4.4. From the arrhenius plot of the ageing time to temperature shown in
Fig. 1.4.5 one can find the time/temperature conditions resulting in a sensitized
microstructure prone to localized attack. For example, components made of type
316LN would provide a sensitized microstructure which is more prone to
localized corrosion attack at 700 K after a service period of 1,00,000 h. In
comparison with type 304LN SS, the time taken for the development of a
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Fig.1.4.3 SEM micrographs of pitted specinens of sensitized
316SS showing (a) pitting along grain bounoaries ano
(b) semispherical shape of a grown pit.
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sensitised microstructure at 730 K would be higher than 1,00,000 hours, and this
is attributed to the presence of molybdenum in the alloy.
1. AJ.Sedriks, Corrosion of Stainless Steels, John Wiley and Sons, New York,
(1979).
2. V.Cihal, Intergranular Corrosion of Steels and Alloys, Materials Science
Monographs - 18, Elsevier Science Publishers, Amsterdam, (1983).
3. R.K.Dayal, N.Parvathavarthini and J.B.Gnanamoorthy, Proceedings of the
Symposium on Advances in Corrosion Control held at Karaikudi, p. 1-9,
(1982).

1.5

Pitting Corrosion Studies on Laser Surface Modified Type 316
Austenitic Stainless
^
(U.Kamachl Mudall, R.K.Dayal, J.B.Gnanamoorthy, S.M.Kanetkar and S.B.Ogale )

(* Department of Physics, University ofPoona, Pane)
Laser surface modification (LSM) of materials by melting, annealing and
alloying is receiving increasing attention among the materials scientists and
corrosion engineers as it improves the corrosion, mechanical and physical
properties of the surface of the components. Many reports are available on the
applications of lasers for modifying the existing microstructure as well as for
creating novel microstructures which can give improved properties(2)t(3).
In the present work, LSM of solution annealed nuclear grade type 316
stainless steel (SS) was carried out using a pulsed ruby laser system. The
equipment used was a high power Q-switched pulsed ruby laser system (make of
JK Industries, UK) with the following specifications : pulse width = 30 ns, \ =
693.4 nm, energy range 1 - 1 0 J/pulse and pulse frequency rate = 6 pulses per
minute. For the present work laser irradiation was carried out at calibrated
energies of 2, 4 and 6 J per pulse with the number of pulses ranging from 1, 2, 3
and 4. From this a pulse energy of 6 J per pulse with two successive pulses at the
same spot was chosen as the optimised condition, and melting was done for all the
specimens using these optimised conditions. The diameter of the melted region
was about 6 mm. Complete melting of the surface was ensured by immediately
observing the melted specimens visually and in a low power optical microscope.
In some cases an optical homogeniser was used as a wave guide to homogenise
the beam energy for uniform and homogeneous melting. The melted regions of the
specimens were examined in optical microscope and SEM to observe the changes
in the surface morphology.
It was found that the melting of specimens was incomplete at lower energy
levels of the laser beam, namely at 2 and 4 J/pulse. SEM observation showed
islands of melted region in the case of melting at 2 J/pulse, and a wavy pattern of
melting at 4 J/pulse energy value (Fig. 1.5.1 (a&b)). However, melting was
complete and uniform at 6 J/pulse (Fig 1.5.1 (c)). When the experiments were
repeated at 6 J/pulse for choosing the number of pulses, the melting was smooth
and uniform for 2 number of pulses, whereas at 3 and 4 number of pulses a rough
surface with a wavy pattern of melting was noticed. Also, at 3 and 4 number of
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for the

pulses a high density of flow lines or striations were observed on the surface This
could be due to the development of high residual or quenching stresses at the
surface owing to the remelting of the melted surface and accompanying heat and
mass flow cycles®. The presence of craters or ripples present on the melted
surface was attributed to the surface tensjon gradients and fluid flow effects
produced during melting and resolidification(3). However, there were no
microcracks or micropores seen throughout the surface. From this study it was
found that laser melting at 6 J/pulse for 2 pulses yielded melted region of
macroscopically smooth surface.
Pitting corrosion studies on the LSM specimens were carried out by
potentiodynamic anodic polarisation method in a solution containing 0.5M NaCl
and 0.5M H2SO4 at room temperature. Figure 1.5.2 shows the potentiodynamic
anodic polarisation curves for the solution annealed and laser melted specimens.
The LSM specimen showed improved pitting corrosion resistance compared to the
as-received specimen. The Epp value was 725 mV (SCE) for the LSM specimen
compared to 600 mV (SCE) for the as-received specimen. The critical current
density values for LSM specimen and as-received specimen were respectively
70 |iA/cm2 and 195 |0.A/cm2. SEM observation of the pitted surface of melted
specimen did not show any definite morphology of pitting except that a few
micropits were present. Laser surface melting of stainless steels and steels in
general improves the pitting corrosion resistance by eliminating probable pitting
sites such as grain boundary precipitates, second phase precipitates, inclusions and
segregated interfaces, thus providing a homogeneous surface. The dissolution of
such probable pitting sites during melting and the uniform distribution of alloying
elements would facilitate the development of a stable passive film with improved
pitting corrosion resistance.
1. U.Kamachi Mudali, R.K.Dayal and J.B.Gnanamoorthy, Paper presented at
the 44th Annual Technical Meeting of Indian Institute of Metals held at
Tiruchirapalli, Paper No.
IM 1.6, Nov. 1990.
2. C.W.Draper and J.M.Poate, International Metals Reviews, 30(1985), 85.
3. Laser Materials Processing : Materials Processing - Theory and Practice,
ed. Michael Bass, North Holland Publishing Co., Amsterdam, (1983).

1.6

Intergranutar Corrosion Studies on Laser Surface Modified Type
316 Austenitic Stainless Steel (1)
(U.Kamachi Moduli, R.K.Dayal, J.B.Gnanamoorthy, S.M.Kanetkar and S.B.Ogale )
* Department of Physics, University ofPoona, Pune

When austenitic stainless steels are either heat treated or slowly cooled
through the temperature regime of 773 - 1073 K during welding, heat treatment or
fabrication, they form chromium-rich carbides along the grain boundaries. This
leads to a significant depletion of chromium adjacent to these carbides, and thus
selective intergranular corrosion (IGC) or intergranular stress corrosion cracking
(IGSCC) is likely to take place at these locations during service. The formation of
such "sensitized" microstructures should be eliminated in order to improve
resistance to IGC and IGSCC. Laser surface modification (LSM) of the surface
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316 SS showing (a) disappearance of ditch structure (b)
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alone without affecting the bulk properties would protect and extend the life of the
sensitized components in service.
In the present work, LSM of sensitized (923 K/ 20 h) type 316 SS was carried
out using a pulsed ruby laser system. A high power Q-switched pulsed ruby laser
system (make of JK Industries, UK) with a pre-determined energy value of 6
J/pulse was used for the present work. Two successive pulses were employed in
order to ensure complete melting of the surface. The melted regions of the
specimens were examined in an optical microscope and SEM to observe the
changes in the surface morphology. Small angle X-ray diffraction of the melted
layer was carried out using a Rigaku model microprocessor based X-ray
diffractometer.
Intergranular corrosion testing of the specimens were carried out by
electrolytically etching the specimens in a 10% ammonium persulphate solution at
6 V for 90 seconds. EPR tests were carried out to assess the degree of sensitization
of the modified layers as per the following procedure : electrolyte - 0.5 M H2SO4
+ 0.01 M NH4SCN, scan rate - 6 V/h, passivation potential and time - +200 mV
(SCE) and 120 seconds, deaeration by argon purging. The specimens after
electrolytic etching and EPR test were observed in optical microscope and SEM
for the morphology of corrosion attack.
Figure 1.6.1 (a) shows the microstructure obtained after electrolytically
etching the sensitized specimen (923 K/20h) in 10% ammonium persulphate
solution. A complete attack of the grain boundaries with the typical "ditch"
microstructure is seen in the unmelted specimen, whereas no continuous attack of
the grain boundaries is observed in the LSM region. The clear disappearance of
the continuous network of grain boundaries indicated an improvement in the
intergranular corrosion resistance of the LSM specimens. Figure 1.6.1 (b) shows
the centre of the laser surface melted region where the evidence is still clearer with
the total disappearance of the grain boundaries. A large number of globular
precipitates are also seen at the interface of melted and unmelted zones as shown
in Fig. 1.6.1 (c). Thus, the presence of the "sensitized" microstructure which
generally provided a continuous pathway for IGC or IGSCC to proceed was
eliminated by LSM. Such an improvement in IGC was reported by de Damborena
et al(2) and Anthony and Cline(3). XRD results of the laser surface melted
specimens (Table 1.6.1) showed broadening of the peaks with an increase in the
FWHM value compared to the as-sensitized specimens.
However, there was not much shift in the d-spacing values of the peaks after
LSM. The broadening of the peaks could be attributed to the presence of
quenching stresses or the formation of a quasi- amorphous structure developed
after LSM.
EPR tests showed no significant reactivation peak for the LSM specimens
compared to the as-sensitized specimens. The reactivation peak current density
(15.8 mA/cm2) and the EPR charge value (1.03 C/cm2) were quite high for the
as-sensitized specimens indicating severe sensitization on the surface. This clearly
indicated that the sensitized microstructure present on the surface was eliminated
by LSM and an improved microstructure was formed with insignificant
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chromium-depleted region. SEM examination of the specimens after EPR tests
showed the continuous attack at the grain boundaries for the as-sensitized
specimens, and no selective grain boundary attack for the melted specimens.
However, the presence of striations or flow lines were seen clearly in the case of
LSM specimens. Hence LSM can be employed as an in-situ tool for modifying the
surface micros tructure to enhance the life of the components which are already
sensitized in service.
Table 1.6.1
XRD data for Type 316 SS
Condition

26

FWHM

d

(degree)

(inch)

(A)

I/Io

plane

Sensitized at

44.34

0.980

2.041

100

(111)

923 K / 20 h

51.6

0.660

1.770

25

(200)

75.94

0.660

1.252

13

(220)

Sensitized and

44.42

1.080

2.038

99

(111)

laser surface

51.64

0.750

1.769

46

(200)

melted

75.92

0.810

1.252

26

(220)

1. U.Kamachi Mudali, R.K.Dayal and J.B.Gnanamoorthy, Paper presented at
the 44th Annual Technical Meeting of Indian Institute of Metals held at
Tiruchirapalli, Paper No. IM 1.6, Nov. 1990.
2. J.de Damborena, A.J.Vazquez, J.A.Gonzalez and D.R.F.West, Surface
Engg., 5(1989), 235.
3. T.R.Anthony and H.E.Cline, J. Appl. Physics, 49(1978), 1248.

1.7

Influence of Laser Surface Melting on Cold-Worked Type 316
Austenitic Stainless Steel
(U. Kamachi Mudali, R.K.Dayal and J. B. Gnanamoorthy)

Cold working is commonly used in the fabrication of components made of
stainless steels, and is intentionally introduced for the core components of fast
breeder reactors in order to improve their swelling resistance under irradiation.
However, it has been reported that up to 15 % of cold working, there was a
deterioration in the IGC resistance(1). Moreover, cold working produces
strain-induced martensite on the surface of the austenitic stainless steel
components and leads to deterioration of corrosion resistance®. Hence, the
elimination of the cold worked structure from the surface by laser surface melting
(LSM) without affecting bulk properties would be beneficial in improving the
corrosion resistance of the components after fabrication.

In the present work, LSM of cold worked type 316 SS was carried out using a
pulsed ruby laser system. Cold working of the solution annealed nuclear grade
type 316 SS was carried out by cold rolling to reduce the thickness values by 5,
10, 15 and 20%. Laser surface melting was carried out using a high power Qswitched pulsed ruby laser system (make of JK Industries, UK) with a
pre-determined energy value of 6 J/pulse. Two successive pulses were employed
to ensure complete melting of the surface. The melted regions of the specimens
were examined in an optical microscope and SEM to observe the changes in the
surface morphology. In order to verify the formation of any new phases during
melting and resolidification, small angle X-ray diffraction of the melted layer was
carried out using a Rigaku model microprocessor based X-ray diffractometer.
When the laser surface melted specimens were electrolytically etched in 10%
ammonium persulphate and observed in an optical microscope and SEM, no
significant change in the appearance of the surface was noticed in the
microstructure for all levels of cold working, namely, from 5% to 20%. However,
the cross-sectional view of the melted regions showed a decrease in the depth of
the melted region as the cold working was increased. Table 1.7.1 gives the XRD
data obtained for the specimens in cold worked as well as cold worked and laser
surface melted conditions.
Table 1.7.1
XRD Data for Cold Worked Type 316 SS
Condition
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FWHM

d

(degree)

(inch)

(A)
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0% cold work
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1.080

2.076
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(solution

51.16

0.870

1.784
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(200)

annealed)

74.46

0.660
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—do—

43.66
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2.072
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+

51.20

1.560
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LSM

74.04

0.900
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25

(220)

44.28

2.280

2.044

100

(111)

51.10

0.900

1.786

19

(200)

74.76

0.720

1.269

13

(220)

43.38

1.230

2.084

100

(111)

+

50.74

1.350

1.798

64

(200)

LSM

73.80

0.870

1.283

26

(220)

44.72

0.900

2.025

100

(111)

51.74
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Fig.1.7.1 Optical micrographs of cold worked/sensitized and cold
worked/laser surface melted/sensitized specimens of
type 316 SS.
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43.74

2.490

2.068

100

(111)

50.80

1.020

1.796

49

(200)

74.06

0.810

1.279

20

(220)

43.92

1.860

2.060

100

(111)

51.78

0.690

1.764

19

(200)

74.76

0.960

1.269

20

(220)

43.58

0.810

2.075

92

(111)

50.54

1.230

1.804

52

(200)

74.84

0.480

1.268

23

(220)

44.21

1.890

2.047

100

(111)

51.38

0.750

1.777

26

(200)

75.08

0.810

1.264

31

(220)

43.34

1.620

2.086

100

(111)

+

50.92

1.200

1.792

56

(200)

LSM

74.40

0. 930

1.274

10

(220)

LSM
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—do—
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—do—

LSM = Laser surface Melted

It was found that for the specimen in the solution annealed condition (0% cold
work), there was not much shift in the d- spacing value and there was an increase
in the full width at half maximum (FWHM) values after melting. This indicated
that quenching stresses must have been introduced during melting and
resolidification and/or a microstructure which is quasi-amorphous in nature was
created after melting. As the cold working level was increased, an increase in the
FWHM values was found which subsequently decreased after laser surface
melting. The increase in FWHM value for cold-worked structures is known to be
due to the deformation faults produced. Laser surface melting eliminated the high
defect density on the surface to the depth of the melted zone. Hence there was a
decrease in the FWHM values after LSM. Also, the deformation-induced
martensite phase formed, if any, on the surface after severe cold working would
have been relieved. However, there was an increase in the d-spacing value of the
specimens after laser surface melting compared to the cold worked specimens.
This could be attributed to the microcrystalline nature and the severe strains
associated with the texture developed during laser surface melting of cold worked
specimens.
The laser surface melted specimens were subsequently heat treated at 923 K
for 5 hours, and electrolytically etched in 10% ammonium persulphate. The
optical micrographs of these specimens and those of the as-cold worked and heat
treated specimens are given in Fig. 1.7.1. It is interesting to note that the
microstructure of the laser surface melted alloy is quite different from that of the
cold worked and heat treated specimens. Since laser surface melting introduces
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quenching stresses, this would have enhanced the formation of a large number of
twins and deformation bands after the heat treatment. Also, the LSM itself creates
a different microstructure due to rapid melting and resolidification. Hence, this
would have introduced finer grains and increased the total grain boundary area.
The density of the intragranular precipitates was also found to increase as the cold
working level increased as shown in Fig. 1.7.1. The creation of the above
microstructures upon LSM treatment and the subsequent heat treatment would
enhance the localized corrosion resistances significantly.
1. S.K.Mannan, R.K.Dayal, M.Vijayalakshmi and N.Parvathavarthini, J.
Nuclear Materials, 126(1984), 1.
2. K.Elayaperumal, P.K.De and J.Balachandra, Corrosion, 28(1972), 269.

1.8

Desensitization of Types 304 and 316 Stainless Steel by Laser
Surface Melting
(U.Kamachi Mudali, R.K.Dayal and G.L.Goswaml)

* Atomic Fuels Division, BARC, Bombay

Sensitization of the austenitic stainless steel components in service plagues the
life of the components as they are more prone to intergranular corrosion (IGC).
Laser surface melting (LSM) can be used as a technique to selectively remelt or
heat treat the sensitized surface to eleminate the probability of IGC occurring at
those spots without affecting the bulk properties of the components(1). In the
present work an attempt was made to laser surface melt types 304 and 316 SS
specimens sensitized at 923K/20h and 923K/5h and to study the changes in their
property with respect to intergranular corrosion. The melting was carried out using
a Nd YAG laser system with the following parameters: pulse width - 9 ms, linear
speed - 15 cm/min, gas pressure - 1 atm (argon, He). The energy level of the laser
was suitably tuned to give about 24 conditions of energy values and pulse shape
for the purpose of melting. This resulted in melting over a range of depth from 3
(im to 65 |im for type 304 SS and from 9 Jim to 90 Jim for type 316 SS.
The specimens representing each condition was cut and electrolytically plated
with nickel for the surface preservation. The cross-section of the melted region
was electrolytically etched in 10% oxalic acid for type 304 SS and in 10%
ammonium persulphate for type 316 SS at 6 V for 90 seconds as per ASTM A262
practice A and observed in an optical microscope. The specimens exhibited a
dendritic solidification pattern throughout the melted region in all cases and
eleminated the sensitized microstructure. In many conditions the melted and the
unmelted regions had a narrow interface exhibiting step structure indicating the
solution annealing heat treatment effect produced by LSM. Figure 1.8.1 shows
the microstructure obtained for a few conditions. However, some of the conditions
showed the presence of microcracks, cavities and cracking along the interface of
successive pulses (Fig. 1.8.2). In some cases, cracks initiated at the melted region
was found to penetrate into the unmelted region. Depending on the melting
condition the microhardness values across the unmelted-melted region showed an
increase or decrease in the strength.
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Based on the above results the best laser melting conditions were chosen and
applied for the specimens to be tested as per ASTM A262 practice E (24h
immersion in boiling Cu-CuSCV H2SO4 solution and bending to 180° for
observing cracks) to evaluate the IGC resistance. The results indicated that LSM
of the sensitized specimens did not show any cracks on the surface indicating their
superior IGC resistance. However, there were a number of cracks initiated at the
melted/unmelted interface during 180° bending for a few specimens. The
experiments are being repeated for such conditions to ensure their resistance to
IGC. In conclusion laser-melting of the surface of a sensitized component would
eleminate the IGC problem without affecting the bulk properties of the
components.
1. de Damborena, A.J.Vazquez, J.A.Gonzalez and D.R.F.West, Surface Engg.,
5(1989) 235.

1.9

Characterisation of Laser Surface Alloyed Type 304 Stainless Steel
using XPS and SIMS Techniques
(U.Kamachi Mudall, R.K.Dayal, R.Sivakumar, N.Parvathavarthlnl and A.Bharatt)

* Defence Metallurgical Research Laboratory, Hyderabad
Laser surface alloying of type 304 SS specimens in nitrogen and argon
atmospheres were carried out using a continuous wave CO2 laser at a power
output of 3 KW at laser head. This was carried out in order to improve the pitting
corrosion resistance of the material. The amount of nitrogen incorporated into the
melted region and the chemical state in which the alloying elements such as
nitrogen and chromium were present was analysed using X-ray photoelectron
spectroscopy (XPS) and secondary ion mass spectroscopy (SIMS). In XPS
technique specimens of untreated 304 SS and those melted using laser [Nos. 1, 5
and 8 (specimen No. 8 exhibited higher resistance against pitting corrosion)] were
irradiated with Mg K°° (1253.6 eV) radiation and the resultant photoelectron
spectra were obtained. The pressure of the XPS chamber was maintained at 10'9
torr. Ion sputtering of the specimens were carried out initially to remove the
contamination on the surface using argon ion sputtering gun. Survey spectra, and
high resolution spectra for Cr 2p and N Is were obtained, and these spectra were
calibrated with respect to C Is electron peak at 285.0 eV. SIMS analysis was
carried out using CAMECAIMS4F system with oxygen ions as the source. Depth
profiling across the laser melted region was carried out and mass resolution
spectra for nitrogen was obtained. The results obtained in XPS analysis are shown
in Table 1.9.1.
It was found that in comparison with untreated 304 SS, laser melted specimens
showed more number of peaks for Cr and N indicating complex nature of the
melted region. The ratio of the intensity peak area of N Is to Cr 2p showed that
there was a decrease in the value in comparing from specimens No.l, 5 and 8.
Also the shift in the binding energy value for Cr 2p indicated that specimen No. 5
and 8 did not show any tendency for compound formation. However, the N Is
peaks of specimen No. 1 and 8 were similar compared to No. 5 which showed an
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Fig.1.9.1 SIMS analysis of laser treated 304 SS in comparison
with untreated 304 SS for the presence of nitrogen on
the surface.
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additional peak at 397.25 eV. The above results indicated that nitrogen can be
present as a compound of chromium in the case of specimen No. 1 and 5, and also
the availability of free nitrogen is more in specimen No.8 compared to specimen
No. 1 and 5.
Table 1.9.1
Results of XPS Analysis
Specimen

peak area

2.8

ffl

Number

Cr 2p

N Is
E. ,eV

575.625

peak area
9.8

576.25

B.E. ,eV

N/Cr
peak area

406.25
407.875

3.5

577.25
12.5

576.25

2.2
14.5

397.25
405.675

1.34

407,675
7.1

576.25

4.6

404.5
408.0

304 SS

-

576.75

-

0.65

401.6
407.5

In SIMS analysis it was found that the amount of nitrogen incorporated into
the laser melted region was more in the case of specimen melted in nitrogen
atmosphere compared the one melted in argon atmosphere (Fig 1.9.1). However,
in comparison with the untreated specimen it was found that nitrogen was
incorporated during laser alloying in all specimens. The differences in the nitrogen
content of the specimens could be attributed to the partial pressure of nitrogen gas
available in the shielding atmosphere around the laser beam. In comparing both
XPS and SIMS analyses, it can be concluded that there was an increase in the
nitrogen content in the laser melted layer of specimen melted in nitrogen
atmosphere and the specimen No.8 showed less tendency for forming chromium
compounds compared to others.

1.10

Modification of Microstructure to Improve
Corrosion Resistance of Type 316 Stainless Steer '

Intergranular

(U.Kamachi Mudali, N.Vinod, M.Sundar and R.K.Dayal)
* P.S.G.College of Technology, Coimbatore - 641 004

Austenitic stainless steels undergo intergranular corrosion (IGC) when they are
subjected to sensitizing heat treatment between 723 to 1073 K. The remedies for
IGC include using low- carbon or stabilized steels or giving a solution annealing
treatment(2). Cold work up to 15% as well as improper annealing treatment
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enhances the susceptibility to IGC(3). Most of the components of austenitic
stainless steels are fabricated through mechanical working (viz. cold working,
forging, extrusion etc.). Also, welding is an indespensable tool for joining various
parts. The combination of the above treatments during fabrication, commissioning
and operation stages can result in an improper microstructure prone to IGC. In
such cases the undesirable effects can be eliminated by having the material with a
suitable microstructure offering the best combination of strength and corrosion
resistance.
In the present work, a treatment was given to improve the IGC resistance by
forming a microstructure with the fine nuclei of carbide particles distributed
throughout the matrix. The treatment was as follows: (1) type 316 SS specimens
were cold worked to 20, 30 and 40% reduction in thickness values, (2) sensitizing
heat treatment was applied at 923 K for 5 h, and (3) subsequently aged at various
combinations of temperature and time (1173 K/lh, 1223 K/lh, 1273 K/lh and
1323 K/lh). Specimens in solution annealed conditions (0% cold work) were also
given the above treatment for reference purpose. These treatments were given
based on the principle that cold working and sensitization results in the formation
of dense carbide precipitates throughout the matrix and subsequent suitable ageing
treatment would leave a uniform distribution of fine carbide nuclei. Such a
microstructure would improve the IGC resistance by not selectively forming
chromium-rich carbides along the grainboundaries leading to significant
chromium depletion as well as increase the strength of the material. Also,
recrystallization effect would increase the total grainboundary area by forming a
large number of finer grains.
After the ageing treatments, the specimens were reheat- treated at 923 K for 5
h, and tested for their IGC resistance as per ASTM practices A (10% ammonium
persulphate - electrolytic etch test) and E (24 h immersion in boiling
CU-CUSO4-H2SO4 solution followed by U-bend test). Table 1 shows the results of
the practices A and E test for all the specimens. Microhardness measurements
were also carried out on all the specimens using a Vickers Microhardness Tester.
Table 1.10.1
Results of Bend Test after Resensitization Heat Treatments
Cold work
(C.W)

Heat Treatment

—

923 K/5h

0%

923 K/5h

923 K/5h

923 K/5h

923 K/5h

1173 K/lh

1223 K/lh

1273 K/lh

1323 K/lh

923 K/5h

923 K/5h

923 K/5h

923 K/5h

C.W

Failed

Failed

Failed

Passed

Passed

20% C.W

Failed

Failed

Failed

Passed

Passed

30% C.W

Failed

Passed

Passed

Passed

Passed

40% C.W

Failed

Passed

Failed

Failed

Failed

The results indicated that at an optimum condition (30% cold
work-sensitization-ageing) all the specimens showed an improvement in IGC
resistance compared to the as cold worked and sensitized specimens (Table
1.10.1). The microstructures obtained after the reheat-treatment at 923 K for 5 h
are shown in Fig. 1.10.1. This could be attributed to the formation of fine
intragranular carbide precipitates and also increase in the total grainboundary area
due to the formation of finer grains. The 0% and 20% cold worked specimens
showed improvement in IGC resistance only at higher temperatures. In the case of
40% cold worked specimens except the one aged at 1173 K for lh all other
specimens failed in the IGC test. The microhardness measurement showed an
improvement in the strength of the specimens with all the above treatments
compared to the reference specimens (Fig. 1.10.2). Thus, in comparision with as
cold worked specimens an improvement in strength and IGC resistance was
observed for the specimens with microstructural modification obtained through a
30% cold work-senzitization-ageing treatment.
1. N.Vinod, U.Kamachi Mudali, R.K.Dayal and M.Sundar, Paper presented at
the 44th Annual Technical Meeting of Indian Institute of Metals,
Tiruchirapalli, Paper No. PP 26, Nov. 1990.
2. V.Cihal, Intergranular Corrosion of Steels and Alloys, Materials Science
Monographs - 18, Elsevier Science Publishers, Amsterdam, (1983).
3. S.K.Mannan, R.K.Dayal, M.Vijayalakshmi and N.Parvathavarthini, J.
Nuclear Materials, 126(1984), 1.

1.11

Corrosion Studies on Clad/Wrapper Materials for Fuel
Subassemblies of a Prototype Fast Breeder Reactor in Simulated
Interim Wet Storage Conditions^ '
(U.Kamachi Mudali, R.K.Dayal, H.S.Khatak and J.B.Gnanamoorthy)

It is planned to store the irradiated core-subassemblies of PFBR in a water
pool for an interim period before they are sent for post-irradiation examination or
fuel reprocessing. Depending upon the schedules for post-irradiation examination
or reprocessing, these subassemblies will be required to be stored for a prolonged
period, possibly extending beyond one year. Therefore, the compatability of the
subassembly structural materials with respect to pitting, crevice corrosion and
stress corrosion cracking (SCC) has to be taken into account to avoid loss of
integrity of the subassemblies and the fuel pins therein. The structural materials of
the proposed PFBR subassemblies will be made of a Ti-modified type 316
stainless steel (SS) or type 316LN SS or type 316 SS with 20% cold work. In the
present work laboratory corrosion testing for pitting and stress corrosion cracking
resistance was carried out on specimens made out of the above three materials in
different metallurgical conditions, including some of them after liquid sodium
exposure, in a demineralised water" medium simulating the storage conditions.
The metallurgical conditions in which the materials were tested are given in
Table 1.11.1.
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Table 1.11.1
Metallurgical conditions in which the materials were tested
Mater ial
1. Ti-modified 316 SS

Pretreatments

1. 20% CW
2. SA*
3. 20% CW + sensitized 923K/50h

2. Type 316 SS

1. 20% CW
2. 20% CW + sensitized 923K/50h
3. Na exposure 823K/1500h
4. Na exposure 723K/1100Qh

3. Type 316LN SS

1. SA
2. 20% CW + sensitized 923K/50h

* CW - cold worked
# SA - solution annealed

Rectangular specimens with about 40 to 70 cm2 area were made out of the
materials and immersed in a demineralised water bath maintained at 328 K. The
specimens were removed intermittently and the changes in weight and appearance
were monitored till one year period. Later, air was purged into the water close to
the surface of the specimens simulating a high oxygenated condition, and the
experiments were continued further. The corrosion rate for the specimens at each
interval was calculated. For assessing the SCC resistance of the materials,
specimens in the highly sensitized condition (923 K/50 h) at different loading
conditions, namely, compact tension (CT) specimens with Ki values 14.0, 15.8
and 31.3 MPa m+1/2and respective net section stress as 203, 236 and 465 MPa,
wedge-opening loaded (WOL) specimens and C- rings (with stresses of 50, 100
and 150 MPa) were exposed to the demineralised water under similar testing
conditions. At frequent intervals the specimens were examined in an optical
microscope for the SCC attack.
Table 1.11.2 summarizes the results obtained for the experiments conducted
so far.
The corrosion rates in all the cases showed very low values indicating the
excellent corrosion resistance of the materials in the medium tested. The
specimens maintained outstanding corrosion resistance irrespective of the period
of immersion in the medium. The changes in the corrosion rate values within the
exposure period were insignificant for all the specimens. There was not much
change in the surface appearance of the specimens throughout the study. After one
year of exposure the specimens were reexposed in the medium with purging of air
close to the specimen surface to increase the oxygen content of the solution. The
results obtained after about 4000 hours of exposure also showed outstanding
corrosion resistance for all the specimens. In almost all the cases the specimens
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exhibited a slight increase in the weight indicating the formation of a protective
film on the surface with increased corrosion rate values after purging of air. Only
the specimens of Ti-modified 316 SS in solution annealed and 20% cold worked
and sensitized at 923 K for 50 h condition, and type 316LN SS in 20% cold
worked and sensitized at 923 K for 50 h condition showed negligible weight loss
after the exposure. The experiments are in progress with purging of air on the
surface of the specimens immersed in the test medium. In the case of SCC tests
the CT specimens in the WOL condition did not show any increase in the crack
length when they were removed periodically and examined in an optical
microscope. The C-ring specimens also did not fail or indicate any crack initiation
after the exposure over one year period.
Table 1.11.2
Corrosion rates (in mdd) after exposure in DM water at 328 K
Material

Corrosion rate (mdd)
800h

1600h

2400h

8800h

4000h

1.18

1.02

0.08

0.01

1.07

to Na at 723K/11000h

3.10

2.91

0.29

0.03

0.68

3. type 316 SS - 20% CW

1.49

1.49

0.13

0.02

1.67

4. Ti- mod 316 SS - SA

0.88

0.88

0.12

0.03

0.17

5. Ti- mod 316 SS - 20% CW

2.54

2.55

0.21

0.02

2.89

6. type 316LN SS - SA

2.03

2.03

0.19

0.00

2.58

0.05

0.10

0.04

0.00

0.05

0.21

0.05

0.22

0.00

1.71

0.33

1.78

1.66

0.00

1.25

1. type 316 SS exposed
to Na at 823K/I500h
2. type 316 SS exposed

7. Ti-mod 316 SS - 20% CW +
sensitized 923K/5Ch
8. type 316 SS - 20% CW +
sensitized 923K/50h
9. type 316LN SS - 20% CW +
ser.sitized 923K/50h

* with purging of air to the medium

1. J.B.Gnanamoorthy, R.K.Dayal, H.S.Khatak and U.Kamachi Mudali, Paper
presented at the International Atomic Energy Agency's Technical
Committee Meeting on "Improvements of Structural Materials Resistance
to Chemical Degradation and Irradiation in the Back End of the Nuclear
Fuel Cycle", held at Vienna, Nov. 1989.
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1.12

Development of Mixed Oxide Coated Titanium Anodes for the
Electrolytic Dissolution of Nuclear Fuels
(U.Kamachi Mudali, R.K.Dayal and J.B.Gnanatnoorthy)

Mixed oxide coated titanium anodes (MOCTA) have been successfully tested
at a laboratory scale for the electrolytic dissolution of pellets of unirradiated mixed
carbide (U,Pu)C fuel of Fast Breeder Test Reactor (FBTR) at Kalpakkam(1). The
anodes were Ti-substrate with a number of layers of RuC>2/TiO2 or
RuO2/TiO2/PtO2 coated by thermal decomposition method. A number of
electrochemical processes including electrolytic partitioning of U and Pu,
electrolytic production of U(IV), acid killing for waste volume reduction,
electroanalytical methods for the determination of Pu content, electrolytic feed
conditioning etc. can use MOCTA in their electrolytic cells. The anodes were
found to work till the boiling point of nitric acid with cerium nitrate as the redox
agent in the electrolytic dissolution method. This method has been now modified
with silver nitrate as the redox agent since this reduced significantly the
dissolution time. As the redox potential of Ag/Ag+ system (1.98V) is much higher
than that of Ce/Ce4+ system (1.61V), a suitable modification of the anode surface
is necessary to accommodate for the high reaction kinetics of the silver redox
system.
In the present work, an attempt was made to prepare MOCTA specimens with
platinized coating on the surface by thermal decomposition method. The
preparation technique of the process is described elsewhere1. Expanded Ti-mesh
specimens with an extended leg for electrical contact was surface pre-treated by
mechanical roughening, chemical cleaning, etching and conditioning prior to the
application of the coating solution. The Ti-substrates were first coated with a
mixture of RuO2 and T1O2 (2:3) as either as a single layer or three layers with
intermediate drying. Subsequently, they were coated with three layers of coating
solution containing chlcoplatinic acid. The heat treatment of the above specimens
were carried out in air or vacuum atmospheres. These specimens were tested in a
simulated reprocessing solution of 13M nitric acid with 0.05M silver nitrate as
anodes at 305 K at 2V/2A conditions.
The results indicated that the specimens with MOCTA with one layer of mixed
oxides and three layers of platinum coating treated in air vacuum generated silver
ions during electrolysis with a performance equivalent to that of Pt anodes. The
specimen treated in vacuum exhibited better performance than that treated in air.
However, the other specimens prepared with different composition/heat treatment
conditions did not generate silver ions during the electrolysis. Based on the above
performance the anodes are being suitably modified for use at higher temperatures
in the silver catalysed electrolytic dissolution method.
1. U.Kamachi Mudali, R.K.Dayal, J.B.Gnanamoorthy, S.K.Rajan and
A.Palamalai, Proceedings of the International Symposium on
Thermochemistry and Chemical Processing, Kalpakkam, (1991),
pp.293-301.
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1.13 Electromigration Approach to Verify Cold Fusion Effects^
(U.Kamachl Mudali, K.Govinda Rajan, R.K.Daya! and P.Rodriguez)
* Materials Science Division, 1GCAR, Kalpakkam

Following the announcement by Pons and Fleischmann(2) and by Jones et al(3)
on the occurrence of nuclear fusion between deuterium nuclei in palladium near
room temperature in an electrolysis cell, it became necessary to imagine how such
an incredibly large large increase (from e'70 to e"20) in fusion probability becomes
possible. Two pointers seem to emerge: the high density of deuterium ions
sustained by the cathode material and, more importantly, the substantial screening
effect produced by the conduction electrons in the host metal reducing the D+-D+
barrier. This latter mechanism appears to be a function of the concentration of the
deuterium ions.
It is well known that when an electric field is applied across the ends of a
metallic bar, a large concentration gradient, principally of the light interstitial ions
is created. This phenomenon, termed electromigration, has been successfully used
to purify metals. Electromigration of hydrogen and its isotopes in metals is a
well-studied topic<4). For H (or D) in metals, ordinary electric fields can produce a
concentration gradient of 1020 between the ends. Thus with the simultaneous
application of an electric field along the length of the cathode in an electrolysis
experiment can produce a non-equilibrium deuterium concentration which is
expexted to enhance the nuclear reactions occuring in the cathode of a cold fusion
experiment.
To investigate this, a two-compartment electrolysis cell of 150 ml capacity
with an anode configuration permitting the application of a large current density of
300 A/cm2 in the cathode simultaneously while the electrolysis is being
conducted, was designed and made. Figure 1 shows the schematic diagram of the
experimental set-up. Titanium was chosen as the cathode material, platinised
platinum was used as the anode and the electrolyte used was D2O with 0.1M KC1.
The tritium content of the heavy water used in this work was less than 10"9 Ci/ml.
The electrolyte was deaerated continuously using high purity argon in order to
eliminate the presence of dissolved gases. A saturated calomel electrode (SCE)
was used as a reference electrode for measuring the potential. A potentioscan
(Wenking POS 73) was used for electrochemical polarisation, and a well-stabilised
current source (Aplab, India) was employed for superposing the electromigration
field. Efforts were made to detect any neutron emerging from the cathode using
high sensitivity NE 213 detectors as well as to examine any formation of tritium in
the heavy water and in the cathode. A number of superheated drop detectors
(SDDs) were placed close to the cathode compartment for detecting the neutrons.
To start with, polarisation behaviour of the cell was maintained at a known
potential, and after establishing this the electromigration field was switched on
and maintained at a field of 20 mV/cm. This was continued for about two weeks,
and then the electrolyte samples were removed and analysed for tritium
measurement using a liquid scintillation detector. The titanium cathode was sealed
over a medical grade X-ray film and left overnight in order to detect any evidence
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for autoradiography. The morphology of the cathode surface was examined by
scanning electron microscope (SEM).
From the results available, the following conclusions were made about the
influence of electromigration field on cold fusion phenomena:
1. for the cathode sizes utilised in the present work, and up to an
electromigration current density of 300 A/cm2, no significant neutron
emission could be detected
2. the heavy water analysed immediately after the run showed no change in
its tritium content
3. the titanium cathode did show feeble autoradiographs, characteristics of a
tritiated condition, but it remains to be seen how much of this tritium has
been picked up from the heavy water during the electrolysis
4. the nuclear reactions occurring in the titanium are aneutronic.

1. U.Kamachi Mudali, K.Govinda Rajan, R.K.Dayal and P.Rodriguez, Paper
presented at the Second National Convention of Electrochemists and First
National Congress on Metallic Corrosion, Karaikudi, Paper No. 1.27,
(1990).
2. M.Fleischmann and S.Pons, J. Electroanal Chem., 261(1989) 301.
3. S.E.Jones et al, Nature, 338(1989) 737.
4. P. Parameswaran, K. Govindarajan, U. Kamachi Mudali and
V.S. Raghunathan Transactions of IIM, 42(1989) 317.

1.14

Susceptibility of As-Welded and Thermally Aged Type 316LN
Weldments Towards Pitting and Intergranular Corrosion
(M.G. Pujar, U. Kamachi Mudali and R.K. Dayal)

In the present investigation an attempt was made to study the pitting and
intergranular corrosion susceptibility of weldments made of type 316LN stainless
steel (ss). V-groove weld joints were prepared by TIG welding process using 316
ss filler wires having a carbon content of 0.059%. The weldment as well as
all-weld metal samples were aged at 1023K for 5h to study the influence of
thermal ageing. The delta-ferrite content which was 4.5FN for the as-welded
samples changed to O.35FN after the ageing treatment, indicating a near total
(90%) transformation of delta ferrite to secondary phases such as M23C6. The
pitting corrosion studies were carried out at room temperature by potentiodynamic
anodic polarisation method in 0.5M H2SO4 (acidic), 0.5M NaCl + 0.5M H2SO4
(acidic chloride) and 0.5M NaCl (neutral chloride) media on both as-welded and
thermally aged weld metal samples. The results of anodic polarisation experiments
have been plotted in Figs. 1.14.1 to 1.14.3. It can be clearly inferred from figures
(1.14.2 and 1.14.3) that in neutral as well as acidic chloride media the pitting
corrosion resistance of thermally aged samples was lower compared to that of the
as-welded samples. In acidic medium (Fig.1.14.1), the aged samples showed
easier passivation behaviour as compared to the as-welded samples. The lower
passive current (Fig.1.14.3) as well as lower peak current (Fig.1.14.1) observed in
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the heat treated weld metal is attributed to two processes. The carbon content in
the weld metal is moderate (0.059%) and hence M23G5 type of carbide formation
is favoured. Since the ageing temperature is slightly higher (1023 K), after the
rapid precipitation of M23C6 carbides, the process of homogenization sets in,
whereby the chromium and molybdenum distribution in the matrix becomes
almost uniform. In case of study of these specimens in acidic medium
(Fig.1.14.1), it was found that weld metal in as-welded condition with its
inhomogeneous, dendritic and cored microstructure showed more active
dissolution as compared to the aged weld metal specimen which has almost
negligible delta-ferrite. In case of similar studies in neutral chloride medium
(Fig. 1.14.3) the homogenized microstructure of the aged weld metal showed lower
passive current as compared to that observed for as-welded specimen wherein the
presence of interphase interfacial boundaries with segregation of various alloying
elements led to the higher passive current. Nevertheless, the lower Epp value
observed for aged specimen is due to the breakdown of unstable passive film at
the boundaries of residual M23C6 carbides and austenite at higher applied
potentials.
Intergranular corrosion studies on the weldments in the as- welded and
thermally aged conditions were carried out as per ASTM-A262 practice E and
practice F tests. It was found that both as-welded and thermally aged samples did
not show any cracks at the bent region indicating that they were free from
intergranular corrosion. Results of the ASTM-A262 practice F test showed an
increase in corrosion rates for aged weldment (41.5 mpy) compared to the
as-deposited weldment (16.0 mpy). The higher corrosion rate observed in the case
of aged weldment was due to the chromium-and molybdenum-depleted regions
which formed after delta-ferrite transformation to M23C6, which were locally
attacked along with the primary austenite. SEM studies on the as- deposited and
thermally aged weldments after ASTM-A262 practice F test showed selective
dissolution of austenite phase leaving delta-ferrite unattacked in the former case
and dissolution of primary and secondary austenite leaving carbides unattacked in
the latter case. EPR test results showed absence of any active peak in both
as-deposited as well as thermally aged weld metals. Thus, EPR results support the
above conclusion that the weldments are resistant to IGC. This is in accordance
with the properties of nitrogen-added stainless steels. SEM studies of pitted
samples revealed that, pits in general nucleated and grew in austenite centres
leaving delta-ferrite (in as-deposited) and carbides (in thermally aged) unattacked
in the weld metals.

1.15

Corrosion Resistance of Chemically Surface
Nonsensitised and Sensitised Austenitic Stainless Steel

Pretreated

(M.G. Pujar and R.K. Daya I)

This study(1) was carried out to establish the type of chemical surface
pretreatment for the austenitic stainless steel (ss) (of AISI type 304 and 316)
components to be stored. Fabricated components in certain cases show sensitised
microstructure. In general, passivation treatment is adopted for the as-received as
components and parts to protect them from the atmospheric corrosion. In this

work the applicability of a similar treatment to sensitised materials was studied.
Also, performance of the aforesaid alloys in different microstructural states after
pickling and passivation was studied.
In this connection, the above mentioned alloys in both nonsensitised and
sensitised conditions were tested for their corrosion resistance in 3.5% NaCl
solution under three different surface chemcial pretreatments like, (1) polishing,
(2) polishing and pickling, (3) polishing, pickling and passivation, providing clean
surface with air formed oxide film, a bare surface devoid of any oxide film and a
surface covered with thick passive film respectively. Anodic polarisation curves
for all these specimens were obtained in 3.5% NaCl solution. Their pitting
potentials, corrosion potentials, passivation currents etc. have been used to discuss
their relative corrosion resistance.
Figures 1.15.1 to 1.15.4 show the polarisation curves for the 304 and 316 ss in
both sensitised and nonsensitised conditions under different surface pretreatments.
Comparison between the polarisation curves for 304 and 316 ss in nonsensitised
condition revealed that the behaviour of these alloys in different surface pretreated
conditions was closely matching (Figs. 1.15.2 and 1.15.4). Passivated surfaces of
both these alloys showed clear passive ranges. The passive potential range of 316
ss was marginally higher than that of 304 ss. The passivation currents also were
found to be increasing with increase in applied potential, which is attributed to the
presence of aggressive chloride ion which in turn forms soluble metal complexes
at the defective sites in the passive film.
Behaviour of 316 ss in sensitised condition under three different surface
pretreatments was almost similar (Fig. 1.15.3). The pickled specimens started
dissolving anodically at a more negative potential compared to polished and
passivated specimens which showed almost similar anodic dissolution behaviour.
For sensitised 304 ss in all the three surface pretreated conditions, the open circuit
potential (OCP) values were much more active compared to the sensitised 316 ss
under the similar conditions. The surfaces of pickled, pickled and passivated
specimens of 304 were found to have dislodged grain structure. Clusters of
dislodged grains have been observed on the sensitised and polished surface of
316 ss.
Under these three surface pretreatments both the alloys in nonsensitised
condition showed better corrosion resistance compared to the sensitised condition.
The alloys in sensitised condition showed grain boundary attack (sensitivity
depending upon the degree of sensitisation, DOS). Pickling and passivation
treatments were found to be detrimental for the sensitised alloys. Both these alloys
in nonsensitised condition showed sufficient corrosion resistance when used in
polished condition. Passivation improved the corrosion resistance of these alloys
further. It is concluded that the pickling and passivation treatments degrade the
corrosion resistance of sensitised materials, whereas the passivation treatment
ensures extra protection these materials in nonsensitised condition. Nonsensitised
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316 ss in passivated condition showed higher corrosion resistance compared to
that of 304 ss.
1. M.G. Pujar and R.K. Dayal, Bulletin of Electrochemistry 6(10) 1990,
pp.819-823.

1.16 Corrosion Resistance Studies on the Transition Weldments
(M.G. Pujar, A.K. Bhadurl, R.K. Dayal and T.P.S. Gill')
* Materials Development Division, IGCAR, Kalpakkam

The weldments used for this study were obtained from a single V-groove butt
joint between plates of normalised and tempered 2.25Cr-lMo steel and
solution-annealed Alloy 800 welded with Inconel 182 electrodes by multipass
MMA welding. For studying the relative corrosion resistance of the weld metal,
samples from undiluted full-weld regions of the base metal away from heat
affected zones (HAZ) were cut. Anodic polarisation tests were carried out on all
these samples in a solution containing 0.5M H2SO4 and 0.5M NaCl. It was
observed taht 2.25Cr- IMo base metal showed continuous dissolution without
attaining any passivity. As against this, Alloy 800 base metal and Inconel weld
metal clearly showed active-passive transitions. The range of passivity for Alloy
800 extended from -100 mV to 600 mV (SCE). However, in the case of Inconel
weld metal, the range of passivity extended from 100 mV to 400 mV (SCE),
which was much smaller than the one found in Alloy 800. The critical current
density value for Alloy 800 was about one order lower than that for Inconel weld
metal.
To study the effect of weld metal dilution caused by the base metal in the
vicinity of the weld fusion line on corrosion resistance, a weldment was treated in
50% v/v HNO3 to dissolve 2.25Cr-IMo base metal portion to obtain weld metal
that included diluted region due to 2.25Cr-lMo. A weld bead around 7 mm length
was cut and mounted in epoxy resin such that undiluted inconel weld metal was
exposed to the electrolyte at the beginning of the experiment. This sample was
used for studying anodic polarisation behaviour in a solution containing 0.5M
H2SO4 + 0.5M NaCl. After each polarisation experiment, the specimen was
repolished: thickness of the layer removed by polishing was noted and then reused
for further anodic polarisation experiments. This procedure was followed till the
layer of the specimen near the fusion line was reached. The results showed that the
open circuit potential values changed from -175 mV (SCE) for the weld metal
region located far away from fusion line (7 mm) to -275 mV (SCE) for the weld
metal region located very near to fusion line (0.12 mm). Peak cuttent density
values showed (Fig. 1.16.1) a sharp rise near the fusion line which indicated the
mixing of the base metal with the weld metal. Passive current values noted at
+100 mV (SCE) when plotted against he distance from fusion line showed a
similar trend (Fig. 1.16.2). The trends observed in the above two figures could be
explained as follows: The highest peak near the fusion line observed in both the
figures is attributed to the dissolution of martensite formed in this region. The
EDAX studies of this region showed the composition of this martensite as 5%
Cr - 5% Ni which is highly prone to dissolution. Preliminary observations of the
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inconel weld metal etched in 10% oxalic acid under optical microscope revealed
the dissolution of the carbides and the surrounding depleted regions. The
subsequent peaks of lesser height observed in both the figures are correlated with
the dissolution of these depleted zones around the carbide precipitates.

1.17

Effect of Laser Treatment on the Corrosion Resistance of
Chromium Plated 9Cr-lMo Ferritic Steel in Acidic Medium
(M.G. Pujar, R.K. Dayaf and A.S. Khanna)

In the present work, an attempt has been made to study the corrosion
resistance of laser melted chromium plated 9Cr-lMo steel. Chromium plating was
carried out on circular (25 mm dia., 5 mm thick) specimens of 9Cr-lMo ferritic
steel. The specimens with chromium deposit thicknesses ranging from 30 to 70
urn were prepared. These specimens were surface melted by 3KW CO2 laser
beam. The samples cut from these were used for aqueous corrosion studies.
Optical microscopic studies on the cross sections of these samples revealed an
average thickness of laser melted zone of around 140 to 370 um and heat affected
zone (HAZ) thickness of around 0.3 to 1 mm. Aqueous corrosion behaviour of
these specimens was studies by anodic polarisation method in 0.5M H2SO4
medium. The anodic polarisation experiments were carried out for specimen after
repolishing the same specimen till 9Cr-lMo base metal was reached.
The average Cr coating thickness values for specimen A and B were 70 and 30
fm respectively, before laser surface melting. The anodic polarisation curves for
both specimens A and B were drawn at different stages of mechanical polishing. In
general, in these specimens the average loss of thickness in each stage of
mechanical polishing was found to be around 20 um. From these curves corrosion
rates (uA/cm2), passive current density and peak current density values were
plotted against the stages in polishing for both specimens A, B as well as for
9Cr-lMo alloy and pure chromium metal (Figs.1.17.1 to 1.17.3). Following
observations could be made:
1) Comparison of corrosion rate values of the two specimens A, Bwith that of
chromium metal and 9Cr-lMo alloy showed some interesting features
(Fig. 1.17.1). The corrosion rate of chromium metal was lowest whereas the
9Cr-lMo has higher corrosion rate value. Initial value for specimen A was
equal to that of pure Cr metal. In the latter stages of polishing these values
showed a peak followed by rapid decrease.. In case of specimen A a sharp
peak was observed but the peak observed in case of specimen B was very
broad encompassing many stages of polishing. The parts of both the curves
showing fall of corrosion rate values for both the specimens had almost
same slope showing the rate of fall of corrosion rate was almost equal in
both the specimens. The minimum corrosion rate values observed in case of
both specimens were close to that observed for pure chromium metal. This
point was considered as the interface between the 9Cr-lMo base metal and
the laser melted surface of the chromium coating. In case of specimen B it
was observed that the zone where corrosion rate values closely matched
with that of pure chromium extended over a few polishing stages.
2) Pure chromium metal showed the lowest passive current density
(Fig. 1.17.2). As compared to this the passive current density value
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observed for 9Cr-lMo was higher. Passive current density values were high
in the early stages of polishing for both specimens A and B. In the later
stages of polishing the values decreased considerably and attained a
constant value for specimen A. In case of specimen B passive current
density values did not show any trend.
3) In general, chromium metal showed the lowest peak current density value
(Fig.1.17.3). Peak current density values were higher by one order of
magnitude for 9Cr-lMo specimen compared to chromium metal. Peak
current density values for both specimens showed a large variation. This
variation was found to be of one order of magnitude. In case of specimen
A, the variation of peak current density values was found to be restricted in
between those of pure chromium on the lower side and those of 9Cr-lMo
on the higher side. In case of specimen B, as the interface between
9Cr-lMo and laser melted surface approached, the peak current density
values gradually decreased and could be closely compared with that of pure
chromium metal.

1.18

Corrosivity Studies on FBTR Service Water Systems
(M.G. Pujar, R.K. Dayal and J.B. Gnanamoorthy)

In connection with the above studies, a loop for corrosion testing of coupons
was fabricated by Technical Services Wing of FBTR as per ASTM-D2688-83
standard. A by-pass line from the cooling water header at the cooling water tower
of FBTR when connected to the loop acted as the service water inlet to the loop
and the other end of the loop was the outlet which led the service water to the
cooling tower basin. This set up is shown in Fig. 1.18.1. In the beginning three
sets of experiments were carried out on brass, copper and mild steel coupons
which had dimensions compatible to the loop by exposing these coupons to the
FBTR service water for different time durations (Dec. 89-June 90). This service
water had a flow rate of 1.1 m/s and the water chemistry parameters were
maintained as per COSWAC'S recommendations. Surface preparation, chemical
cleaning of the surfaces before exposure, post exposure cleaning of these coupons
to remove the corrosion products formed etc. were carried out as per the
procedures prescribed in Method B of the ASTM-D2688-83 standard.
Observations: Brass coupons were found to have tarnished surfaces with
brownish grey deposits after one month's exposure to the service water. Selective
chemical cleaning showed a clear dezincified surface, which had the appearance
of a copper coupon. Copper coupons showed a thin film of corrosion deposit after
one month's exposure. This film was pale yellow in colour with dark green
patches at certain places. Chemical cleaning of these coupons restored their
original colour. In general, mild steel coupons were covered with copious deposits
of needle shaped brown rust. The rust deposits which were non-adherent after the
first month's exposure became adherent after 2 and 3 months' exposure. The
thickness of the deposits also increased.
Results: Figure 1.18.2 shows the plot of corrosion rates in mpy plotted against
the exposure time in days for mild steel, brass and copper coupons. Brass and
copper coupons showed corrosion rates of around 4 and 1 mpy respectively, which
indicated a very good compatibility of these materials towards service water. Mild
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steel showed extremely high corrosion rates in the beginning (30 mpy after 1
month's exposure) which decreased slightly and became stable afterwards (22-23
mpy after 3-4lmonths' exposure).
Since these studies have shown very high corrosion rates for mild steel
coupons, it was decided to change the water chemistry by adding proprietary
chemicals to reduce the corrosion rates. The corrosion rate monitoring was
continued on a fresh set of mild steel coupons exposed to the service water (from
July 90- Nov.90) containing proprietary chemicals.
Observations: In general, all the mild steel coupons after removal from the
loop showed absence of thick needle shaped deposits. There was a non-uniform
yellow film on all these coupons as well as a few brown black spots on the
surface. The longitudinal edges were generally found to be covered with rust
deposits and deposit thickness increased with increasing exposure time to the
service water. Optical microscopic observations of the black spots indicated
presence of pits. More number of pits were observed along the longitudinal edges
as compared to those on the flat surfaces. Pit depth measurements were carried out
for all these coupons after cleaning of the surfaces. In the coupons exposed for
durations of one and two months, the range of pit depths was found to be 15 to 60
um. However, for the coupons exposed for durations of three and four months, the
range of pit depths was 15 to 180 um and 20 to 90 um rsepectively.
Results: Refer Fig. 1.18.2. Mild steel coupons in general showed very low
corrosion rates of 1-2.5 mpy when exposed to service water containing proprietary
chemicals. The corrosion rates were invariant with time of exposure. Although, the
general corrosion rates have come down considerably, the pit depth has also
generally increased with exposure time.

1.19

Hydrogen Permeation Behaviour in Ferritic Steels
(N. Parvathavarthlni and R.K. Dayal)

The investigation of hydrogen permeation behaviour in ferritic steels is
important to understand their susceptibility to hydrogen embrittlement in aqueous
solutions. Hydrogen absorption and subsequent permeation rates are highly
enhanced when the solution contains hydrogen evolution poisons or when the
surface of the material is free from films and corrosion products. Such a situation
is present at the tip of a growing crack. Therefore, permeation studies which are
carried out in medium containing hydrogen evolution poisons can be correlated to
that at the tip of a crack. This reports the hydrogen permeation characteristics of 2
l/4Cr-Mo and 9Cr-lMo steels in the normalised and tempered condition in 0.5M
H2SO4 containing 200 ppm of AS2O3. Devanathan - Stachurski's method was used
to determine the permeating hydrogen flux(I). A special type of specimen holder
assembly and electrochemical double cell have been designed and fabricated for
these investigations.
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(i) Specimen holder assembly
The holder assembly consists of a teflon housing and a threaded coupling as
shown in Fig. 1.19.1 (a and b). The sample in the form of a circular disc is kept in
the housing and the coupling is screwed on to fix up the sample. The tightness is
ensured by the teflon gaskets (Fig. 1.19.1c) which are kept in between the sample
and housing/coupling. The outer diameter of the coupling is machined with tapers
on both ends in order to fix it up with the B-45 socket of the permeation cell
without any leak. The housing has a threaded hole (diametrically drilled) through
which electrical contact can be given to the sample.
(ii) Electrochemical permeation cell
The holder assembly which contains the sample to be studied bridges two
polarisation cells on either side. The schematic representation of the double cell is
given in Fig. 1.19.2. Out of the two cells, one is operated at anodic potentials and
the other side is cathodic side where hydrogen is charged by applying cathodic
current galvanostatically. The cells consist of a platinished platinum auxilliary
electrode assembly and luggin capillary calomel electrode. The auxiliary
electrode is kept inside a glass compartment with fritted disc at the bottom to
avoid increase in electrical resistance. The design of the above two ensure the
following : (i) Entire system is gas tight (ii) Mix up of solutions on either side of
the holder assembly is completely avoided.
Utilising the permeation cell and holder assembly the hydrogen permeation
characteristics of 2 l/4Cr-lMo and 9Cr-lMo steel in the normalized and tempered
condition was studied. Samples in the form of a circular disc of 25 mm dia and 1.5
mm thickness were coated on one side with palladium for easy permeation of
hydrogen and to ensure that measured current resulted only from oxidation of
hydrogen. The sample was mounted in the holder assembly in such a way that
palladium coated surface is exposed to anodic side. Cathodic compartment was
filled with 0.5 M H2SO4 containing 200 ppm of AS2O3 anodic side was filled with
0.1 M NaOH. Various amounts of hydrogen were introduced by cathodically
charging at various current densities ranging rom 0.1 mA/cm2 to 8 mA/cm2. The
existing hydrogen is oxidised on the other side by maintaining a constant potential
of 40 mV (SCE). The current at a fixed anodic potential at the exit side is a direct
measure of the output flux of hydrogen and hydrogen activity aH is determined
with the following equation :

aH

=

CH-

where iP - permeation current density, d - thickness of the membrane, CH concentration of dissolved hydrogen in equilibrium with P (H2) = 1 bar, DH Diffusion coefficient of hydrogen, F - Faraday's constant.
The results obtained in this investigation are represented in Fig. 1.19.3 as
hydrogen activity vs applied cathodic current density plot. It can be seen that for
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the same applied cathodic current density the permeating hydrogen flux is much
higher for 2 l/4Cr-lMo steel compared to that of 9Cr-lMo steel and hydrogen
diffusivity is more difficult in 9Cr- IMo steel.
1. M.AL.V. Devanathan and Z. stachurski, Proc. Roy. Soc. London, A270
(1962) p.90.

1.20 Hydrogen Embrittlement Studies on 9Cr-lMo Steel
(N. Parvathavarthinl, R.K. Dayal and H.S. Khatak)

9Cr-lMo steel is susceptible to hydrogen embrittlement when exposed to
freely corroding conditions or cathodic polarisation in aqueous environment. The
susceptibility to hydrogen embrittlement depends on its strength, microstructure,
applied stress intensity and hydrogen concentration. The objective of the work
reported herein is to determine the hydrogen assisted crack growth rate and
threshold stress intensity values for the above steel in 5 M NaCl solution and the
effect of strength (hardness) on the above parameters. Fracture mechanics test
technique was used to apply well defined Ki values at the crack tip using leve type
constant load machine. Galvanostatic technique was used for 'in situ' charging of
the samples with hydrogen. Table 1.20.1 presents the heat treatments carried out
and the corresponding mechanical properties of the steel under investigation.
Table 1.20.1
Mechanical Properties of 9Cr-lMo Steel
Heat Treatment

(0.2% Proof

UTS (MPa)

% Strain

VHN

Stress MPa)
1223 K-25mm-WQ
1223 K-25m-AC

1037

1314

2.88

447

918

1246

5.79

344

The microstructure of the steel in both the heat treated conditions is
predominantly martensitic. Experiments were carried out for various initial Kj
values by applying constant load on fault notched specimens (of notch radius 0.1
mm and notch depth4 mm) and simultaneously applying 0.1 mA/cm2 cathodic
current in 5 M NaCl solution. For each K{ value, crack growth rate was measured.
Lines parallel to the loading direction was drawn with 0.5 mm spacing and crack
growth rate was determined by dividing the optically determined crack extension
by the time taken by the crack to travel 0.5 mm. The experiments were performed
for a total duration of 240 h and there is a threshold value of the stress intensity
(Ki^) below which no crack growth could be observed. The crack growth rate vs
stress intensity curves for waterquenched and air cooled samples are presented in
Fig. 1.20.1. Kith value is 60 MPa m for waterquenched material and 66 MPa m+1/2
for air cooled material. At stress intensities exceeding Kith, observed where
increase in applied Ki does not result in acceleration of the cracks. Plateau region
was observed when Ki value was greater than 70 MPa m for water quenched
material and 85 MPa m+I/2 for air cooled material.
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Plot of KT vs crack growth rate for 9Cr-1Mo steel
in 5M NaClt

In order to determine the permeating hydrogen flux in these steels in 5 M
NaCl under the cathodic current density of 0.1 mA/crn2 in the heat treated
condition electrochemical permeation measurements were carried out using the
electrochemical doube cell Disc shaped specimens are cathodically charged with
hydrogen at 0.1 mA/cm2 current density on one side in 5M NaCl. Permeating
hydrogen is measured on the other side through a potentiostatic arrangement. The
current density necessary to maintain constant applied potential between the disc
and platinum counter electrode is a direct measure of the permeating hydrogen
flux. It was found to be 15.88 for waterquenched material and 8.6 for air cooled
material. These permeation experiments indicates higher hydrogen activity and
hence higher susceptibility to hydrogen embrittlement for water quenched
sample. This is further supported by its lower Kim values. The results indicate that
as the hardness of the material increases, it becomes more prone to hydrogen
embrittlement. However the crack growth rate in the plateau region lies in the
range of 1.4 to 3 x lO^ms"1 for both the heat treated conditions.

1.21

Pitting Corrosion
Stainless Steel

Resistance of Laser Surface Alloyed 304

(N. Parvathavarthini, R.K. Dayal, R. Sivakutnar, U. Kamachi Mudali and A. Bharti)

* Defence Metallurgical Research Laboratory, Hyderabad

Corrosion resistance of alloys can be improved by modification of their
surface using laser beams, electron beams and by ion implantation technique. An
attempt was made to introduce nitrogen on to the surface layers of AISI type 304
ss by carrying out melting of the surface layer in nitrogen atmosphere and argon
atmosphere using continuous wave CO2 laser as the heat source. The samples
polished up to 120 grit SiC emery were melted on one face with a continuous
wave CO2 laser at a power output of 3.06 KW at the laser head. The surface
melting was achieved by moving the work table at a constant speed and by
keeping the laser beam stationary. The laser melting was carried out under the
following conditions: (i) Jet of nitrogen as shielding gas along with the laser
surrounding the beam, (ii) Jet of nitrogen along with the laser beam and another
around the sample being melted, (iii) Jet of argon as shielding gas along with the
laser beam. The cross section of the samples were polished and etched in order to
measure the depth of the melting. Potentiodynamic anoidic polarisation
experiments were carried out in 0.5 M NaCl and 0.5 M H2SO4. Pitting corrosion
resistance was determined by measuring the critical pitting potential Epp during
anodic polarisation. The amount of nitrogen incorporated into the melted region
and the chemical state in which the alloying elements such as nitrogen and
chromium were present was analysed by using X-ray Photoelectron Spectroscopy
and Secondary Ion Mass Spectrometry. The average depth of the melted zone has
been found to vary from 44 to 717 um. This variation is obtained due to the
selection of different latest operating parameters. A higher depth of melted zone
was obtained when the speed of movement of sample was slow during laser
irradiation. A slower speed results in higher interaction time and a large volume of
the material could be melted. After laser surface melting (LSM) the samples have
generally uneven surface and ripples. During pitting corrosion studies this uneven
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Potentiodynamic anodic polarisation curves
of
laser melted samples in (a) 0.5M NaCl solution (as
melted),
(b) 0.5M H9SCL solution (as melted), (c)
in 0.5M NaCl solution after removing surface
irregularities (surface finish : 600 grit), and
(d) in 0.5M NaCl solution (surface finish : 600
grit)

surface has to be removed because pits may initiate from these inhomogenities.
This is clear from the anodic polarisation curves obtained from these samples
(Fig.l.21.1a). The EpP was found to be lowered for all samples compared to
untreated sample. In the absence of Cl ions, the pitting attack did not take place.
The anodic polarisation curves obtained in 0.5 M H2SO4 are shown in Fig-l.21.lb.
Here the increase in the current indicates the onset of transpassive state. In 0.5 M
H2SO4, the untreated sample shows a lower passive current density (IpaSs) and peak
current density for passivation (lent) compared to that of LSM samples. This may
be attributed to the uneven surface leading to higher exposed area for LSM
samples. The transpassive potential is also higher for LSM samples. Aftre LSM,
the microstructure of the surface is entirely different from that of untreated sample
and a resolidified structure results during LSM. Higher transpassive potential may
be due to the resolidified type structure which has less number of grain
boundaries. In 0.5 M NaCl solution, as seen in Fig. 1.21.1 a, Idi and Lass are much
higher and EpP is lower in LSM samples. As discussed earlier this may be
attributed to the uneven rippled surface of the melted region which gives rise to
increased surface roughness. The passive film formed on this inhomogeneous
surface is generally defective and prone to easy breakdown. However, when the
surface inhomogenities were removed by carefully polishing, the pitting corrosion
resistance was improved (Fig. 1.21.1c).
These results represent the true resistance of LSM samples because the entire
melted region was not removed and measurements were done on a uniform
surface. Of the several samples tested, sample numbers 3,4,7, 8 and 9,10 showed
better resistance than untreated sample. On other samples, the laser parameters
were not good enough to produce a modified surface which will have an improved
pitting resistance. Out of these samples laser parameters under which sample
number 8 was prepared, proved to be the best showing highest Epp (Fig. 1.21.1c).
Further tests were carried out on samples prepared as per conditions of sample
8 and the results are reported in Table 1.21.1.
Another sample was prepared using argon as shielding gas and the Epp values
obtained are also given in Table 1.21.1. As seen from the results, the Epp values
obtained during Run-II were better for both types of samples (8 and Ar). These
findings reconfirm our previous results obtained on other samples (i.e.) as we
remove more the uneven surface, the EpP values improve due to the absence of
inhomogenities. A typical anodic polarisation curve for sample 8 melted in
nitrogen, that melted in argon and untreated 304 are shown in Fig.l.21.1d. In
general it has been found that the pitting corrosion resistance of 304 ss is
improved when laser surface melting is carried out in argon and it is further
improved when melting is carried out in nitrogen atmosphere. From XPS and
SIMS analysis, it can be inferred that there is increase in nitrogen content when
304 ss is melted in nitrogen/argon atmosphere using laser beam.

Table 1.21.1
Critical pitting potential in 0.5 M NaCI
Identification

Epp mV (SCE)

ii
as laser melt<S# jjn}| §
polished

8

Ar

1.22

II Run

• after successive
polishing

+ 240

+ 400

+ 200

+

f 130

+ 370

+ 295

+ 370

+ 300

+ 370

+ 234

+ 260

+ 100

+ 200

370

Characterisation of Surface Oxide Layers on Stainless Steels by
Laser Raman Spectroscopy
(R.V. Subba Rao, T. Sakuntala', A.K. Arora' and R.K. Dayal)

* Materials Science Division, IGCAR, Kalpakkam

Laser Raman Spectroscopy has been employed to identify the stoichiometric
compounds in the surface oxide layers of air- oxidized nuclear grade stainless steel
specimens. Specimens of AISI type 316LN and AIST type 316 stainless steel were
polished and air-oxidized in a tubular furnace at various temperatures in the range
of 573 K to 773 K for 20 minutes and 2 hours. Oxide layers were investigated
using a conventional Laser Raman spectrometer in back-scattering geometry.
(Typical spectra are shown in Fig. 1.22.1) Raman shifts characteristic of different
oxides of iron and chromium are used to identify the compounds in the surface
layers. Air-oxidized pure iron samples were used as reference for iron-oxide
compounds (Fig. 1.22.2). Secondary Ion Mass Spectrometry (SIMS), X-ray
Photoelectron Spectroscopy (XPS) and Auger Electron Spectroscopy (AES) were
used to compare the results from Laser Raman Spectroscopy. Surface profilometry
was employed to obtain the depth of the crators created by SIMS probe.
The results revealed that the surface layers contained Fe2O3 and Fe3O4 up to a
thickness of about 500 A0. Chromium oxides were not detected in these layers. To
obtain detectable signal by our laser Raman spectrometer layer/film thickness of
about 250 A seems to be needed with the beam confining to less than 2 mm area.
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Laser Raman Spectra of Oxidized Armco Iron.
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1.23 Upgradation of Scanning Auger Microscope
(R.V.Subba Rao, Ravikumar Sole, R.K.Dayal, V.S.Raghunathan and J.B.Gnanamoorthy)

Scanning Auger Microprobe (SAM) buijt by Technical Physics & Prototype
Engineering Division (TPPED), BARC(1)l(2) has been installed at our laboratory in
1984. Systematic evaluation of its performance has been carried out to make of its
capabilities for the on-going research programmes. Typical sensitivity of the
instrument was found to be low(3) and efforts were made to improve the
signal-to-noise (S/N) ratio. These include adding a pre-amplifier immediately after
the collector terminal of the electron multiplier, improving the electron gun
filament for better primary current values and using a high gain channeltron in
place of multistage Cu-Be electron multiplier. A few design modifications were
also made in the slit assembly at the exit focal point of the Cylindrical Mirror
Analyzer (CMA) to optimize the resolution and sensitivity. The ceramic discs
holding the inner and outer cylinders of CMA were replaced by better ones
ensuring better coaxiality between the two. Since the analyzer transmission could
not be increased further the only option left was to increase the capability of the
electron gun to give better primary current for excitation. Meanwhile TPPED has
developed one more electron gun with 3 um spot size (minimum beam diameter).
This could not be accommodated coaxially in the CMA due to mismatch in the
size. It was decided at this stage to procure an electron gun and incorporate it in
the CMA. Since no manufacturer could offer the required electron gun with the
size specifications decided by our CMA it was proposed to procure a coaxially
mounted assembly of CMA and electron gun. Keeping in view the existing
facilities and a few of the limitations, a small package of electron gun and
analyzer assembly alongwith required electronics was procured and was installed.
This facilities to use the SAM in all the five designed modes of operation but with
relaxed specifications/capabilities.
Performance evaluation of the newly installed scanning Auger package and a
few modifications in the spectrometer chamber are currently under progress.
Fig. 1.23.1 shows a typical spectrum recorded while analyzing a pure copper
sample without etching the surface. Spectrum prior to upgradation is reproduced
in Fig. 1.23.2 for comparison. For a primary beam energy of 5 KeV, beam current
of 5 uA, modulation voltage of 5 V peak to peak the S/N ratio for Cu 920 peak was
measured to be 135 with the current configuration. This spectrum was recorded
with energy resolution of 0.4% and the sample was not etched by argon ion beam
prior to the analysis. Fig. 1.23.3 shows the analysis of surface of polished sample
of AISI type 304 stainless steel in the as received condition. Further improvements
on ion gun and sample introduction system are underway. The best spatial
resolution that is obtainable in the current set-up is 3 um and the best energy
resolution is 0.3%. About 20 metallic samples in the unetched condition have been
analysed satisfactorily so far.
1. C.P. Gopalaraman et al, Report No.BARC-1196 (1983), p.59, BARC.
2. C.P. Gopalaraman et al, Progress Report, TPPED (1982-84), BARC.
3. R.V. Subba Rao, J.B. Gnanamoorthy and C.P. Gopalaraman, Biennial
Activity Report of Metallurgy Programme, (1983-84), p.220.
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2.

STRESS CORROSION CRACKING

2.1

Influence of Cold Work on Crack Growth Behaviour of AISI Type

304 Stainless Steel
C H.S.Khatak, J.B.Gnanamoorthy and P.Rodriguez )

Using compact tension specimens, the stress corrosion crack (SCC) growth
rates for AISI Type 304 stainless steel (ss) have been measured in 5M NaCl
solution. Both increasing Ki (stress intensity factor) and decreasing Ki tests have
been used. The material conditions employed were solution annealed, 10% cold
worked and 20% cold worked. The data have been expressed in terms of Ki, Ji and
CW The data in terms of Ki is shown in Fig. 2.1.1. The shapes of the curves are
similar when plotted in terms of Ji and cnet. The threshold values and plateau crack
growth rates are shown in Table 2.1.1. It is seen that threshold values are
significantly reduced by cold working. Maximum crack growth rates, however,
were found to be lower for cold worked materials.

Table 2.1.1
Summary of Stress Corrosion Crack Growth Data of Type
304ss(cold worked) in 5M NaCl Solution
SI.No.

1.
2.
3.

Condition

Kiscc
1 /?
(MPa.m
)

17

SA

10% CW
20% CW

9
3

Jlscc
UPa.m)

Onet
(MPa)

0. 9

300

0. 45

135
90

0. 15

da/dt(plateau)
-1
(m.s )

1.3*10~ 8
9
4.o*io~
8 .o*io"

9

Acoustic signal measurements in plateau regions showed that crack
propagation is discontinuous with each crack burst of a few microns. Activation
energy for all the conditions were found to be in the range of 50-60 kJ/(mole.K).
Electrochemical potential variations during crack growth were also recorded.

2.2

Influence of Sensitization and Sensitization after Cold Work on Stress
Corrosion Crack Growth Behaviour of Type 304 Stainless Steel in 5M
NaCl Solution
(H.S.Khatak, J.B.Gnanamoorthy and P.Rodriguez )

Using compact tension specimens, stress corrosion crack growth rates have
been measured for Type 304 ss. Both constant load and constant strain tests have
been used. The material conditions were solution annealed + sensitized, 10% CW
+ sensitized and 20%CW + sensitized. The data is presented in Fig.2.2.1 and the
salient parameters in Table 2.2.1. The threshold values are found to be lower
when sensitization treatment is given on cold worked material as compared to
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50

solution annealed material. Maximum crack growth rates are, however, not
significantly altered. The influence of cold work is over shadowed by the
sensitization effects.
Activation energy for all the conditions were found to be in the range of
50-60kJ/(mole.K). This is the same as found in the case of solution annealed and
cold worked material. This corresponds to activation energies for hydrogen
diffusion in austenitic stainless steel. Acoustic emission and potential data also did
not indicate any difference indicating that the mechanism involved for crack
growth in solution annealed, sensitized and cold worked materials may be the

same.
Table 2.2.1
Summary of Stress Corrosion Crack Growth Rate Data on Type 304 ss
(sensitized) in 5M NaCl Soln.
S.No.

Condition

Klscc
(MPa.m

1.
2.
3.

2.3

SA+ Sensitized
10%CW+Sensitized
20%CW+Sensitized

11
8
7

Jlscc
) (kPa.m)

0. 5
0. 37
0. 25

onet
(MPa)

da/dt(plateau)
(m.s~ )

200

2 .3*10

250
330

2 .3*10-8
1 .o*io"8

Correlation of Degree of Sensitization Measured by EPR Technique
with IGSCC Susceptibility
(P.Muraleedharan)

Electrochemical potentiokinetic reactivation (EPR) technique is a
non-destructive method that can be used for the quantitative assessment of degree
of sensitization (DOS) in stainless steels. However, prediction of the susceptibility
of a material to intergranular stress corrosion cracking (IGSCC) from EPR-DOS
values is difficult because of the lack of sufficient data while comparing the above
two parameters. Therefore, a study was carried out correlating EPR charge values
with the IGSCC susceptibility of a sensitized type 304 stainless steel.
Flat tensile specimens of type 304 ss were sensitized by isothermal heat
treatment at 773, 823, 873, 923 and 973K for various durations. Susceptibility to
IGSCC was evaluated using the slow strain rate testing technique in boiling 20%
sodium chloride solution. A nominal strain rate of 2.4 * 10"5 s'1 was used in the
study. The IGSCC susceptibility index, I , was calculated using the formula,
/ =
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Degree of sensitization was measured using the single loop version of the
EPR technique. This electrochemical technique measures the charge Q(C/cm2)
produced during the dissolution of the chromium-depleted regions in stainless
steel. Details of EPR test are given elsewhd*e*l).
Figure 2.3.1 shows a plot of IGSCC susceptibility index against EPR-DOS
values for different sensitizing temperatures. iA| can be seen from the figure, for a
given temperature, IGSCC susceptibility increases with EPR charge, reaches a
maximum and remains saturated or Mecr&akes thereafter. However, there is no
correlation between materials sensitized at different temperatures. This is
illustrated by a comparison of IGSCQ $u$#ptibility and EPR-DOS of materials
with 873K/8h and 973K/100h heat treatments; the former having a normalized
EPR charge value of 6C/cm2 and an K J S C C ' susceptibility index of 0.6 whereas
the corresponding values for the latter are 60 C/cm2 and 0.38 respectively. The
EPR etch structures and the corresponding fractographs for the steel with the
above two heat treatments are given in Fig.2.3.2. The above discrepancy in the
correlation can be explained based on the variations in the size of the chromium
depleted zone with sensitizing temperature.
1. P.Muraleedharan, J.B.Gnanamoorthy and K.Prasad Rao, Corrosion,45, 142
(1989)

2.4

Effect of Grain Size on Stress Corrosion Cracking Behaviour of Type
316 Stainless Steel
(P.Muraleedharan)

Besides stress and environment, the most important parameter having a strong
influence on the stress corrosion cracking (SCC) behaviour of a material is its
microstructure. The effect of cold work and ageing on the SCC properties of
austenitic stainless steels had been the subject of our earlier publications^t2). The
present study deals with the influence of grain size on their SCC behaviour.
A nuclear grade type 316 stainless steel (virgo 14SB steel) was used in the
study. Ten millimetre diameter and 150mm long rods were machined from 12mm
thick sheet. These rods were then heat treated to produce different grain sizes in
the range 50 to 300 )j.m (5 grain sizes). Round tensile specimens were machined
from this rod material. Stress corrosion tests were carried out using a constant load
method at applied stress levels of 120, 100, 80, 70, 65 and 60MPa in boiling 45%
magnesium chloride solution as per ASTM specification G36. Figure 2.4.1
illustrates the variation in time-to-fracture with applied stress level. The
time-to-fracture increased with decrease in the level of applied stress till a
threshold value of stress was reached, below which there was no cracking.This
'threshold stress' was found to decrease with increasing grain size.
Fractographic examination revealed no transgranular to intergranular transition
in the crack morphology. This is in contrast to the transition in cracking mode
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observed in our earlier studies using 316 ss of a different heat. This, we think, is
because of the difference in the impurity contents of the two materials.
1.

P.Muraleedharan, H.S.Khatak, J.B.Gnanamoorthy and P.Rodriguez,
Metall.Trans A,16A, 285 (1985)
2. P.Muraleedharan and J.B.Gnanamoorthy, proc. 10th Internatl. Congress on
Metallic Corrosion,Madras,India, vol.111, pp 2241- 2247 (1987)

2.5

Fabrication of a Slow Strain Rate Testing Machine for Stress
Corrosion Cracking Studies
(P.Muraleedharan and P.C.Gopi )

* Materials Development Division

Stress corrosion cracking (SCC) of stainless steels in neutral chloride
environment requires strain rates of the order of 10"8 s'1. Since the available
equipment ( Instron Model 1122 ) was not having such slow strain rates, a
machine was designed and fabricated at the Indira Gandhi Centre for Atomic
Research using indigenously available components. A photograph of the machine
is given in Fig. 2.5.1. The machine consists of a D.C. motor (0.25hp), two speed
reducers connected in series (each having a reduction ratio 4900:1 ) and a set-up
for converting rotary to linear motion. A load cell of 1000kg capacity is
incorporated in the specimen chain to measure load. Displacement is measured
using a linear variable differential transformer (LVDT).
The equipment was found to give a minimum strain rate of 10"8 s"1. Stress
corrosion cracking tests were conducted in neutral 20% sodium chloride solution
at room temperature. The material used was sensitized type 304 ss (773K/1000h).
The material was found to crack completely in 15 days with a total elongation of
2mm. A number of secondary cracks were visible throughout the guage length of
the specimen. The SEM examination of the fracture surface indicated that the
failure was nearly 100% IGSCC.

2.6

Effect of Ferrite Transformation on the Mechanical and the Stress
Corrosion Properties of Austenitic Stainless Steel Weld Metal
(Hasan Shaikh, H. S. Khatak, J. B. Gnanamoorihy and S. K. Seshadri )

* Department of Metallurgical Engineering, III, Madras

The duplex weld metal of austenitic stainless steels contains some deliberately
retained ferrite to avoid hot cracking. At high temperatures, the ferrite transforms
to a variety of hard intermetallic phases resulting in further uncertainties in the
various mechanical and corrosion properties of the weld metal. Hence, studies
were carried out to determine the effect of ageing on the above mentioned
properties of the weld metal.
Flat tensile specimens were made from bead-on-type weld deposits of AISI
Type 316L stainless steel. These specimens were then heat treated at 873K for
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Pig.2o5,l

Photograph of the Indigenously Built Slow Strain
Rate Testing Machine for Stress Corrosion Studies

time periods ranging from 2 to 2000 hours. The ferrite content of the weld
deposits were measured before and after heat treatment to determine the extent of
ferrite transformation with time. These specimens were tensile tested in liquid
paraffin and in 42% boiling magnesium chloride at 427K. Constant load tests were
carried out in boiling 42% magnesium chloride at 427K at an initial stress of 40%
of the yield stress. The amount of precipitates were determined electrochemically
and the extracts were identified using the X-ray diffraction technique. Optical
microscopy was also carried on the weld metal before and after ageing. SEM
was used to determine the fracture mode.
Transformation of ferrite: Magnegage measurements of the aged weld metal
indicated a sigmoidal nature in the transformation behaviour as shown in
Fig.2.6.1. Optical microscopic examination
indicated (i) decreasing
interconnectivity of the ferrite network on ageing and (ii) increasing amount of
sigma phase which was optically detectable from 20 hours onward. The amount of
precipitates was found to continuously increase on ageing to 2000 hours. XRD
results indicated the ferrite to be the dominant phase with traces of carbides up to
20 hours of ageing; carbides to be the dominant phase with traces of sigma on 200
hours of ageing and sigma to be the dominant phase with traces of carbides on
2000 hours of ageing.
The above observations indicated that the ferrite transformation reactions were
the following:
ferrite

> carbide + austenite (up to 200 hours of ageing)

ferrite

> sigma (on 2000 hours of ageing)

Mechanical property evaluation : Table 2.6.1 lists the changes in the
mechanical properties on ageing the weld metal. The following two competing
factors were inferred to control the mechanical properties :(i) matrix softening
and (ii) matrix hardening.
Table 2.6.1: Mechanical Properties
Ageing
Time

YS

(MPa)

UTS

FS

Elongation

(MPa)

(MPa)

i

(h)

Work H a r d e n i n g
Coefficient
(n)

0

399

487

337

27 . 1 3

2

335

478

347

27 . 5 6

20

325

498

369

27 . 9

200

315

503

420

31 . 6

2000

323

544

465

28 . 8 3

0.15612
0.19524
3.20774
0.23632
0.40153

Stress Corrosion l
; evaluation The results of the CERT technique,
evaluated by comparing the ratios of the UTS values and of the % elongation
values in MgCk and in liquid paraffin and by the use of a susceptibility index as
shown in Fig.2.6.2, suggested a decrease in the SCC resistance on ageing for two
hours and no further change thereafter. Crack propagation rates which were
calculated using equations based on the ratio of fracture stress values in MgCh
and liquid paraffin and on the work hardening coefficients, indicated an
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improvement in the SCC resistance on ageing for 200 hours and a decrease
thereafter, as shown in Fig.2.6.3. Constant load test results also indicated similar
trends as shown in Fig.2.6.4. The improvement in SCC resistance on ageing for
200 hours was directly proportional to the yield strength and was a result of
matrix softening. The increased susceptibility on ageing for 2000 hours was a
direct consequence of matrix hardening as a result of sigma phase precipitation.
SEM and optical microscopic examinations of the failed samples indicated
fracture to be a result of TGSCC of austenite and cracking at the secondary
phase-matrix interface.

2.7

Stress Corrosion Cracking of D-9 Stainless Steels
(Hasan Shaikh, S. Venkadesan', C. Narayanan' and H. S. Khatak)
* Materials Development Division

D-9 stainless steels are a titanium modified 15 Cr - 15 Ni - 2.5 Mo austenitic
stainless steels. Their prospective use in the reactor is as clad and wrapper
materials. The void swelling resistance of these materials is reported to be good.
Their intended use in the reactor core warrants that 20% cold work be imparted to
it. During storage, the residual stresses in conjunction with the humid and marine
atmosphere availablb at Kalpakkam could cause SCC. Hence, a study was
undertaken to determine the SCC resistance of these 20% cold worked steels visa-vis 15% cold worked AISI Type 316 stainless steel results of which were
reported elsewhere(1
Round tensile specimens of 20% cold worked D-9 stainless steels with Ti/C
ratios of 4 and 6 wer^ tested by the CERT technique in liquid paraffin and boiling
42% magnesium chloride solution at 427K. The UTS and % elongation in the two
environments along with the susceptibility index were used as the assessment
criteria. Crack propagation rates were calculated using the ratio of fracture stress
in the two solutions, Dased on the Desestret and Oltra's formula. The results of the
CERT tests are given in Fig.2.7.1 and Fig.2.7.2. While it was observed that the
ratios of the UTS did not indicate any change in the resistance of D-9 steels as
compared to 316 ss; the ratio of elongation and the susceptibility index suggested
a slight improvemert. But the results in Fig.2.7.2 suggested a reduction in the
crack propagation rates of D-9 steels by two to three times as compared to 316
stainless steel.
The improvement in the resistance of the D-9 stainless steel could be due to
the presence of higher amount of Ni and addition of titanium. The presence of
higher amount of Ni :ontributed to the increased SCC resistance by increasing the
stacking fault energ) of the steel. Comparison between the two D-9 steels with
similar chemical composition but varying Ti/C ratio of 4 and 6 showed that as
Ti/C ratio increased the SCC resistance also increased, though not significantly,
This could be becaus of the availability of more TiC precipitates and more free Ti
in the matrix of the s teel with higher Ti/C ratio. Optical microscopic examination
of the SCC failed samples indicated only transgranular mode of cracking.
1. H. S. Khatak, vlS. Thesis, LIT. Madras, 1984.
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3.

LIQUID METAL CORROSION

3.1

Influence of Sodium Environment on Tensile Behaviour of AISI Type
316 Stainless Steel in Solution Annealed, Cold Rolled and As-welded
Conditions
( H.S.Khatak, Hasan Shaikh and J.B.Gnanamoorthy )

Exposure Studies in Thermal Convection I.oop
Tensile specimens of Type 316 stainless steel (ss) in solution annealed and
20% cold worked conditions were exposed in the hot leg of a thermal convection
loop at temperatures of 643K, 683K and 723K for a period of 10500 hours. Foils
of type 316 ss of 0.1mm thickness were also exposed at 723K to determine the
activity of carbon in sodium.
Post-exposure evaluation of the tensile properties of the solution annealed
samples showed an increase in yield strength(YS), ultimate tensile strength (UTS)
and a loss in ductility. The loss in ductility was found to be more at higher
temperatures. This behaviour is in conformity with the fractographic
observations^. This behaviour could be explained based on the effects of ageing
and carburization in sodium. The carbon potential calculated® from the measured
carbon contents of the foil was found to be "65 ppm", which is carburizing. The
microstructure did not indicate any effect of leaching or formation of ferrite layer.
The results of tensile tests on cold worked material showed an opposite
behaviour to that of solution annealed material viz. loss of YS and UTS and gain
in ductility. This difference in the tensile behaviour is due to the stress relieving
effects in addition to the microstructural changes during exposure to high
temperature sodium. Relative influence of the two opposing factors (stress
relieving vis-a-vis ageing and carburization) determines the overall effect.
Exposure Studies in Dummy Fuel Pin Rig (DFPR)
Solution annealed and welded 316 ss specimens were exposed in an isothermal
sodium loop (DFPR) at 773K. The velocity in the test section was 4.5m/s. The
loop was operated for a total duration of 5500 hours. An increase of about 20% in
YS was observed in the exposed specimens. No significant change in UTS or
elongation was noticed. The increase in YS was in conformity with the increase in
hardness near the surface owing to carburization in liquid sodium. The behaviour
of the weld metal on exposure to sodium was found to be similar to that of the
base metal.
1. HLS.Khatak, Hasan Shaikh and J.B.Gnanamoorthy, proc. 4th Internatl.
Conference on " Liquid Metal Engineering and Technology," Avignon,
France , 1988, paper no. 514
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2. S.L.Schrock, S.A.Shiels and C.Bagnall, Internatl. conference on " Liquid
Metal Technology in Energy Production," Champion, 1976
(CONF-760503-15)

3.2

Commissioning of Mass Transfer Loop
( H.S.Khatak, J.B.Gnanamoorthy and R.D.Kale )
* Engineering Development Division

For sodium compatibility studies on materials a dynamic sodium loop called
mass transfer loop made of Type 316 ss was commissioned in September 1990.
The following are the designed operating parameters of the loop.
Maximum temperature

: 823K

Temperature gradient

: 200 °

No. of test sections

: 6 (3 in hot leg and 3 in cold leg)

Velocity in test sections

: 6m/s

Flow in the loop

: 0.21 m3/h

The loop is designed with an on-line purification system, using a cold trap.
Oxygen in sodium is measured with a plugging indicator and a nickel tube
sampler.
The aim of building this loop is to study the carburization and decarburization
behaviour of stainless steels ( materials for the primary circuit for the proposed
fast breeder reactor ) in the sodium produced indigenously, which is having a
higher carbon content. In addition, the influence of liquid sodium on the tensile
and impact properties of stainless steels will alsobe studied.
After commissioning tests under isothermal conditions, the loop has been
stabilized at the desired operating conditions .The loop has completed operation of
about 1500 hours by December 1990.

3.3

Trimetallic Loop
(H.S.Khatak, T.K.Mitra' and J.B.Gnanamoorthy )
* Nuclear Systems Division

Secondary circuit of prototype fast breeder reactor(PFBR) consists of three
matertials viz. 316LN, 9Cr-lMo and 2.25Cr-lMo
steels. Owing to the
temperature gradient in the circuit and the differences in the carbon activities of
these materials carbon gets removed from one part and gets deposited in other
parts affecting the material properties. To understand the carburization/
decarburization behaviour and its influence on material properties a trimetallic
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sodium loop has been designed simulating the operating conditions of the
secondary circuit of PFBR. A schematic diagram of the loop is shown in Fig.3.3.1.
The following are the characteristics of the loop as per the design:

Materials
: 316LN,9Cr-lMo, 2.25Cr-lMo
Maximum temperature: 778K
Temperature gradient : 155°
No. of test sections
: 2 (for each material)
Flow rate
: 5m 3 /h
Velocity
: 3m/s
The loop has on-line purification system, carbon meter, foil equilibration and
plugging indicator.
Present status of the loop
The design of the loop has been completed and drawings for the fabrication of
various components are being prepared. Procurement of materials such as sheets
and pipes of the three alloys, bellow sealed valves and other consumables are in
progress. Work on electrical system and instrumentation has been initiated. The
pump and flow meter are being developed in Engineering Development Division.
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4.

HIGH TEMPERATURE OXIDATION STUDIES

4.1

Influence of Grain Size on the Oxidation Resistance of
2 l/4Cr-lMo Steel
(R.K. Singh Raman, A.S. Khanna and J.B. Gnanamoorthy)

Variation in alloy grain size has been found to have marked influence on the
oxidation behaviour of several alloys. The higher grain boundary area available in
smaller grain sized alloys with significant high Cr content facilitates enhanced
diffusion of Cr and early formation of a protective oxide layer. Therefore, smaller
the grain size better is the oxidation resistance of the high chromium alloys. The
present study was carried out to study the influence of variation in grain size in a
low chromium steel, viz. 2 l/4Cr-lMo steel, on its oxidation resistance in air at
823 K. By employing different annealing treatments (temperature varied from
1223 to 1523 K and time from 0.5 to 10 h), specimens with different grain sizes
(16-59 |U.m) were obtained. Oxidation tests were carried out on these specimens
were parabolic in nature. The weight change for a given exposure time was found
to decrease with increasing grain size (Fig.4.1.1). This is in contradiction to the
influence of grain size on the oxidation of high Cr alloys. SEM/EDAX
examinations suggest formation of Cr-rich oxides at the grain boundaries. The
oxidation at these boundaries was so extensive that complete detachment of some
grains on account of the preferential oxidation (Fig.4.1.2). This observation
indicates that owing to the occurrence of Cr-rich impervious oxide at the grain
boundaries, outward diffusion of the metal ions is suppressed and inward diffusion
of oxygen along the boundaries causes preferential oxidation there. Decrease in
grain size increases the grain boundary area, which is the diffusion path for
oxygen and hence increases oxidation rate.
Since the variation in grain size influences the oxidation rate and the scale
thickness, one would expect a variation in the acoustic emission (AE) signals
during the cracking/spalling of the oxide scales on 2 l/4Cr-lMo steel with
different grain sizes. Indeed, a significant difference in AE counts was observed
during oxidation as well as during cooling of the oxidised specimens with
different grain sizes. The details of the AE testing can be found under a
subsequent heading of this report.
1. R.K. Singh Raman, R.K. Dayal, A.S. Khanna, J.B. Gnanamoorthy, J. Mat.
Sci. Lett. 8 (1989) 277.
2. R.K. Singh Raman, A.S. Khanna, J.B. Gnanamoorthy, J. Mat. Sci. Lett. 9
(1990)353.
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1.1

160

320

TIME / min
Fig.4.1.1

Weight gain vs time plots showing
oxidation
resistance (in air at 823 K) of 2 1/4Cr-iMo steel
with different grain sizes.
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Fig.4.U2

SEM photomicrograph showing preferential oxidation
along alloy grain boundaries and detachment of
some grains from the alloy matrix.

4.2

Effect of Thermal Ageing on the Oxidation Behaviour of 9Cr-lMo
Steel
(R.K. Singh Raman, A.S. Khanna, B.K. Choudhary and J.B. Gnanamoorthy)

Thick section 9Cr-lMo steel is generally used in quenched and tempered
(Q&T) condition. During its long term use as the construction material for
moderately high temperature applications (eg. steam generator) this alloy
undergoes thermal ageing. The ageing brings about some microstructural changes
in the alloy involving depletion of the effective (free) Cr content of the alloy and
thus can affect the oxidation behaviour of the alloy.
Thick section Q&T 9Cr-lMo steel rounds were thermally aged at 793 and 873
K for 5000 h. Oxidation tests for 2000 h at 773 K in air were carried out on the
Q&I as well as the aged materials. Oxidation resistance of the Q&T material was
found to be much superior (Fig.4.2.1) compared to that of the aged ones. Ageing
also influences the integrity of the oxide scale. Specimens aged at 873 K suffer
from spalling during oxidation beyond 500 h (Fig.4.2.1) Between the specimens
with two different ageing treatments the one aged at the higher temperatures (873
K) oxidised faster.
The oxidation behaviour of the alloy can be correlated with microstructural
changes occurring during ageing. Q&T 9Cr-lMo steel consists mainly of lath
martensite and about 2-3% pro- eutectoid ferrite. Boundaries of martensite laths,
proeutectoid ferrite and prior austenite grains are decorated with globules of
precipitates of M23C6 type. With increasing ageing temperature/time these
precipitates coarsen as well as enrich in Cr. Widespread occurrence of these
precipitates and their enrichment in Cr results in decrease in effective (free) Cr
content of the alloy. During oxidation, a scale with significantly less Cr content is
formed on the aged alloy, as has been found by EDAX analyses of the oxide
scales on Q&T and aged materials. (Fe/Cr ratio : 8.2 for scale on Q&T, and 20.7
for aged materials).
1. R.K. Singh Raman, A.S. Khanna, J.B. Gnanamoorthy, Oxidation Behaviour
of Thermally Aged 9Cr-lMo Steel, Presented in 44th ATM, IIM, Trichi,
Nov. 90.

4.3

Effect of Stainless Steel Plasma Coating and Subsequent Laser
Treatments on the Oxidation Resistance of Mild Steel
(R.K. Singh Raman, A.S. Khanna, E.W. Krentz and J.B. Gnanamoorthy)
* Institute for Lasercechnique, Aachen, Germany

Laser surface-alloying/laser glazing has emerged as an important technique for
improving the surface properties, such as oxidation resistance of engineering
alloys. The present study was carried out to assess the improvement in the
oxidation resistance of a mild steel by plasma coating with a stainless steel
powder, as well as the effect of a variety of subsequent laser treatments on the
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oxidation behaviour of the plasma coated mild steel. An effort was made also to
assess the stability of the oxide scales on plasma coated and laser treated mild
steel during thermal cycling.
Mild steel sheets (3mm thick) were plasma coated with 100 ^m thickness of
powder of 304 stainless steel. By varying the speed of the laser torch (hence, the
irradiation time) from 2000 to 250 mm/min., eight different laser treatments were
given and the resulting strips were designated as LT-1 to LT-8. Shorter laser
irradiation time (torch speed 750 mm/min.) caused modification in the plasma
coating alone whereas longer irradiation time (torch speed 500 mm/min.) resulted
in surface alloying at the s.s./m.s. interface and hence the dilution of the elements
in the coating. Both sides of the strips were given the same laser treatment to
obtain similar surfaces for high temperature oxidation studies. Oxidation tests
were carried out on plasma coated and laser treated mild steel sample coupons (1
cm2) at 1073 K for 6h in air at 1 atm. pressure. To assess the comparative integrity
of the oxide scales to thermal cycling, tests were carried out on plasma coated
specimens with and without laser treatment by thermal cycling them between
1073 and 523 K for 24 h.
Results of the oxidation tests (Fig.4.3.1) suggest that the plasma coating of SS
powder confers significant improvement in the oxidation resistance of the mild
steel From the results (Figs.4.3.1 a&b), it is seen that the laser treatments LT-1
through LT-6 further improve the oxidation resistance whereas LT- 7 & LT-8
decrease the resistance. This behaviour could be due to the microstructural
changes resulting from the different laser treatments. As has been observed
through optical microscopy, treatments LT-1 to LT-6 bring about significant
improvements in the coating by removing/decreasing porosity/cracks that are
inherent in any plasma coating and are known to enhance oxidation rates. On the
other hand, LT-7 and more prominently LT-8 cause dilution of the elements
including Cr present in the coating through alloying and thus decrease the
oxidation resistance by significantly decreasing the Cr content at the surface.
EDAX/EPMA results confirm these observations.
Porous plasma coating can also suffer from poor adherence of the oxide scale
and hence lower ability to withstand thermal cycling as compared to the laser
treated samples, as seen from Fig.4.3.2. Acoustic emission tests substantiate the
poor adherence of the oxide scale on the plasma coated specimens.

4.4

Acoustic Emission (AE) Testing for Oxidation Studies
(R.K. Singh Raman, A.S. Khanna and J.B, Gnanamoorthy)

Acoustic emission (AE) testing is a potent technique for assessing the
properties related to the integrity and stability of oxide scale. AE signals in terms
of cumulative counts, events, count rates, event rates, signal frequency etc. have
been correlated to the phenomena like cracking, buckling, spalling of the oxide
scales formed on various metals and alloys.

104

TIME DOMAIN

MODE

U
AET
204

en

FILTER

RECORDER

PLATINUM
WAVE GUIDE
PREAMPLIFIER

i

->MM

T

k

mm

*

L

Tl

TRANSDUCER
175kHz
PC BASED DATA
LOGGER

Fig.4.4.1

Schematic of set-up for AE testing.

;

.

-

*

,

.

«

,

*

*

«

-

.

1

*

;-:'•.-'/.:, F URN A C.E'V:\'VV
J

j SPECIMl

• • : ".FURNACE :.''*'--"\

An AE testing unit (AET-204B) has been procured, installed and
commissioned for high temperature oxidation studies on ferritic steels and other
alloys. Complementary facilities like a high temperature furnace and control
panel, wave guide, recorder etc. have been fabricated/procured. The unit is shortly
to be hooked up with a PC for data acquisition and storage during long term tests.
The schematic of the set up for AE testing is given in Fig.4.4.1. The test
specimen is spot welded to a Pt-wire and placed in the muffle furnace for
oxidation test. The Pt-wire acts as a corrosion resistant wave guide. The other end
of the wire is welded to a SS platform on which a piezo-electric transducer is fixed
with the help of a special couplant fluid. This transducer receives the acoustic
signals, converts them into electrical signals and then feeds the same to the AE
unit through a preamplifier. The AE unit can monitor the amplified signals and
display them in terms of the various AE parameters. While all these signal types
can be simultaneously recorded on a strip chart recorder, only one of these types
can be displayed. This set-up has been used with satisfactory results for studies on
correlation of the oxidation behaviour of ferritic steels with their microstructural
changes.
(a) Effect of thermal ageing on the oxidation behaviour of 9Cr- IMo steel:
AE tests were carried out during the oxidation of as- received (quenched and
tempered) and thermally aged specimens of 9Cr-lMo steel. Weight gain results
(Ref. No.4.2 of this report) suggest higher oxidation rate for the aged material and
hence the formation of a thicker oxide scale. During the cooling of the oxidised
specimen when high stresses are developed in the thick oxide scale, increased AE
counts were observed from the aged alloy (Fig.4.4.2).
(b) Influence of grain size on the oxidation resistance of2 1/4Cr-lMo
Steel (Ref.4.1):
AE tests during the oxidation at 823 K as well as during subsequent cooling
were carried out on the 2 l/4Cr-lMo steel specimens with grain sizes of 16, 42
and 59 |im. It was noticed that during oxidation, the highest oxidation rate as
observed in TG tests for the smallest (16 |nm) grain sized specimen (Ref.No. 4.1
of this report) was accompanied by the highest cumulative counts. Also the
formation of a thicker scale (during oxidation) on the former led to an early
cracking during subsequent cooling and therefore, in generating acoustic signals at
a very early stage of cooling (Fig.4.4.3). This phenomenon is accentuated during
further cooling.
The experimental parameters used in the above two studies were :
Total system gain
98 dB
0.78 V
Fixed threshold
175 kHz
Transducer specification
Preamplifier filter
: 125-250 kHz
1. R.K. Singh Raman, A.S. Khanna, J.B. Gnanamoorthy, Influence of grain
size on the oxidation resistance of 2 l/4Cr- IMo steel, Communicated to
Oxid. Met. (Jan. '91).
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5.

THERMODYNAMICS

5.1

Comparison of Fe and Cr Activities in D-9 alloy with those
304,316 and 316 LN Stainless Steels

of AISI

(A.M. Azad, C. Narayanan , O.M. Sreedharan and J.B. Gnanamoorthy)
* Materials Development Division, IGCAR

There had been no report in the literature on the direct measurement of
thermodynamic activities of metals in complex stainless steels except for Cr and
perhaps Fe (that too at very high temperatures). Since the activities of all major
metallic components of these alloys (used as structural materials in LMFBRs) are
required for an assessment of their compatibility with nuclear fuels and liquid
metal coolant, a metastable EMF technique was developed in Metallurgy Division,
IGCAR, for their direct determination in types 304, 316 and 316 LN stainless
steels. In the present work ao and aFe directly determined in an experimental melt
of D-9 alloy are compared with those in the above mentioned 18-8 type stainless
steels. The emfs of the cells of the type:

Pt,M,MF 2

/

CaF2 /

MF2, [M]D-9, Pt (M = FeorCr)

were measured and activities were deduced from these results. A comparison of
these activities with those of Fe and Cr in the austenitic phases of 304, 316 and
316 LN stainless steels is made in Table 5.1.1. The use of chromium activities for
the elucidation of tellurium potential for an assessment of fission product-clad
chemical interaction is given in Table 5.1.2. To facilitate such an assessment, the
Gibbs' energy data on Cr-Te system in the relevant temperature range was taken
from the CaF2- based emf measurements reported by Azad and Sreedharan(1).
Other details of this work are presented elsewhere®.
Table 5.1.1
Comparison of Activities of Fe and Cr in D-9 Alloy with Those in 304,316
and 316 LN Austenitic Stainless Steel
Steel

acr

type

1000 K

1100 K

1000 K

1100 K

D-9

0.878

0.926

0.250

0.359

304

0.783

0.767

0.315

0.313

316

0.852

0.898

0.311

0.306

316 LN

0.915

0.940

0.277

0.273

Table 5.1.2
Threshold Tellurium Potential for the Formation of Fission
Product-Cladding Chemical Interaction Compounds
8 [Te]fuei + 1 [Cr] c iad

->

Cr 7 Te 8

Steel

RT In a Te / kj

type

800 K

1000 K

D-9

50.3

-57.6

304

56.8

-58.7

316

57.6

-58.7

316 LN

57.9

-57.9

1. A.M. Azad and O.M. Sreedharan, I Nucl. Mater., 167 (1989) 82.
2. A.M. Azad, C. Narayanan, O.M. Sreedharan and J.B.Gnanamoorthy,
Presented at the Annual Technical Meeting, Indian Institute of Metals,
Tiruchirapalli, India (1990).

5.2

Compatibility Studies on MgSb2O4 with SS Cladding Alloy
(K. Swaminathan, A.S. Dlxlt and O.M. Sraedharan)

* Nuclear Systems Division, IGCAR

The use of Sb2O4 in place of valentinite Sb2C>3 in the Auxiliary Neutron Source
(ANS) was suggested by Swaminathan etal (l) on the basis of compatibility studies
of these two oxides with AISI 316 SS cladding tube, T W K^tter compatibility of
Sb2O4 was attributed to its existence as solid up to 1400 K beyond .-^ich it
dissociates rapidly to Sb2O3. Since Sb2O4 is less stable than Sb2O3 in terms of
oxygen dissociation pressure, the use of a ternary oxide to substitute Sb2C>3 in the
ANS was contemplated. The much higher thermodynamic stability of MgSb2O4
(greater than that of NiO) and its suitability otherwise from physics consideration
had resulted in the present work on the compatibility of MgSb2O4 with the
cladding alloy.
For compatibility studies phase pure MgSb2Q4 had to be synthesised from
MgO or MgCO3 and Sb2Ch by solid state reaction route. A flow sheet for this
synthesis was generated, so as to eliminate the formation of impurity phases such
as Sb2O4, Mg2Sb207, Mg29Sbio054 etc. As reported in the literature(1) capsules
made of 316 SS rammed with MgSb2O4 were subjected t o 600 h heat treatment at
773, 873 and 973 K in evacuated and sealed silica ampoules. n,« metallographic
pictures of the cut and polished sections of the heat treated capsules are sv.->,wn in
Fig.5.2.1. Measurements of the wall thickness revealed attack to the extent of 0,
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5.2.1.

50i.:rri

Optical Photomicrograph of MgSb O / S.S. after
Heat Treatment at (a) 773 K

(b) 873 K

and (c) 973 K.

(c)

20 and 35% at 773, 873 and 973 K respectively which is Intermediate between 0
and 8% in case of Sb2O4 at 773 and 973 K and 0, 43 and 56% in case of Sb2O3 at
773, 873 and 973 K respectively. The greater degree of attack by M g S b ^ as
compared to Sb2C>4 indicates that the kinetic factors such as mass transport
through the solid oxide is more decisive than thermodynamic stability in the
compatibility of these oxides with SS.
1. K. Swaminathan, A.M. Azad, O.M. Sreedharan and A.S. Dixit, Metals,
Materials and Processes 1 (1989) 207.

5.3

Systematic Trend in the Tellurium Potentials in Pd- Te System
(C. Mallika and O.M. Sreedharan)

Palladium and tellurium are considered to be the major fission products
formed in fast reactor fuels. Whereas Pd binds the fuel elements by forming
insoluble (U,Pu)Pd3, Te is considered deleterious to the stainless steel cladding.
Hence thermodynamic data covering the entire Pd-Te system as a function of
temperature are needed for an ultimate analysis of the spent fuel. For this purpose,
EMF results (reported earlier(1)) on the cell:
Pt, C, [Te]pd-Te, TeO2

/

15 YSZ / 02(^0,= 0.21atm),Pt

I

(15 YSZ represents a 15 mass percent yttria-stabilized zirconia electrolyte) were
analysed to identify a systematic trend at all temperatures of measurement. It was
found that the tellurium potentials increase with increasing Te atom percent from
one phase field to the adjacent one. The single phase regions identified by EMF
are 18 to 21.5, 25 to 32 and 35 to 50 atom percent Te with a strong compositional
dependence of EMF and the biphasic fields are 0 to 18, 21.5 to 25, 32 to 35 and
51.5 to 66.5 atom percent Te which show invariant EMF with expanded limits of
precision. These observations are valid at a mean temperature of 800 K. A
comparison of these phase fields with the phase diagrams reported in the literature
is presented elsewhere0•2\ The derived activity data are listed in Table 5.3.1. With
appropriate Gibbs Duhem integrations for the single phase regions, the A GJ of
PdTe and PdTe2 are found to be as follows which are valid for a narrow range of
700 to 750 K.
(A G / (PdTe,s)) / kJ.mor1 = - 77.88 + 0.02045 T/K,
(1)
(A G f (PdTei.s)) / kJ.mol1 = - 135.21 + 0.06465 T/K.

(2)

1. C.Mallika and O.M.Sreedharan, J. Nucl. Mater., 167,181(1989)
2. C. Mallika and O.M. Sreedharan, "The Standard Gibbs Energies of
Formation of PdTe and PdTe2 by EMF Measurements", 44th Annual
Technical Meeting, The Ind. Inst. Metals, Tiruchirapalli, Poster Session
Paper, pp 25, Nov. (1990).
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Table 5.3.1
Thermodynamic Activities of Te in the Pd-Te Alloys
SI.

Composition

log a

- A+B/TIK)

Precision in

Temperature

log aTe

range (K)

Te
No.

(at % Te)

1.
2.
3.
4.
5.

5 and 10
21 .5
25

0.7073-7187.0/T
1.1728-7498.4/T

+. 0.09
i 0.12

0.2262-6754.5/T

26 .5

0.7266-7096.7/T

+ 0.10
± 0.10

6.

32

7.

35

4.8107-6161.1/T
- 0.7266-2058.2/T

8.

38

1.1916-3346.9/T

28

9.

43

10.

52

11.

56 .5-54.3
66 .5

12.

643 - 953
555 - 974
612 - 972

i 0.08
+ 0.12

632 - 818
540 - 736
746 - 899
578 - 750
772 - 889
584 - 730

i 0.10

749 - 916
546 - 768

- 2.6234- 387.6/T

i 0.08
i 0.07

2.4234-4227.7/T

+. 0.10

3.2696-4873.9/T

+_ 0.05
i 0.07

785 - 963

4.4361-5597.4/T
2.3496-3001.1/T
- 2.1345+1270.5/T

+. 0.14
+ 0.12

613 - 995

0.5370-6960.3/T
1.2454-7484.3/T
0.9497-3733.5/T
- 1.1796-2133.4/T

i 0.10
+ 0.10
+ 0.09

776 - 878
547 - 771
549 - 958
635 - 975

The activities are with respect to liquid Te as its standard state

5.4

Thermodynamic Activities of Mo in Pd-Mo System
(C. Malllka and O.M. Sreedharan)

Thermodynamic characterization of Pd-Mo system is needed for an
understanding of the formation and stability of white metallic inclusions in spent
fuels of FBRs. There is considerable scatter between a couple of activity
measurements in this system hitherto reported in the literature(1>2). As the oxygen
potentials of the buffer mixtures Pd/PdO and Mo/MoO2 earlier reported from this
laboratory showed the feasibility of characterization of Pd-Mo system using oxide
electrolyte EMF measurements even for Pd rich region of composition, this study
was undertaken. The EMF measurements were carried out on the galvanic cells of
the following configuration :

Pt, Fe, 'FeO'

/

8 YSZ

/

MoO2, [MO]W.MO, C, Pt.

I

The alloys of 6 different compositions namely 50, 60, 70, 74, 82 and 90 atom
percent Pd were synthesized through powder metallurgical route and were
subjected to EMF studies using the above cell configuration. Results on 60 and
74 atom percent Pd alloys were rejected on the basis of lack of internal
consistency. From the results for the other 4 alloys, the thermodynamic activities
of Mo in Pd-Mo system were derived making use of the relevant Gibbs energy
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data on 'FeO' and MoO2. Plots of log aMo against reciprocal temperature for the
four compositions are shown in Fig.5.4.1. To compute the activities of Pd by
Gibbs Duhem integration, many more compositions need to be studied and
intermediate phases if any should be identified and characterized. Other
experimental details are given elsewhere^*.
1. M. Yamawaki et al., "Proc. of Internatl. Symp. on Thermodynamics of
Nuclear Materials", Internatl. Atomic Energy Agency, Julich, Vol.11, Paper
IAEA-SM-236/28, p.249 (1979).
2. H. Kleykamp, J. Nucl. Mater., 167(1989) 49.
3. C. Mallika, "High Temperature Thermodynamic Studies on Inter
Fission-Product Compounds", Ph.D. Thesis, University of Madras, India
(1990).

5.5

Thermodynamic Stabilities of NiTeOa and NiaTeOs by Solid Oxide
Electrolyte EMF Method
(C. Mallika and O.fJI. Sreedharan)

Ternary compounds in the Ni-Te-0 system are of interest in solid state
chemistry with reference to their electrical properties*1}. Besides this, tellurium is a
deleterious fission product which could attack the stainless steel cladding forming
tellurides of Fe, Cr and Ni in Fast Breeder Reactors. Investigation of the Ni-Te
system by the solid oxide electrolyte EMF method is limited owing to the lack of
Gibbs energy data on Ni-Te-0 system. Further, compounds such as Ni3TeO6 could
be formed under conditions of reactor accidents. In order to characterise the
ternary oxides in the Ni-Te-0 system, a reliable phase diagram at the mean
temperature of interest was needed. Since such a phase diagram was not available
even for one isothermal section, the equilibrium diagram shown in Fig.5.5.1 was
constructed by combining the present phase equilibrium studies with those in the
literature. It could be seen that the phase NiTeO3 would be the one with the lowest
limit of activity of TeO2 as compared to other ternaries in the NiO-TeO2 tie line.
Hence characterization of NiTeO3 was undertaken in addition to that of Ni3TeO6.
For the above purpose, the EMF of the oxygen concentration cells with Te(l),
NiTeO3, NiO and NiTeO3, Ni3Te06, NiO as test electrodes against air/Pt as
reference electrode using yttria stabilized zirconia as the solid electrolyte were
measured as a function of temperature over the ranges 833 to 1104 K and 624 to
964 K respectively to yield the following least- squares expressions :

(E + 1.48)/ mV = 888.72 - 0.50427 T/K, and

(1)

(E ±4.21)/mV = 895.26 - 0.81543 T/K

(2)

These EMF results are presented in Fig.5.5.2. After correcting for the standard
state of oxygen in the air reference electrode and by combining with the standard
Gibbs energies of formation of binary oxides from the literature, the following
expressions could be derived for the A Gf of NiTeO3 and Ni3Te06 :
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5.5.1.

Phase Equilibrium Diagram of Ni-Te-0 System at 850 K.
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(A G /(NiTeCb) ± 2.03) / kJ.mol 1 = - 577.30 + 0.26692 T/K,

(3)

(A G/(Ni 3 Te0 6 ) ± 2.54) /kJ.mor 1 = -1218.66 4 0.58837 T/K.

(4)

and

The thermodynamic stabilities of the other two ternaries in this system namely
Ni2Te3O8 and NiTe2Os should be less than that of NiTeC>3 in terms of the standard
Gibbs energy change for the addition of each mole of TeCh. The other details are
given elsewhere(2).
1. A. Lesar et al., J. Less-Common Metals, 143(1988)151 .
'
2. C. Mallika and O.M. Sreedharan, Thermochim. Acta, (Communicated).

5.6

Thermodynamic Stabilities of CS2R11O3 and CS2R11O4
(C. Mallika and O.M. Sreedharan)

Under conditions of accidents in nuclear reactors, the volatility of
(formed from the fission product Ru) could pose biological hazards. Hence the
chemical state of Ru and the thermodynamic stabilities of the Ru bearing fission
product oxides are of interest to reactor designers. Cordfunke et al/1* had reported
the standard enthalpy of formation of CS2RUO4. However, not much information is
available in the literature regarding phase equilibria in the Cs-Ru-0 system.
Electrochemical measurements were made on the following galvanic cells:
Pt, Au, Cs2O(l), Cs2Ru03> Ru

/

8 YSZ

and
Pt, Au, Cs2O(l), Cs2RuO3, Cs 2 Ru0 4 / 15 YSZ

/
/

RuO2,Ru,Pt

I

Oi{Po1 = 0.21 atm), Pt. II

The results of these EMF measurements shown in Fig.5.6.1 could be
summarized by the least-squares expressions (1) and (2).
(Ei±1.22)/mV = 61.38 -0.04168 T/K

(1001-1189 K)

(1)

(946-1205 K)

(2)

and
(En ±1.80)/mV = 765.70 -0.48774 T/K

These expressions were used to calculate the standard Gibbs energy of
formation, A GftOX of CS2R11O3 from its constituent oxides as well as the standard
Gibbs energy change, A G # for the formation of CS2R11O4 from CS2R11O3 and are
given below.
(A G/Ox(Cs2Ru03) ± 0.47) / kJ.mol 1 = - 23.69 + 0.01608 T/K,
(3)
(A G % ± 0.35) / kJ.mol 1 = - 147.76 + 0.08762 T/K.
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3

2

4

The internal consistency of the EMF data from cell I was checked by the use
of air/Pt as the reference electrode. The rather low magnitude of the entropy
change for the over all reaction of cell I and a value of - 88 J.K'.mol"1 (within the
range 80 to 90 J.K^mol 1 ) for A S % from cell II are indicative of the existence of
CS2RUO3 in the Cs-Ru-0 system. Direct crystallographic evidence for the
formation of CS2RUO3 has not yet been reported in the literature presumably due
to experimental difficulties in handling systems bearing CS2OO) as a component.
Further details are to be reported elsewhere®.
1. E.HJP. Cordfunke et al., J. Chem. Thermodyn., 22 (1990) 285.
2. C. Mallika and O.M. Sreedharan, J. Nucl. Mater., (To be communicated).

5.7

The Chemical Potential of SrO in SrMoO4 x Under Unit Fugacity of
Oxygen
(K. Swamlnathan, K.T. Jacob and O.M. Sreedharan)
*Department of Metallurgy, Indian Institute of Science, Bangalore

Sr-Mo-0 system is of interest in the field of fission products chemical
interaction in FBRs. There are four ternary oxides namely Sr3MoO6, SrMoC>4,
Sr2MoC>4 and SrMoC>3 which require to be reliably characterised in terms of
thermodynamic data. To facilitate such a thermodynamic characterisation the
following galvanic cells were studied:
Pt, SrF2, SrO, O2

/

CaF2

/

( P O j = 0.1013 MPa)
Pt, SrF2, SrO, O 2
(Po2 = 0.1013 MPa)

O2, CaO, CaF2, Pt
(POl = 0.1013 MPa)

/CaF 2

/

I

O2, SrF2, MoO3, SrMoO4, Pt
( P o , = 0.1013 MPa)

II

The results of cells I and II are shown in Fig.5.7.1 and could be represented by
the following least-square expressions:
(Ei±1.34)/mV = 197.98-0.04604 T/K (815-1107 K)

(1)

(E n ± 1.35)/ mV = 458.25 - 0.05476 T/K (804-1027 K)

(2)

The emf results on cell I were used to verify the reliability of experimental
arrangements for such measurements, as could be seen from the excellent
agreement of the experimental values with the theoretical emf line calculated from
the Gibb's energy data on the binary oxides and fluorides of strontium and
calcium(1) (shown as dotted line in Fig.5.7.1). From equation (2) the standard
Gibb's energy change for the reaction
S1O + M0O3 -» SrMoO4

"

(3)
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was calculated to be
A G £ = - 88.4313 + 0.01057 T/K

(4)

For the study of other ternary oxides in this system the phase diagram and the
phases coexisting to fix SrO activity uniquely have to be established. Other details
would be reported elsewhere®.
1. Janaf Thermochemical Tables III Edition M.W. chase Jr., C.A. Davies,
J.R. Downey Jr., D.J. Frurip, R.A. McDonald and A.N. Syverud. National
Bureau of Standards. 1985.
2. K. Swaminathan, K.T. Jacob and O.M. Sreedharan. To be presented at
National Workshop on Chemical Sensors, Kalpakkam, 1991.

5.8

Standard Gibbs Energy of Formation of BaMoO3
(R. Pankajavalll and O.M. Sreedharan)

Barium and molybdenum are amongst the high yield fission products in
irradiated fast reactor fuel pins. Hence Gibbs energy data on the formation of
barium molybdites and molybdates are required for an understanding of the
chemical state of the fission products and of the formation of grey inclusions in
the spent fuels. The two of the ternary molybdenum oxides namely BaMoOj and
BaMoC>4 are relatively more important in Ba-Mo-O phase diagram and required to
be thermodynamically characterized. The thermodynamic data on BaMoC>4 had
been assessed by Kubaschewski(1) which is in very good agreement with the
recent heat flow calorimetric studies by Rita Saha et al(2). However, the Gibbs
energy data on BaMoCb are not reliably established below 1480 K(1). Hence the
EMF of the galvanic cell,
Pt, BaMoO3, BaMoO4

/ 15 YSZ /

O2 ( P o2 = 0.21 atm), Pt

I

was measured over the range 1053-1196 K and the results shown in Fig.5.8.1
could be summarized by the least squares expression
(Ei ± 1.41)/mV = 1296.11 - 0.50102 T/K

(1)

For the passage of 2 faradays of electricity, the overall cell reaction could be
represented as
BaMoO3(s) + 1/2 O2 (g) -» BaMoO4(s)

(2)

After correcting for the standard state of oxygen in the air reference electrode,
the standard Gibbs energy change AG# for the above reaction could be
calculated using the Nernst equation. This yields:
(A G °R ± 0.22)/kJ = - 250.12 + 0.09003 T/K
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Combining this expression with the AGftOx (BaMoQ*) and the oxygen
potential for MoO2(s)/MoC>3(s) assessed by Kubaschewski(1), the standard Gibbs
energy of formation, A G | M of BaMoO3(s) from the constituent binary oxides
was computed and is given as
(AG£ 0 ,(BaMo0 3 ) / kJ = - 122.53 + 0.00296 T/K

(4)

The oxygen potential in BaMoO3/BaMoO4 from the present study could be
compared with other buffer mixtures bearing molybdenum for an assessment of its
chemical state. Other details were reported elsewhere(3).
1. O. Kubaschewski, High Temp. High Press., 4 (1972) 1.
2. Rita Saha, R. Babu, K. Nagarajan and C.K. Mathews, Thermochimica Acta,
120(1987)29.
3. R. Pankajavalli and O.M. Sreedharan, Internatl. Symp. on
Thermochemistry and Chemical Processing, IGCAR, Kalpakkam, India,
Nov. (20-22) (1989).

5.9

Standard Gibbs Energy of Formation of ZrMo2O8
(R. Pankajavalli and O.M. Sreedharan)

The elements Zr and Mo are among the predominant fission products in the
irradiated fast reactor fuels. The literature survey indicated that there are no
ternary compounds except ZrMo2Os in the Zr-Mo-O system and that the mutual
solubilities of ZrO2(s) and MoChts) are less than 1 mol% even at 1773 K.
According to an Atomic Energy Review article by Brewer(1\ no reliable
thermodynamic data had been reported so far on this compound. Hence solid
oxide electrolyte EMF studies had been undertaken to measure the
thermodynamic stability of ZrMo2Os by exploiting the three phase co-existence
namely ZrO2/ZrMo2O8/MoO2. The oxygen potential of this mixture was measured
against standard air reference electrode in a two compartment galvanic cell
assembly by employing 15 mass% Y2O3 stabilized Z1O2 electrolyte. The EMF
results shown in Fig.5.9.1 could be summarized by the least squares expression
(Ei ± 1.56)/mV = 772.42 - 0.29777 T/K

(1)

valid over the range 986 to 1206 K. This expression was combined with the
oxygen potential MoO2(s)/MoO3(s) from the literature and with that of air
reference electrode in order to calculate the standard Gibbs energy change for the
reaction,
ZrO2(s) + 2 MoO3(s) -> ZrMo2Og(s)

(2)

This yielded the following expression for the AGfit>x of ZrMo2Os for the
reaction (2).
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(A G°f,ox (ZrMoaOs) ± 13.2)/kJ = 25.73 - 0.06157 T/K

(3)

The details of this work had been published in the literature(2).
1. L. Brewer, R.H. Lamoreaux, R. Ferro, R. Marazza and K. Girgis in :
Molybdenum : Physico-chemical Properties of Its Compounds and Alloys,
Special Issue No.7, Ed.L. Brewer (International Atomic Energy Agency,
Vienna, 1980).
2. R. Pankajavalli andO.M. Sreedharan, J. Nucl. Mater., 172 (1990) 151.

5.10

Thermodynamic Stability of HfMtaOg by Oxide EMF Method
(R. Pankajavalli and O.M. Sreedharan)

The oxide, HfMo2C>8 is the only ternary phase reported in the Hf-Mo-0 system
and is isostructural to ZrMo20g crystallizing in the space group, hexagonal P31C
according to Brewer et al(1). In some experiments on advanced fuels Hf was
intentionally added in the fuel pellets. Hence, the stability of HfMc^Og could be of
interest to fuel specialists on FBR fuels. Since there are no reports on the
thermodynamic properties of HfMo^s according to a literature survey by Brewer,
this study was undertaken.
The EMF measurements were carried out on the cells of the following
configuration:
Pt, HfO2> MoO2, HfMo2Og

/ 15YSZ /

O 2 (P o2 = 0.21 atm), Pt.

I

The EMF results shown in Fig.5.10.1 could be represented by the least-squares
expression:
{E} ± 2.05)/mV = 873.29 - 0.29325 T/K

(l)

valid over the experimental temperature range of 982 to 1217 K.
The overall cell reaction for the passage of 4 faraday of electricity could be
written as:
HfO2(s) + MoO2(s) + O2(g) -* HfMo2O8(s)

(2)

The Gibbs energy change, A G % corresponding to the cell reaction (2) can be
obtained by correcting the EMF expression (1) for the standard state of oxygen in
the reference air electrode. This A G % (2) which is also incidentally identical to
RTlaP o2 has thus been found to be:
(AGg (2) ±0.79)/kJ mol 1 = - 337.04 + 0.09986T/K

126

(3)

60 Q

•

I . - i

-r

Different experimental runs

LU

550

JSJ

500

973

1

1

1023

•

«

!

L

i

1073

1173

1123
T/

5.10.1.

The EMF of t h e C e l l I :
P t , HfO_, MoCL, HfMo 0 . / 1 5

(PQ=
2.

0.21 atm) , P t .

i

,

1223

Combining the above expression (3) with the oxygen potential data on
MOO3/MOO2 from Kubaschewski(2), the standard Gibbs energy of formation,
A Gf>ox of HfMo2O» from the constituent binary oxides HfC>2 and MoO2 has been
calculated to be as follows.
( A G | « i l 3.4) / kJ mol 4 = -13.20 - 0.06332 T/K

(4)

The standard molar entropy of formation, A Sft ox of HfMo2Og is thus found to
be 63 JK'mol"1 which is of the same order as that of 62 JK'mol"1 found by a
similar technique for ZrM^Os. Further, the large uncertainty in A G / M of the
Hafnium ternary compound is again mainly due to that in the standard Gibbs
energy change for the formation of MoO3(s) from MoO2 assessed by
Kubaschewski(2). The details of this work had been published in the literature(3).
1. L. Brewer, R.H. Lamoreaux, R. Ferro, R. Marazza and K. Girgis in :
Molybdenum : Physico-chemical Properties of Its Compounds and Alloys,
Special Issue No.7, Ed. L. Brewer (International Atomic Energy Agency,
Vienna, 1980).
2. O. Kubaschewski, High Temp. High Press., 4 (1972) 1.
3. R. Pankajavalli andO.M. Sreedharan, J. Nucl. Mater., 175 (1990) 194.

5.11 Oxygen Potential Measurements in Y2MOO5/Y2MOO6
(R. Pankajavalli and O.M. Sreedharan)

The system is of considerable interest from the view point of chemical
interaction among fission products in FBRs. Klimenko et al(1^ had reported the
standard Gibbs energy data related to Y2MOO5 using a limiting current technique.
Since Y2MOO6 is a product of oxidation of Y2MOO5, the oxygen potential in the
biphasic buffer mixture Y2MOO5/Y2MOO6 was undertaken. The presence of Y2O3
rich phases in the Y-Mo-0 system precluded the addition of Y2O3 to this buffer.
The oxygen potential in this buffer mixture was measured against that of the air/Pt
reference electrode in a galvanic cell employing stabilized zirconia as the
electrolyte. The equilibrium oxygen pressures derived from the present studies
could be represented by the expression:
(log POi ± 0.05)/atm = 9.84 - 25980/T

(l)

This is compared with similar data on other buffer mixtures bearing Mo or its
oxide as a constituent in Fig.5.11.1. Most of the results in this figure were
determined in this laboratory. Other details are discussed and communicated to a
journal as a publication^.
1. A.N. Klimenko, V.A. Levitskii and V.P. Marin, Russ. J. Phys. Chem., 60
(1986) 1447.
2. R. Pankajavalli and O.M. Sreedharan, J. Less-Common Metals. (Accepted
for publication).
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5.12

Potentiometric Determination of Activities in the Two-Phase Fields of
the System Na2O - ( a ) AI2O3
(K.T. Jacob , K. Swaminathan and O.M. Sre&dharan)

*Depariment of Metallurgy, Indian Institute of Science bangalore

Three compounds have been found to be stable in the pseudobinary system
Na2O - (a) AI2O3 between 825 and 1400 K; two nonstoichiometric phases
(3-alumina and (3"-alumina and NaAlCh. The homogeneity of p-alumina ranges
from 9.5 to 11 mole percent Na2O, while that of P"-alumina 13.3 to 15.9 mole
percent Na2O at 1173 K. The activity of Na2O in the two-phase fields have been
determined by a solid state potentiometric technique. Since both {3-and
P"-alumina are fast sodium ion conductors, biphasic solid electrolyte tubes were
employed in these electrochemical measurements. The open circuit emf of the
following cells were measured from 790 to 980 K :
Pt.Ir, Pb-Na / a + p-alumina
Pt,Ir,Pb-Na
Pt,Ir, Pb-Na /

/

/

p + p"-alumina

p "-alumina + NaAlCfe

Fe+'FeO\Pt
/

Fe + 'FeO'Pt
/

Fe+'FeO',Pt

I
II
III

The partial molar Gibbs' energy of Na2O relative to y -Na2O in the two-phase
regions can be represented as
A VNafi (a + P-alumina)
A VNthP ( P- + P"-alumina)

= - 270900 + 24.03 T J mol"1
= - 232700 + 56.19 T J mol"1

A VNaio ( p"-alumina + NaAlO2) = -13100 - 4.51 T J mol 1
Similar galvanic cells using a Au-Na alloy and a mixture of Co +
CoAl2+2xO4+3X+ (a ) AI2O3 as electrodes were used at 1400 K to check the
consistency of the lower temperature data on their extrapolation to higher
temperature and the agreement was found to be quite reasonable. Thermodynamic
data obtained in these studies are used to evaluate phase relations and partial
pressure of sodium in the Na2O-(a ) AI2O3 system as a function of oxygen partial
pressure, composition and temperature. Typical plots of log aAi^o-, relative to a
-AI2O3 (obtained by Gibbs-Duhem integration) against composition at three
temperatures and the oxygen partial pressure against sodium mole fraction in the
Na2O-(a ) AI2O3 system at 1173 K calculated from the results are given in
Figs.5.12.1 and 5.12.2. Other details of the work were presented elsewhere(1).
1. K.T. Jacob, K. Swaminathan and O.M. Sreedharan, Electrochimica Acta,
36(1991)791.
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5.13 Thermodynamic Stability of LaCrO3 from CaF2-Based
Electrochemical Measurements
(A.M. Azad, R. Sudha* and O.M. Sreedharan)
^External Research Student

The advanced magnetohydrodynamic (MHD) power generators require
electrode materials that are capable of operating at temperatures up to 2073 K in a
highly corrosive environment and under severe electrical and thermal current
conditions. Rare earth oxides are the basic components for most of the MHD
electrode materials and several compounds containing rare-earth elements, in
particular lanthanum chromite, LaCrO3 have shown to be promising candidates for
such applications. In addition,
(i) LaCrCb is a possible fission product-cladding interaction compound in
oxide fuelled FBRs;
(ii) heavily doped LaCrO3 is a commercial heating element in resistance
heated furnaces, capable of reaching 2050 K in air environment.
In spite of wide interest, there are no reliable thermodynamic data on this
compound. Hence the emf of the following galvanic cell was measured and is
shown in Fig.5.13.1:
Pt, O2, La2O3, LaF3 / CaF2

/

LaF3, LaCrCh, Cr 2 O3,0 2 , Pt

I

For the solid state reaction between La2O3 and Cr2C>3,
1/2 La2O3 + 1/2 Cr2O3

> LaCrO3

the standard Gibbs' energy change (AG8) which is also the standard Gibbs'
energy of formation of LaCrO3 from the constituent oxides (AGftOx ) was
calculated to be as follows:
&G%=AG?i0X (±0.4)/ kJ mol"1 = -44.45 + 0.002 115 IIK
over the range. 855 to 1073 K. These data were also used for the computation of
the standard enthalpy of formation of LaCrCh from the constituent oxides,
A//^Ox,298 which was found to be -61.5 kJ mol"1, since S %g value for LaCrCb is not
reliably known. Other experimental details of this work are published elsewhere(1).
1. A.M. Azad, R. Sudha and O.M. Sreedharan, J. Less-Common Metals, 166
(1990)57.
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5.14

Compatibility of LaGaO3 for Substrate Application with the Ceramic
Superconductor,
(A.M. Azad, R. Sudha and O.M. Sreedharan)

*External Research Student

The interest in the thin films of high temperature superconductors has made
the compatibility of the film and substrate materials an important area of
investigation. The perovskite type ternary oxide, LaGaCh is an electrical insulator
and hence has been considered to be of application as substrate material for the
thin film devices based on the ceramic superconductor Yl^O^O?.* (1-2-3
compound)(ll2). To assess the compatibility of this perovskite type ternary oxide
with the 1-2- 3 compound from the first principle, reliable Gibbs' energy data on
LaGaO3 and other candidate substrates are needed. For this purpose, the standard
Gibbs' energy of formation of LaGaCh from the constituent binary oxides was
determined by a fluorine concentration cell using LaGaO3/Ga2C>3/LaF3 and
La2O3/LaF3 as electrodes under pure oxygen environment at a pressure of 1.01 x
105 Pa. These emf results had yielded the following expression for AG/, 0X of
LaGaO3:
A G | M (±0.34)/ kj mor1 = -24.54 + 0.0049 T/K
The compatibility of this material with 1-2-3 compound at 1023 K (wherein
1-2-3 exists with O/M of 6.5) is compared with those of other substrate materials
in Table 5.14.1. An examination of this Table would reveal that AI2O3 is still a
better choice as a substrate material for 1-2-3 deposition, unless the single
crystal properties of LaGaC>3 are the compelling factors from fabrication point of
view. The standard enthalpy of formation of LaGaC>3 at 298.15 K was estimated to
be -1458.8 kJ mol'1, using a modified electronegativity scale. This value is
compared with those for other perovskite type LaMC>3 compounds in Table 5.14.2.
A detailed report of this work is published in the literature^
Table 5.14.1
Thermodynamic Compatibility of YBa2Cu3O6.5 (1-2-3) with Oxide Substrate
Materials at 1023 K
A

Reaction

Substrate

G R/kJ

Re ference

ZrO2

ZrO2 + [BaO]123 •

—>

BaZrO3

-447.4

(3)

SiO2

SiO2 + [BaO]123

—>

BaSiO3

-398.9

(3)

SrT.iO3

SrTiO3 + IBaO]J23

—>

BaTiO3 + SrO

-314.1

(3)

2GrTiO3 + [CuOJl23

->

S r 2 Cu0 3 .2 T i02

+264.6

(3)

LaGaO3

2LaGaO3 + iCuO]l23

-4

L a 2 Cu04+Ga 2 03

+ 39.7

(3)

A12O3

AI2O3 + [CuO]123

->

CuAl2O4

+723.4

(3)

AI2O3 + [BaO]123

—>

BaAl2O4

+1364.8

(3)
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Table 5.14.2
Standard Enthalpies of Formation of LaM03 (M = Cr, Mn, Fe and Ga)
Using Ideal Solution (IS) and Pseudoelectronegativity (PN) Concepts

•
Compound

X M / eV

o
-1
Atf f, ox, 298 I '<J mol

using

PN
1.515
1.560
1.680
1.810

LaCrO3
LaGaO3
LaMnO3
LaFeO3
XLa = 1 . 1

eV ; Xo = 3 . 5

eV

-1482.6

-1467.1

-1458.8

-1441.4

-1397.9

-1376.3

-1334.5

-1309.0

: 1 eV = 2 3 . 0 6 1

cal

mo

,-1

1. H.M. O'Bryan et al., J. Mater. Res.,5 (1990) 183.
2. R.L. Sandstrom et al., Appl. Phys. Lett., 53 (1988) 1874.
3. A.M. Azad, R. Sudha and O.M. Sreedharan, Mater. Res. Bull.,26 (1991) 97.

5.15

Standard Gibbs'energies of formation of BaCuCh, Y2C112O5 and
Y2BaCu05
(A.M. Azad, O.M. Sreedharan and K.T. Jacob)
* Department of Metallurgy, Use, Bangalore

Since the discovery of superconductivity in the quarternary ceramic oxide
YBa2Cu3O7-x compound, systematic studies on thermodynamic characterization of
phases in the YOi.s-BaO-CuO system have been reported. The 1-2-3 compound
has been found to coexist with any two of the phases CuO, BaCuC>2 and
Y2BaCuO5. Hence for the thermodynamic characterization of 1-2-3 compound, it
is necessary to determine the thermodynamic stability of BaCuC^ and Y2BaCuOs.
The quarternary oxide Y2BaCuOs has been found to coexist with Y2CU2O5 and
CuO (or Y2O3). Therefore, the Gibbs' energy of formation of Y2Q12O5 is also
required for thermodynamic characterization of the 1-2-3 compound.
To facilitate these measurements, emfs of the following galvanic cells were
studied under an atmosphere of pure oxygen at a pressure of 1.01 x 105 Pa:
Pt, O2, BaCuO2, CuO, BaF2 /
Pt, O2, Y2O3, YF3 /

CaF2 / BaF2, BaZrO3, ZrO2, O2, Pt

CaF2 / YF3, Y2Cu?O5, CuO, O2, Pt

Pt, O2, BaZrO3, ZrO2,BaF2 / CaF2 / BaF2,Y2BaCu05, Y2Cu2O5,CuO,Pt
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These results are shown in Figs. 5.15.1. From these results, the standard
Gibbs' energies of formation of BaCuC>2, Y2CU2O5 and Y2BaCuOs, from
component oxides were derived to be as follows:
BaO + CuO

> BaCuO2

AGJUCrfcO.SVkJmor1
Y2O3+2CuO

= -63.4 - 0.0525 T/K

(1)
(2)

> Y2CU2O5

(3)

A Glox (±0.3)/kJmol 1 = 18.47-0.0219 T/K

(4)

Y2O3 + BaO + CuO

> YaBaCuOs

(5)

AG^zfcOjykJmol"1

= - 72.5-0.0793 T/K

(6)

The details of this work are presented in Tecent publications 0 ^.
1. A.M. Azad, O.M. Sreedharan and K.T. Jacob, Proc. Intl. Symp.
Thermochem.Chem.Process., Nov. 20-22, 1989, Kalpakkam, India.
2. A.M. Azad, O.M. Sreedharan and K.T. Jacob, J. Mater. Sci., 26 (1991).

5.16

Gibbs'energy of formation of YBa2Cu3O7X (tetragonal)
(A.M. Azad, O.M. Sreedharan and K.T. Jacob )

* Department of Metallurgy, Use, Bangalore

The high temperature ceramic oxide superconductor, YBa2Cu3O7.ji (1-2-3
compound) is generally synthesized in an oxygen-rich environment. Hence any
method for determining its thermodynamic stability should operate at a high
oxygen partial pressure. A solid state cell incorporating CaF2 as the electrolyte and
functioning under pure oxygen at a pressure of 1.01 x 105 Pa has been employed
for the determination of the Gibbs' energy of formation of the 1-2-3 compound.
The configuration of the galvanic cell can be represented by :
Pt,O2,YBa2Cu3O7x,
Y2BaCuO5, CuO, BaF2

/ CaF2 / BaF2 BaZrO 3) ZrO 2 ,0 2 ,Pt

1

The temperature dependence of the emf of cell I is shown in Fig.5.16.1. Using
the values of the standard Gibbs' energy of formation of Y2BaCuOs reported in the
preceding section (5.15), the Gibbs1 energy of formation of the 1-2-3 compound
from the constituent binary oxides had been computed at different temperatures,
which could be represented by the following least-squares expression:
AGf (YBa2Cu3O7-x)/kJ mol 1 = -210.6 - 0.0499315 T/K

(1)

The value of x at each temperature is determined by the oxygen partial
pressure(1). The variation of the standard Gibbs' energy of formation of
YBa2Cu3O7-x as a function of temperature and non-stoichiometry is shown in
Table 5.16.1. The details of this investigation are presented elsewhere®.

u>

E

T/K
5.16.1.

Temperature Dependence of the EMF of the Cell
Pt,

0

(105 Pa),

BaF , BaZrO , ZrO , O
2.

J

CuO,

YBa2Cu30?_

£•

*-.

(10

P a ) , Pt.

Table 5.16.1
Standard Gibbs' Energy of Formation of YBa2Cu3O7 x as a Function of
Temperature and Nonstoichiometry

T/ K

E/ mV

xa

A G °(YBa2Cu3O7-x)

993.4

68.9

0.451

-260.2

1034.0

68.3

0.508

-262.2

1053.0

67.5

0.532

-263.2

1080.8

67.0

0.566

-264.6

1104.9

65.9

0.592

-265.8

1167.0

65.0

0.656

-268.9

1179.3

64.6

0.667

-269.5

a derived from the work of Kisnio et ai * .

1. K. Kishio et al., J. Solid State Chem., 82 (1989) 192.
2. A.M. Azad, O.M. Sreedharan and K.T. Jacob, Bull. Mater. Sci., (in press).

5.17

On the thermodynamics of the formation of YBa2Cu3O7X from
ternary oxide precursors
(A.M. Azad and O.M. Sreadharan)

Most of the methods of synthesis of the 90 K ceramic superconductor
YBa2Cii3O7-x (1-2-3 compound) make use of the reaction involving mixtures of
oxides and carbonate precursors: Y2O3, CuO and BaCO3. The generation of this
mixture may differ in detail from method to method. For example, in the powder
metallurgical route these three compounds are directly blended and reacted, while
finely divided powdered mixtures are generated either by decomposition of
coprecipitated carbonates or oxalates or by the incineration of citrates or
citrate-acetate gels(1). The 1-2-3 compound made by these routes is reported to be
limited by the low values of critical current Jc at 77 K, presumably due to the
formation of the insulating 'green' phase YjBaCuOs (2-1-1 compound) at the
boundaries of superconducting grains®. To overcome this limitation, new
methods of synthesis such as quench and melt growth (QMG)® and liquid phase
processing (LPP)(4) and interaction between ternary precursors, viz., Y2CU2O5 and
BaCuO2 have been reported. In the light of the thermodynamic data recently
reported by Azad et al, an analysis of the possible sequence of reactions between
the constituent ternary precursors was attempted. The thermodynamic driving
force for various possible reaction sequences could be assessed from the

HO

magnitude of A G % for some of the reactions given in Table 5.17.1. The ternary
precursor method using Y2Q12O5 and BaCuC>2 for the synthesis of 1-2-3
compound appears to be more advantageous from a thermodynamic point of view
in limiting the occurrence of 2-1-1 phase than other methods. The relevant
literature in this regard is cited elsewhere while reporting this work(5).
Table 5.17.1
Driving Force for Various Reaction Sequences Involving Ternary Oxides as
the Reactants
S.No.

Reaction

A GR/

kJ

at

1023 K

1.

1/2 Y2CU2O5+2 BaCuO2+(i-2x)/A 02

2.

3 Y2CU2O5+2 YBa2CJ3O6.5 — >

3.

3 BaCuO2+ Y2BaCuO5+-2 CuO

4.

Y2CU2C5+ BaCuO2

>

> YBa2Cu3O7-x

-26.0

4 Y2BaCuC5+8 CuO

-79.0

2 YBa2Cu3O6.5

-18.0

> Y2BaCuO5 + 2 CuO

-33.C

1. R. Pankajavalli, J. Janaki, O.M. Sreedharan, J.B. Gnanamoorthy, G.V.N.
Rao, V. Sankara sastry, M.P. Janawadkar, Y. Hariharan and T.S.
Radhakrishnan, Physica C, 156 (1988) 737.
2. D. Eaglesham et al., Mater. Sci. Engg. Bl (1988) 229.
3. M. Murakami et al., Japan J. Appl. Phys., 28 (1989) 1189.
4. K. Salama et al., Appl. Phys. Lett., 54 (1989) 2352.
5. A.M. Azad and O.M. Sreedharan, Supercond. Sci. Tech., 3 (1990) 159.

5.18

Thermodynamic Stability of Y2Ba4C>7 from Potentiometric Studies
(A.M. Azad and O.M. Sreedharan)

There are four ternary oxides, namely Y2BaC>4, Y4Ba3C>9, Y2Ba2Os and
in the Y2O3-Ba0 system. There are contradictions in the literature
regarding the relative stabilities of Y2Ba4C>7 and Y4Ba3O9 as seen by a recent
investigation by Azad and Sreedharan^. Since the thermodynamic stability of
Y4Ba3C>9 was reported by Kale and Jacob(2) with the help of galvanic cells using
Al2O3-dispersed BaF2 electrolyte, that of Y2Ba4O7 had been determined under an
atmosphere of pure oxygen gas at a pressure of 1.01 x 105 Pa, in this work by a
similar potentiometric study. The temperature dependence of the emf of the
following galvanic cell:
Pt, O2, Y2Ba04, Y2Ba4O7, BaF2 / CaF2 / BaF2, BaZrO3, ZrCh, Ch, Pt

I

is shown in Fig.5.18.1. The BaO-potentials computed from these results are
compared with those in other biphase mixtures in the Y2O3-BaO system in Table
5.18.1. The details of this investigation are published in the literature(3).
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Table 5.18.1
BaO - Potential in Various Biphase Regions of Y2O3 - BaO System

3aO-potential

Activity of BaO

°

T/K

log aBaO = A+3/T

-120.13-0.004 08 T

-0.213-6274.04/ T

-128.13+0.005 211 T

0.272-6701.26/ T

(2)

Y2BaO<!/ Y2Ba4O7

-95.27 - 0.015 03 T

-0.785-4975.68/ T

(3)

Y2BaO<]/ Y4Ba3O9

-60.87-0.035 126 T

-1.834-3179.06/ T

(2)

Coexistent phases

Y2O3/

+

B

Reference

1. A.M. AzadandO.M. Sreedharan, J. Mater. Sci. Lett., 8 (1989) 67.
2. G.M. Kale and K.T. Jacob, Mater. Chem., 1 (1989) 515.
3. A.M. Azad and O.M. Sreedharan, J. Mater. Sci. Lett. 9 (1990) 304.
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6.

PHYSICAL METALLURGY

6.1

Characterization of Oriented Thin Films of YBaaCittCh-x on
Zirconium Oxide Substrates by Glow Discharge Sputtering
(P. Kuppusaml and V.S. Raghunathan)

Superconducting thin films of YBa2Cu3O7-x (YBCO) on polycrystalline
zirconium oxide substrates have been prepared by a glow discharge technique
from a single target of stoichiometric compound. Process parameters such as gas
pressure, substrate temperature and applied voltage have been optimised to obtain
stoichiometric thin films.
X-ray diffraction (XRD) served as an important tool for characterising the
films. It has been observed that the films were amorphous at substrate
temperature (Ts) less than 773 K and there is an increase in the amount of
crystallisation of the tetragonal phase in the temperature range 773-923 K. More
importantly, the films deposited at Ts = 873 K showed a predominant orientation
of c-axis of the orthorhombic structure normal to the film surface (Fig.6.1.1).
XRD and four probe resistivity techniques indicated that the as deposited films
required post oxygen annealing treatment to promote superconductivity. Some
samples were post oxygen annealed and the oxygen stoichiometry in these films
were monitored by the measurement of c-lattice parameter. Preliminary resistivity
measurements of the films indicated that the onset of transition temperature (Tc)
was 80 K with a broad superconducting transition (Fig.6.1.2). This could be
associated with lower oxygen stoichiometry. The study of the influence of a
variety of oxygen annealing procedures and a plasma oxidation treatment on these
films for achieving higher and sharper transition temperature in YBCO is in
progress.

6.2

Studies on the Synthesis of Phase-Pure YBa2Cu3O7* by Vacuum
Calcination Method
(P. Kuppusaml and V.S. Raghunathan)

High temperature superconductors are usually prepared by three methods such
as ceramic, coprecipitation and sol-gel. In all these methods the mixed precursors
are calcined in ambient air or oxygen at about 1223K for about 100 h to form the
product. Intermittent grinding is necessary to obtain relatively phase- pure and
homogeneous YBCO powders. The high temperatures employed in the
conventional method can induce formation of liquids and nonsuperconducting
phases such as Y2BaCuOs and BaCuO2 resulting in low current densities(1).
We have developed a novel vacuum calcination process for synthesising phase
pure YBa2Cu3O7-x (YBCO). This method includes blending and milling of the
precursors and calcining the precursors in flowing oxygen at a pressure of 1.3 kPa
and in the temperature range of 1073-1223K. During cooling, vacuum was
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discontinued and ambient pressure of oxygen is passed and the sample is oxygen
annealed at 723K. In our present work, we find distinct advantages offered by
calcination under reduced oxygen pressure. They include lower reaction
temperatures, shorter processing time and better purity of the synthesised phase.
Vacuum calcined samples were analysed by x-ray diffraction, optical
microscopy and a.c. susceptibility measurements. Analysis of the split in
orthorhombic peak and comparison against published data revealed that no
tetragonal and other impurity phases were present in the powder. The a.c.
susceptibility measurements indicated that the onset of transition temperature is 92
K and is very sharp with ATc ~ 4K. The examination of the vacuum calcined
YBCO by optical microscopy using reflected polarised light showed heavily
twinned orthorhombic grains with no trace of impurity phases (Fig.6.2.2). It is
suggested that heating powders at less than 20K/h in the range 973-1073K enabled
CO2 levels to be maintained at less than 2% of O2(2). In addition, partial vacuum
(1.3 kPa of O2) instead of ambient pressure of oxygen during sintering enabled the
efficient removal of CO2 and resulted in the synthesis of phase pure YBCO by this
method.
r*K.C. Gorettaet al., Mater. Lett. 7 (1988) 161.
™~™*
2. U. Balachandran. R.B. Poeppel, J.E. Emerson et al., Mater. Lett. 8 (1989)
454.

6.3

Melt Zone Processing of YBCO Superconductors for High Current
Densities
(P. Kuppusami and V.S. Raghunathan)

The critical current densities in the bulk polycrystalline YBa2Cu3O7-x (YBCO)
is quite low because of weak links between the grains, anisotropy and absence of
strong pinning centres(1). Considerable work has been done in texturing the YBCO
grains using techniques such as melt zone textured growth, quench melt growth
and zone melring*2). These methods have yielded improvement in Jc as a result of
grain alignment and reduced grain boundaries.
The melt zone apparatus developed at Metallurgy and Materials Programme
consists of a vertical tubular furnace whose temperature profile is controlled by
employing two resistive coils, a primary which provides a hot zone and a
secondary which provides a small zone of enhanced temperature of about 1293K.
Rod samples of about 40 mm length and 3 mm diameter were prepared by (i)
vacuum calcining the packed YBCO powder in tubular alumina and (ii) cold
isostatic pressing of vacuum calcined powder and subsequently sintering at
1223K in ambient pressure of oxygen. The latter method gave high densities in the
range 90-95%. The rod sample is held in a pyrophillite holder and moved very
slowly through the temperature profile of the furnace. The translational speed of
the sample is controllable down to 5 mm/h. The process is carried out in air and
the sample is subsequently oxygenated in the ambient pressure of oxygen.
Several samples prepared by melt zone processing have been characterised by
x-ray diffraction, optical microscopy, electron probe microanalyser and DC four
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Fig.6.2.1 Optical Micrograph of Vacuum Calcined and
Phase Pure Orthorhombic YBa^Cu^O
Grains
X
Using Polarised Light."
Note that the Grains are Twinned.

Fig.6.3.1 Microstructure of Aligned Orthorhombic
YBCO Grains after Post Oxygen Annealing
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probe resistivity techniques. It has been observed that the melt zone processing
has resulted in the alignment of several grains (Fig.6.3.1) within a length scale up
to 1-2 mm. The structure consists of c-axis aligned fibres of YBCO grains. A
single packet of such fibres have nearly constant c-axis orientation. However,
packets have misalignments among themselves. Inter-packet boundaries as well as
some of the inter-fibre boundaries are still sources of impurity phases. It is
concluded that the formation of insulating Y2BaCuOs and CuO phases up to a
volume fraction of 40% and a considerable amount of porosity and cracks have
been found to limit larger current densities in these samples.
j E k i n A d v Cerara Mater 2 (1987) 586.
—
—
2. P.J. McGinn, W. Cher and M.A. Black, Physica C 161 (1989) 198.
L

6.4

The Growth Kinetics of Plasma Nitrided Layers of Titanium Modified
Stainless Steel
(P. Kuppusami, A.L.E. Terrance, D. Sundararaman and V.S. Raghunathan)

Solution annealed titanium modified stainless steel (D-9 steel) samples of
about 10 mm diameter and 3 mm length were metallographically prepared and
plasma nitrided in the temperature range 773-923 K. The plasma nitriding of the
D-9 steel was carried out in a d-c glow discharge of a mixture of nitrogen and
hydrogen in the ratio 1:1 at a total pressure of 0.4 kPa with a d.c. potential of
600 V.
The growth of the nitrided layer on the surface of D-9 steel treated for
different durations of time was monitored by x-ray diffraction and optical
microscopy. X-ray analysis indicated that the growth of y '-Fe4 N precedes the
formation of CrN and the amount of / -Fe4N tends to decrease or remain as a thin
layer for longer durations of nitriding. The nitriding rates for the samples nitrided
at 848 K and 923 K were determined by plotting the square of the thickness of the
nitrided layer as a function of time. The square of thickness of the nitrided layer
was found to increase linearly with time at each nitriding temperature obeying
parabolic rate law. In addition, the thickness of the nitrided layer increased with
increase in temperature for the fixed time of treatment.
The quantitative analysis of the elements present in the nitrided layer was
analysed by electron probe microanalyser. The typical cocentration profiles of Fe,
Cr, Mo, Mn, Ni, Ti and N obtained for the sample nitrided at 848 K are shown in
Fig.6.4.1. One can notice that there is no segregation of Fe, Cr etc. within the
nitrided layer. On the other hand, nitrogen concentration increases sharply at the
boundary between the nitrided layer and the bulk and thereafter remains more or
less constant throughout the nitrided layer.
The kinetics of nitriding of the D-9 steel could be discussed according to the
rate equation applicable for internal oxidation0\ It has been observed that
the calculated diffusion coefficient of nitrogen in the nitrided layer (4.4 x
10~14m2/sec) at 848 K is larger than that reported for nitrogen diffusion in the
austenite phase. It is suggested that variation of nitrogen diffusion rates in the
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nitrided layer and the bulk could quantitatively explain the behaviour of nitrogen
concentration profiles obtained in D-9 seel.
1. B.J. Lightfoot and D.H. Jack, Proc. Heat Treatment '73, Metals Society,
London, 1975, p.59.

6.5

Influence of Carbon Content on Tempering Behaviour of
2 l/4Cr-lMo Steel
(P. Parameswaran, M. Vijayalakshml, P.Shankar and V.S. Raghunathan)

The effect of carbon level on the tempering behaviour of 2 l/4Cr-l Mo steel has
been carried out. Specimens with two different carbon levels, 0.06% and 0.11%
(steel A and B respectively) were cooled in flowing argon gas following an
austenitisation treatment at 1323 K, and were tempered at 823, 923 and 1023 K
for periods ranging from 2 to 50 h. The variation in macrohardness of both steels
as a function of tempering period for various tempering temperatures is shown in
fig.6.5.1. The general trend in the tempering behaviour of the steel in the range
823 K - 1023 K could be classified into four stages. Stage I characterized by a
rapid softening followed by a gradual increase reaching a maximum in stage II.
Further steep reduction leading to softening characterizes stage III and the
saturation in hardness forms the stage IV. However, the distinct four stages are
present only for certain combination of tempering treatment and carbon content.
Analytical electron microscopy studies(1) have been carried out on these tempered
samples to identify the micromechanisms responsible for these stages of
tempering behaviour.
The initial amount of bainite was more in steel B compared to steel A
(fig.6.5.2a & 2b). The rate of dissolution of bainite is the fastest at 1023 K that no
secondary hardening effect is seen. Formation of semicoherent acicular M2C
during tempering causes the secondary hardening and this is observed in samples
tempered at 923 K and 823 K. Series of carbides of M7C3, M23C6, MeC
(fig.6.5.3a) were observed to form during long term tempering and they cause the
softening observed in stage III. The resistance to coarsening exhibited by M2C
(fig.6.5.3b) and the retention of bainite even after prolonged tempering were
responsible for the saturation of hardness.
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1. P. Parameswaran et. al. Proc. of Internatl. Conf. on Electron Microscopy,
Seattle, USA, August 1990 (In Press).

6.6

Analytical Microscopy of Fully Bainitic 21/4Cr-lMo Steel
(P. Parameswaran, M. Vijayalakshml and V.S. Raghunathan)

Microstructural studies of fully bainitic 21/4Cr-lMo steel were carried out
with the aim of studying the effects of prior microstructure on tempering
reactions. Steel specimens with 0.1% C content were normalised at 1323 K for 1 h
and air-cooled. They were tempered at three different temperatures 823, 923 and
1023 K for different durations ranging from 2 to 300 h. Tempering at 1023 K for a
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Fig.6.5.2a)

Normalised Microstructure of Steel A
(19% Bainite)

Fig.6.5.2b)

Normalised Microstructure of Steel B
(30% Bainite)

i

Fig.6.5.3a)

TEM Micrograph Revealing Various Carbides.
Inset Shows Diffraction Evidence for
M

Fig.6.5.3b)

7 C3 *
Electron Micrograph Exhibiting the Presence
of Fine Needle-Like Precipitates of M 2 C.
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Fig.6.6.la)

Fig.6.6.2

TEM micrograph
of Fully Bainitic
Steel Tempered
for 300h at 1023K

Fig.6.6.1b) SEM Micrograph
of Carbides: X-ray Line Profile
Indicating Mo-Rich Nature of
the Carbides

Transmission Electron Micrograph of Sample
Tempered at 923K for 300h Revealing Extensive
Carbide Precipitation
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long duration resulted in ferritic mictrostructure (fig.6.6.1a, b) with a few coarse
carbides. The Mo x-ray line profile analysis obtained on regions with large
number of carbides indicate that they are rich in Mo compared to matrix. The
tempering at 923 K for long durations resulted in extensive intergranular
precipitation of carbides (fig.6.6.2) which on EDS analysis were found to be rich
in Cr with a little Fe and no Mo. However, the prolonged tempering at 823 K
did not result in complete evolution of ferrite but resulted in morphological
changes in bainite. Further detailed studies are in progress to characterise the
different types of carbides that would evolve at shorter tempering times.

6.7

Effect of Cooling Rate on Transformation Behaviour in
9Cr-lMo-0.07C Steel
(Saroja Salbaba, M. Vijayalakshml and V.S. Raghunathan)

The studies on various decomposition mechanisms of austenite in a
9Cr-lMo-0.07C steel under different rates of cooling have been completed(1>2).
The techniques employed were Electron Probe Micro Analysis and conventional
microscopy. The specimens were austenitised at 1323 K for 30 minutes and cooled
at the following different rates : i) 100 K/s (water quenching), ii) 20 K/s (oil
quenching), iii) air cooling (2 K/s), iv) furnace cooling (0.1 K/s) and v) air
cooling, followed by a tempering treatment at 1023 K for 60 minutes (commercial
treatment).
Salient results of these studies are as follows:
1. Decomposition mechanism of austenite depends strongly on the cooling
rate (Q). Shear aided martensite forms for Q's >2 K/s while diffusion controlled
ferrite forms for Q's < 2 K/s as shown in Figures 6.7.1a and 6.7.1b.
2. Prior austenite grain size (PAG), constitution at the end of cooling, amount
of ferrite, packet size of martensite (packet-group of parallel laths), and macro
and microhardness values for all the samples were evaluated.
i) The prior austenite grain size was = 45 Jim for all the samples as the
austenitising temperature was constant.
ii) Packet size of martensite was 12-14 Jim and was constant for all cooling
rates resulting in constant values of hardness levels too (VHN:400 for a load of 1
kg).
iii) The amount of ferrite which is present only for Q < 2 K/s, is < 4% for air
cooled specimens and =12% for the furnace cooled specimens. This difference
can be attributed to the difference in the stay time in the temperature regime
corresponding to transformation of austenite to ferrite.
3.
It is well known that the ferrite which forms during cooling is
supersaturated with respect to carbon. This supersaturation can be relieved by
rejection of carbon into the remaining austenite or by precipitation of carbides at
a/a ' interfaces or by precipitation of carbides within a grains subsequent to their
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Fig.6-7.1

SEM Micrograph of 9Cr-lMo-0.07C Steel
Austenitised at 1323K for 30 Minutes
and Cooled at a) 100 K/s and
b) 0.1 K/s.
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formation. Electron probe microanalysis to monitor repartitions g of Cr, Mo, Mn
or C between ferrite and martensite was carried out. It showed that there was no
repartitioning of Cr, Mo, Mn or C between a and a ' regions. In contrast, the
supersaturation of ferrite was relieved by homogeneous precipitation of fine
carbides within ferrite.
4.
The transformation sequence while cooling has been deduced for
9Cr-lMo-0.07C steel based on the results of this investigation and a
microstructural map to predict the resultant constitution for different cooling rates
has been proposed.
5. A microstructural rationalisation has been provided for the specific choice
of commercial treatment which offers the best combination of tempered martensite
and dispersion strengthened ferrite, thereby improving high temperature properties
of this steel.
1. S. Saroja et. al., Accepted for publication in the Proc. of DAE Symp. on
Solid State Physics, Bombay, January 1991 (In Press).
2. S. Saroja et. al., J. Mater. Sci. 27(1992)2389.

6.8

Influence of Solution Treatment Temperature on the Microstructural
Parameters in a 9Cr-lMo-0.07C Steel
(Saroja Saibaba, M. Vijayalakshmi and V.S. Raghunathan)

The influence of austenitising temperature on the nature of transformation and
the consequent microstructural parameters in a 9Cr-lMo-0.07C steel has been
studied. Specimens were austenitised at 1273, 1373 and 1423 K for 30 minutes
followed by two different rates of cooling. One set of samples was cooled at the
rate of 100 K/s (water quench) and another at the rate of 0.1 K/s (furnace cooled).
The effect of austenitising temperature on factors such as prior austenite grain size
(PAG), constitution, area fraction of ferrite, packet size of martensite and hardness
levels were evaluated. In order to establish the high temperature limit of y-phase
stability, another set of specimens was also austenitised at 1453, 1473, 1523 and
1573 K for 30 minutes and water quenched. Following are the important results
of this study :
1. Increase in austenitising temperature increases the PAG between 35 (im to
120 \im in the range of 1273-1423 K. For temperatures above 1450 K, the PAG is
found to decrease owing to the presence of high temperature 6-ferrite.
2. Increase in austenitising temperature in the single phase field for a given
cooling rate does not alter the constitution at the end of cooling. However, the
constitution varies from fully martensite (a') for the water quenched samples to a
mixture of proeutectoid ferrite (a) and martensite for the slow cooled
samples. Above 1450 K the constitution after quenching is a mixture of 5 -ferrite
and martensite.
3. i) Increasing the austenitising temperature in the range 1273-1423 K has
been found to increase PAG remarkably. This causes a direct increase in the packet

size of martensite which increases from about 7 (im to 16 Jim with increase in
temperature. The direct influence of PAG, a consequence of austenitising
temperature, on the size of the transformation products, the packet size of a ' can
be attributed to the change in the number density of preferential nucleation sites of
the transformation product (a') i.e. y I y boundaries, ii) An increase in packet size
of martensite with increasing austenitising temperature results in the decrease in
hardness levels from 405 VHN to 354 VHN (for a load of 10 kg). It is well known
that the strength, hence hardness variation with packet size follows the Hall-Petch
relation.
4. For the slow cooled steels, wherein the microstructure consists of both a
and a', the amount of a formed during cooling does not vary significantly
(10-13% ferrite for austenitising temperature of 1273-1423 K). This can be
understood in terms of the constancy in the 'stay time' within the y—»a
transformation temperature regime.
5. The accurate determination of the high temperature limit of y -phase
stability for this steel is being determined. EPMA analysis is used to determine the
redistribution of solute elements between the different phases, a ' , 8 and a.

6.9

Application of EPMA for Phase Analysis in Cr-Mo Steels
(Saroja Salbaba, M. Vijayalakshmi and V.S. Raghunathan)

The application of electron probe micro analysis for phase equilibria studies
has been extensive(1-2). This technique has been used to determine solute
repartitioning between alloy carbides and the matrix and hence, the chemical
balance between the parent material and secondary phases. The suitability of such
well documented phase analysis procedures is being studied for phase equilibria in
9Cr-lMo-0.07%C steel(3).
The 9Cr-lMo steel in the commercially heat treated condition (normalised at
1323 K followed by tempering at 1023 K) consists of a tempered martensite and
proeutectoid ferrite with fine dispersion of carbides. Two distinct types of carbide
morphologies were observed namely globular carbides along a / a' or a / a
interfaces and acicular carbides within ferrite. These carbides were found to be
chromium rich. Long term aging (1000 h) in the range of 823 - 1023 K had
resulted in rapid growth of these carbides, the growth being maximum in the
specimens aged at 1023 K (Fig.6.9.1).
Chemical analysis of Fe, Cr, Mo, Mn and C were carried out using EPMA
under typical operating conditions of acceleration voltage = 20 kV, regulated beam
current = 20 nA, x-ray take off angle = 40°, beam diameter = 1 p.m and a counting
time of 10 seconds. Careful EPMA analyses of a number of individual precipitates
and the line profile analysis for Cr encompassing both matrix and precipitates in
several locations, confirmed that all the precipitates at 1023 K are rich in
chromium (Fig.6.9.2), irrespective of the site of nucleation and growth, (i.e. intra
or intergranular). These results suggest that EPMA can be applied for
quantification of secondary phases in 9Cr-lMo steel. However, the suitability of
this technique for phase analyses is restricted to the study of secondary phases

Fig.6.9.1

SEM Micrograph of 9Cr-lMo-0.07C Steel
Aged for lOOOh at 1023K.

INSTANCE/fim

Fig-6.9.2

X-ray Line Scan Obtained Using Cameca
SX-50 EPMA ACROSS A Chromium Rich
Precipitate in a 9Cr-lMo-0.07C Steel
Aged at 1023K for lOOOh.
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coarser than 2-3 fim, which were found to be present in the specimens aged at
1023 K. The Fine size of carbides at 823 K and 923 K were not conducive for their
quantification using EPMA.
1. V. Biss and R.L. Cryderman, Metall. Trans. 2 (1971) 2267.
2. John Pilling and N. Ridley, Metall. Trans. 13A, (1982) 557.
3. S. Saroja, Proc. of Summer School on Growth and Characterisation of
Technologically Important Crystals for Device Applications, Madras, June
1991 an Press).

6.10

Electron Microscopic Studies of the Effects of Ion Irradiation in an
AI-40 a/o Mn Alloy
(M. Vijayalakshmi, K.G.M. Mali* and Kanwar Krishan$)

Materials Science Division, IGCAR, Kalpakkam

Studies on microstructural evolution as a function of various types of incident
ions, energy, dose rate etc. have been completed. The room temperature phase
consists of a regular array of transformation twins (Fig.6.10.1a and b), parallel to
(100) and (110) planes. Fig.6.10.1c to e show a set of SAD patterns from the
unirradiated alloy (pseudo bcc) with zone axes along <001>, <110> and <113>.
The irradiation of prethinned samples was carried out in a low energy accelerator
with helium and argon ions for different energies 50 to 100 keV and at different
dose rates to various doses in the range 1017 to 1019 ions/m2. Detailed analyses of
irradiated samples provided very valuable information, regarding two major
features, namely a) stability of coherent twin interfaces to irradiation and b) early
stages of evolution of argon bubbles. The salient conclusions are as follows:
The twin

interfaces in the Al-40 a/o Mn alloy are found to gradually

disappear as the accumulated dose level is increased, irrespective of the
nature, energy and dose rate of incident ions. The cause for the instability of
interfaces could either be accumulation of point defect clusters (pdc's) at the
boundary plane by defocussing of replacement collision sequence (res) or
preferential radiation-enhanced segregation or direct defect production
mechanisms at the plane of boundary. Careful observations at extremely low
dose levels (1017 ions/m2) suggest that there is a high density of pdc's at the
boundary confirming that the operative mechanism for the instability of twins
is the accumulation of pdc's by defocusing of rcs's(1).
*

Irradiation of the alloy with Ar ions (1016 ions/m2) leads to the expected
formation of Ar bubbles. However, at smaller dose levels, anomalous
scattering effects are observed in the diffraction patterns whose zone axes are
along <113> and <110> (Fig.6.10.2). The details of analyses of all diffraction
patterns is given below:

Based on the systematic studies of fine features of the observed "streaking", it
is concluded(2) that "streaking" is caused by formation of two dimensional clusters
of argon atoms. These clusters introduce elastic distortion in the host lattice of
s, which manifests as "streaking" in the diffraction pattern. The "streaking"
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Fig.6.10.1
a) Optical and b) Electron
Micrograph of the Room Temperature
Microstructure of an Al-40 a/o Mn
Alloy. The Inset in (b) shows
the TWIN SPOTS. c)-e) Electron
Diffraction Patterns of Unirradiated Alloys with Zone Axes Along
001 in (c), 113 in Cd) and
110 in (e).
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Fig.6.10.2

Presence of Anomalous Scattering Effects
in Electron Diffraction Pattern (zone
axis - <11 <$) of an Al-40 a/o Mn Alloy
Irradiated with 50 Ketf Argon Jons to a
Dose Level of 8 x \0x ions/m (Note its
Absence in le).
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is found to disappear when the platelets eventually transform into bubbles, with
increase in dose levels.
Table 6.10.1
Details of Analysis of Electron Diffraction
Zone Axis

113

TlO

001

Spots which show streaking

Patterns

Direction of streaking

211

211

121

121

411

121

521
422

211
211

112
224

112
112

222
114
None of the spots show

TT2
TT2
-

"streaking"

1. K.G.M. Nair, M. Vijayalakshmi and K. Krishan, Scripta Met. 25 (1991)
1217.
2. K.G.M. Nair, M. Vijayalakshmi and Kanwar Krishan. STP Publn. of Proc.
of 15th ASTM Symp. on Radiation Effects on Mater. Tennessee, USA June,
1990 (In Press).

6.11 A Study of Al-Cu-Fe Quasicrystals Aspects Relating to Coexisting
Crystalline Phases
(R. Dlvakar, D. Sundararaman and V.S. Raghunathan)

The discovery of quasicrystals was in alloys prepared under conditions of
metastable equilibrium such as that existing in rapid solidification processes.
These were stable upto a certain temperature on annealing, typically 573 K for
Al-Mn alloys, beyond which they transformed into more stable crystalline phases,
sometimes passing through other metastable crystalline or amorphous states. The
Al-Cu-M systems for M = Fe, Li, Co etc are unique in that the quasicrystalline
state shows no transformations, and is stable up to the melting point of the alloys.
The Al-20a%Cu-15a%Fe alloy was reported to form single icosahedral
quasicrystalline phase even on slow cooling of the melt. This alloy has been
characterised using mainly the technique of analytical electron microscopy to
determine the constitution of the alloy, in the melt spun state(1).
The alloy was prepared from pure elements by induction melting and meit
spun into ribbons. These revealed pentagonal dodecahedral morphology of the
dendrites on the chilled surface when observed under optical microscope (Fig.
6.11.1). X-ray diffraction studies showed up a mostly single icosahedral
quasicrystalline phase with a small fraction of crystalline phases whose volume
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6.11.1
Optical Micrograph Showing
the Wheel Side Morphology
of the Melt Spun Ribbons.

:

>

-6.11.2
Bright Field Image Showing
QuasicrystalsQuasicrystalline Grain
Morphology Including
Grain Boundaries.

6.11.3
Bright Field Transmission Electron
Micrographs of a) Cl Phase
and b) C2 Phfeae
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fraction was too small to be identified in the xray scans. Samples were prepared
for transmission electron microscopy. The quasicrystalline phase showed sharp
inter- quasicrystal grain boundaries (Fig. 6.11.2). These grains also showed
diffraction contrast typical of line defects in crystalline structures, which changed
with tilting of the specimen. While most of the regions of the sample were
quasicrystalline, as seen from the typical 2-, 3- and 5-fold selected area diffraction
patterns, some crystalline regions were also observed, presumably the crystalline
phases which gave rise to the extra peaks in the X-ray diffraction scans. Two
distinct crystalline phase regions could be identified based on their different
morphological characteristics. One appeared in very small regions at grain
boundaries between two quasicrystalline grains, (Fig. 6.11.3a) while the other was
more abundant, and had close spaced sets of parallel faults, (Fig.6.11.3b). X-ray
microanalysis was performed using an energy dispersive x-ray analysis system
supported by a virtual standards analysis software. Analysis was done on regions
of the order of 10 nm. The quasicrystalline phase was detected to exist over a
range of compositions. The composition of the quasicrystalline phase existing as a
single phase is found to be significantly different from that coexisting with either
of the crystalline phases. The two crystalline phases were very different in their
compositions, one being Cu rich and the other Fe rich. Based on this information,
the electron diffraction patterns from the two crystalline phases could be identified
with those from an orthorhombic AlCu and a monoclinic A^Fe structures. Table
6.11.1 lists these structures with the lattice parameters. Table 6.11.2 gives a
summary of the results of the EDX analysis.
Table 6.11.1
The Crystalline Phases Co-existing with the Quasicrystalline Phases in
Phase
AlCu
Al3Fe

crystal type
Orthorhonbic
Monoclinic

lat Lice parame ters (nm. deg)
a = 0 .4015 , b=l .202, c=0. 8652
a=l .5-189 , b = 0 .8083, c=l .2476
B=l 07.72

Table 6.11.2
Summary of the Composition Analysis for the Quasicrystalline and
Crystalline Phases

C-1

QC phase
RMSD
(AlCu type)

Al
at %

at %

61 .4

22.7

1.2
52.7

4.9
10.9

Fe
at %
15.9
3.6
6.4
0.2

RMSD
QC-1 (with C-I)
RMSD
C-2 (Al3Fe type)

0.1
64.8

0.3
19.0

16.2

0.9
70.3

2.1
7.8

1.4
21.9

RMSD
(with C-2)
RMSD

0.5
64.0
0.8

0.3
23.9
0.4

0.3
12.1
0.5

QC-2
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This is believed to be consistent with the idea that there exists a significant
distribution of chemical short range order in the as formed quasicrystalline phase
since solute repartitioning in the liquid phase is unlikely.
1. V.S. Raghunathan, D. Sundararaman and R. Divakar, Mater. Trans., Japan
Inst. Metals 31 (1990) 1033.

6.12 Annealing Behaviour of Al-Cu-Fe Quasicrystals
(R. Divakar, D. Sundararaman and V.S. Raghunathan)

The first report on the AhoCuisFe indicated that this was a stable
quasicrystalline phase which undergoes no phase transformations up to the
melting point at around 1135 K. Annealing experiments confirmed this with an
increase in the "perfectness" of the quasicrystalline structure being reported on
annealing the conventionally solidified alloy. Our experiments showed that a small
fraction of crystalline phases is present even in the melt spun material, while the
cast alloy had a significant amount of crystalline phases. In an earlier report we
have identified two crystalline phases found to coexist with the quasicrystalline
phase. To study further about the nature of these crystalline phases, some of the
melt-spun ribbons of this alloy were sealed under argon into transparent silica
tubes and annealed at 873 K for 24 h. Preliminary characterisation by optical
metallography and x-ray diffraction indicated no change from the as-spun state.
However, it must be mentioned that some of the peaks due to the crystalline
phases in the Xray scan could now be identified with the C2 crystalline phase
reported earlier owing to better resolution. No broadening of the quasicrystalline
peaks were observed. TEM studies indicated predominantly, coexisting
quasicrystalline and crystalline C2 type phases. A drastic change in the
morphology of the alloy on annealing is seen (Fig.6.12.1). The quasicrystalline
phase on annealing shows a heavily mottled structure. Tilting and dark field
contrast experiments show that the mottling is not due to fine precipitate nuclei.
This phase now coexists with the crystalline A^Fe type of phase earlier reported
as determined from the morphology and the EDX data on these regions. The
crystalline phase is also different from what was present in the as-spun state, in
that the grains show substructure with faceting (Fig.6.12.2, 6.12.3). Under dark
field experiments each section of the crystalline grain shows up under slightly
different orientation within a degree of tilt. The EDX analysis gave compositions
of Al-26a%Cu- lla%Fe for the quasicrystalline (QC2') and Al-9a%Cu-18a%Fe
for the crystalline (C2') phases (see table below).
This is in comparison to Al-24a%Cu-12a%Fe and Al-8a%Cu-22a%Fe for the
QC2 and C2 phases reported by us earlier(1). Taking into account the accuracy of
the EDX analysis, this does not represent a very significant shift in the chemical
composition. Two significant observations were made. The Cu rich Cl phase of
AlCu type was not found near any of the quasicrystalline regions. Also, the
characteristic morphology of the icosahedral phase with smooth contrast and large
number of defects was replaced by a mottled substructure within the grains. We
have the evidence of the transmission electron micrographs showing the C2' phase
growing at the expense of the QC2' phase. Since this involves an enrichment with
respect to Fe, a corresponding Cu enriched phase should also exist. The logical
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6.12.1
Bright Field Micrographs of
the .'iP.nealea Samples Showing
Transformed i-phase
Co-existing with the C2'
Phase. Note the Faceted
interface between the Two
Phases

6.1?.. 2
Bright Field TEM Micrograph
Shwong the C2" Phase Growing
into the QC Reqion.

5.12.3
Bright Fiald Image of a 'i'ypica. '
G2' Grain ",%?th Evidsv ce of a
nighly Faulted Sttruc:ure.
v
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sink for the Cu would be the AlCu type Cl phase involving diffusion over
relatively long distances; in the absence of Cl phase we have to presume that the
excess Cu is taken up by the quasicrystalline phase.
Table 6.12.1
Summary of the Composition Analysis for the Quasicrystalline and
Crystalline Phases in Atom Percent after Annealing at 873K for 24 h, as
Determined by EDX
PHASE
C-2'

Al

(Al3Fe t y p e
RMSD

QC-2'(with C-2')
RMSD

Cu

74.G

Fe

9.1

16.9

0.2

.1

.2

62.9

26.4

10.8

1.0

.7

.1

The results of the above studies and earlier results on the as spun alloy may be
summarised as follows: The alloy Al-20a%Cu- 15a%Fe consists of a mostly single
quasicrystalline phase. This phase exists over a range of compositions, at the
extremes of which we have quasicrystalline phases chemically quite different from
the mean composition. These coexist with crystalline phase of complementary
composition that is, a Cu enriched QC2 with a Fe enriched C2 phase and similarly
in the case of QC1 and Cl phases. A possible cause of the wide variation in the
composition of the quasicrystalline phase is the existence of a variation in the
short range order in the quasicrystalline state. Such variations have been proposed
in the case of amorphous materials, with the support of defects in the structure,
which are quite commonly seen in the as spun state. On annealing we have
observed the emergence of a new phase, with respect to the morphology, QC2' in
coexistence with C2'(2). The presence of the prior quasicrystalline phase in
addition to the transformed quasicrystalline phase will determine the nature of the
transformation. Further studies in annealing are in progress.
1. V.S. Raghunathan, D. Sundararaman, R. Divakar, Mater. Trans. JIM., 31
(1990) 1033.
2. R. Divakar, D. Sundararaman, V.S. Raghunathan, Mater. Trans. JIM,
33(1992)23.

6.13 Study of Interfaces Produced by Solid-State Amorphisation
(D. Sundararaman, P. Shankar and V.S. Raghunathan)

The main aim of this study is to understand the role of metastable interfaces in
influencing the microstructural evolution and relative stability of various phases.
Solid-state amorphisation reaction (SSAR) is a typical phenomenon to study such
metastable interfaces. It is well known(1) that certain systems on interdiffusion at
low temperatures tend to form an amorphous phase at the interface. The essential
requirements for SSAR to occur are :
(1) High negative heat of mixing.
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Fig.6.13.1
Optical Micrograph Showing the Ni-Ti Interface

71

(2) High diffusivity of one of the components into the other.
(3) To value of the material should be around room temperature.
Since Ni-Ti system is found to obey all the above®, it has been chosen as the
model system for the study.
Nickel plates were rolled in to sheets of final thickness 0.2 to 0.3 mm. They
were metallographically prepared and samples of Ni-Ti interfaces were prepared
by electron beam evaporation of high purity Ti onto the Ni substrates in a vacuum
of about 1 mPa.
The electron beam evaporated titanium films were examined by both
optical-and scanning-electron microscopes for the structural integrity and
uniformity. The coating thickness was measured carefully after edge preservation
by electrolytic nickel plating process.
X-ray depth-profile analysis of the samples was carried out using Cu-Ka
radiation. This was done with a view to finding out the signature of the presence
of any amorphous layer closer to the interface. In the X-ray analysis, the (OlIO)
line-profile was monitored on successive titanium layers till the surface of the
nickel substrate was reached. Each layer was removed by grinding away using
800 grit emery paper and each time taking care to clean the surfaces using
methanol to remove any debris sticking to the surface.
The adherence, uniformity and thickness of the deposited film was found to be
very sensitive to surface-finish of the substrate and its distance from the source. It
was observed that both too small and too large source to substrate distance did not
give a good adherent and uniform coating. After some trials, the optimum
conditions were arrived at for achieving a good coating. Fig. 6.13.1 shows the
optical micrograph of the interface. The interface was observed to be fairly
uniform and coating thickness was found to be approximately 15fim.
Microhardness measurements of the as-deposited films were taken under different
loads and they are given below:
Table:6.13.1
Microhardness Values of Ti Film Taken at Different Loads
Ti
:

LOAD

:

(g)

:

VHN

Ni

Filn

25

:

50

276

: 155.67

:

100

: 119.67

Substrate

:

100

:

8C.3

:

Lattice parameter of the titanium thin film on a nickel substrate was found to
be 3.52% less in the [1210] and 2.69% along [0001]. From the various reflections,
(0110) reflection was chosen to examine the effects of interfacial structure. The
broadening (B) of the peak at full width at half maximum(FWHM) is taken to be
the sensitive index of the structural state of the film. After a routine calibration and
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estimation of instrumental broadening, the B of the (0110) peak was estimated as
follows:
Four different profile shapes namely (i) Gaussian (ii) Lorentzian (iii) Modified
Lorentzian (iv) Intermediate Lorentzian were used to fit the observed profile by
the method illustrated elsewhere^ and the best fit was determined which is taken
for the peak width measurements. It was found that Gaussian distribution fits very
well to the obtained peaks. Fig.6.13.2 shows the line-profile analysis of the
titanium film at increasing depths. It is very clearly seen that B-broadening
increases continuously as the interface is approached. It increases from a value of
0.64 degrees on the surface to a value of 1.06 degrees almost at the interface.
Such a large variation is definitely indicative of the structural state of the film.
From the preliminary considerations, this variation could be attributed to the
following:
(a) Stresses in the film that arise due to lattice misfit.
(b) Presence of an amorphous layer at the interface.
(c) Presence of increased concentration of point defects.
The extent of contribution by each of these to peak broadening can be
further ascertained by electron microscopy investigations.
1. R.B.Schwarzet al, J.Non-Crystal.Sol., 76 (1985)281.
2. Bruce M. Clemens, Phy. Rev. B. 33 (1986) 7615.
3. C.P. Khatak and D.C. Cox, J. App. Cryst., 10 (1977) 405.
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7.

FAILURE ANALYSIS

7.1

Failure Analysis of an AM 350 Steel Bellow
(Hasan Shaikh, H. S. Khatak, R. K. Dayal, J. B. Gnanamoorthy and Amltava Sur *)
* Nuclear Systems Division

The start-up, control of power and shut down of the FBTR are achieved by the
use of control rods whose movement in the active core are attained by the control
rod drive mechanisms (CRDM). The metallic bellows are the weakest links in the
CRDMs. Nineteen bellows were purchased from different manufacturers and
some of these were then tested for performance in a CRDM bellow test facility at
the Engineering Development Division.
The test set-up was commissioned after a thorough examination by Helium
leak testing. Subsequently it was operated for 100 cycles in sodium at 823K
before the test set-up was partially dismantled, cleaned and leak tested. Then it
was operated in ultra-high purity argon for 100 cycles at 823K before operating in
sodium at 823K for 1600 cycles following which failure was detected. A cycle of
operation consists of stretching-compressing-stretching at 1 mm/s and finally a
fast compression by gravity. The total test duration was seven months.
The AM 350 steel bellow is a non-standard, semi-austenitic, precipitation
hardenable stainless steel. This steel was solution annealed and precipitation
hardened at 858K before testing.
Visual examination of the failed region showed two holes on adjacent
convolutes in the lower half of the bellow. These large holes (see Fig.7.1.1) were
found to be mirror images of each other with respect to their shape and
location.The regions around the holes were found to have thinned down. The weld
joint connecting the two convolutes was found broken. Optical microscopic
examination indicated a microstructure of martensite in an austenitic matrix.
Microhardness measurements indicated a hardness of 450 VHN. The SEM
examination indicated the presence of innumerable minute cracks emanating from
the holes. These cracks were wavy and branched as seen in Fig.7.1.2. Fracture
surface examination of these cracks indicated a combination of transgranular
brittle fracture and ductile failure (Fig.7.1.3).
The following were the inferences :
(a) From the geometrical features of the large holes at the mirror image
positions in the two adjacent convolutes, it was inferred that the holes were caused
by crevice corrosion attack very near the weld followed by complete failure
during service. The crevice corrosion attack would have occurred during storage
either prior to commissioning or during the maintenance shutdown.
(b) The large number of minute cracks around the two large holes could have
initiated and propagated under the prevailing low cycle fatigue conditions as
evidenced by the formation of irregular ridges by a shear process (Fig.7.1.4).

Fig.7.1.1

Fig.7.1.2

Stereo Micrograph of the Failed Region Showing
Two Large Holes in Adjacent Convolutes

SEM Photograph Showing a Wavy Branched Crack
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Fig.7.1.3
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Fracture Surface Showing a Combination of
Transgranular Brittle Fracture and Ductile
Fracture; Region-1 is the Brittle portion
and Region-2 is the Ductile Portion of the
Fractograph
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Fig.7.1.4

Fractograph Showing Shear Ridges in the
Transgranular Region of the Fracture Surface
5
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(c) The material composition, its heat treatment and hardness were found to be
correct.
It was concluded that the failure of the bellow was primarily because of the
formation of the large holes as a result of crevice corrosion due to improper
storage procedure(1).
1. Hasan Shaikh, H.S.Khatak, R.K.Dayal,
Amitava Sur, Pract.Metallography (in press)

7.2

J.B.Gnanamoorthy

and

Failure Analysis of Aluminium Brass Condenser Tubes of MAPS-1
(H.S.Khatak and J.B.Gnanamoorthy )

Madras Atomic Power Station (MAPS)-l was commissioned in July 1983. A
total of 59 condenser tubes had failed till January 1989. Sea water was flowing
inside the aluminium brass condenser tube with a velocity of - 1.5m/s. Travelling
water screens of 10mm * 10mm had been used on the suction side of the
condenser. Maximum operating temperature was maintained at 313K.
Visual examination of the failed tubes(1) indicated crevice type of corrosion
attack at the inner surface. Chemical composition and microstructure did not
indicate any abnormality in the material. From the topography of the region
around the puncture and localised nature of attack , it was concluded that failure
had taken place owing to dissolution under the deposits. This type of crevice
attack is caused by oxygen concentration cell formed between oxygen deficient
area under the deposit and rest of the surface of the tube. Many such localised
failures have been reported in the literature(2>3). The deposits in the present case
had not come due to the operating conditions of the condenser, but the deposits
(sea shells, biological growth etc.) have come with sea water.
It was recommended that cleaning by mechanical means every six months or
more often will reduce the chances of failure. Use of intake screens of smaller
mesh size was also suggested.
1. Technical Note no. MD/26.0/89/2, September 1989.
— —
th
2. Metals Hand book, 8 edition, vol. 10, p 181 & 549.
3. H.S.Khatak, J.B.Gnanamoorthy and P.Rodriguez Pract.Metallography,22
(1985)99
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