
Table of Contents

Title Page
No

List of Figures VII
List of Tables XXI
List of Symbols XXXIV
List of Abbreviations XXXV

Chapter-1 Introduction 1

Chapter-2 Literature Review 5

2.1 Corrosion of Metals & alloys 5
2.1.1 Definitions of corrosion 5
2.1.2 Types of corrosion 5
2,1.3. Forms of corrosion 5
2,1.4 Corrosion Prevention method 6

2.2 Fundamentals of Overlay or Cladding 11
2.2.1 Definition of Cladding 11
2.2.2 Why cladding is required? 11
2.2.3 Types of overlays 12
2.2.4 Different Routes to obtain a clad material: 12
2.2.5 Commonly used welding processes for weld overlay or cladding 12
2.2.6 Weld Cladding process Applicability 13
2.2.7 Introduction of strip cladding Processes 13

2.3 Description of The ESSC Process 14
2.3.1 Basic Principle of the ESSC 14
2.3.2 Characteristics of ESSC 16
2.3.3 Comparison of ESSC with SASC process 17
2.3.4 Advantages of the Electroslag strip cladding process 18
2.3.5 Limitations of the Electroslag strip cladding process 18
2.3.6 Application of Electroslag Strip Cladding Process 18
2.3.7 Welding Equipment 21
2.3.8 Magnetic Steering Device 22



2.3.9 Welding Parameters 24
2.3.10 Welding Additives 32
2.3.11 Thermal History of ESSC process 37

2.4 Effect of Alloying Addition in Austenitic stainless steel 38
2.4.1 Effect of Chromium Addition in Austenitic stainless steel 38
2.4.2 Effect of Nickel Addition in Austenitic stainless steel 38
2.4.3 Effect of Carbon and Carbides in Austenitic stainless steel 38
2.4.4 Effect of Nitrogen Addition in Austenitic stainless Steel 38
2.4.5 Effect of Molybdenum addition in Austenitic stainless steel 39
2.4.6 Effect of Niobium Addition in Austenitic stainless steel 39

2.5 Solidification Mode of Austentic Stainless Steel Weld Metals 40
2.5.1 A Mode solidification 41
2.5.2 AF- Mode solidification 41
2.5.3 FA- Mode solidification 42
2.5.4 F-Mode solidification 43

2.6 Ferrite Content in Austenitic stainless steel Claddings 43

2.7 Post Weld Heat Treatment of Weld Overlays 44
2.7.1 Post Heating 44
2.7.2 Stress Relieving 45
2.7.3 Effect of Post weld heat treated on microstructures of weld overlays 45
2.7.4 Effect of PWHT on hardness of weld overlays 47

2.8 Testing & Evaluation weld overlays 49
2.8.1 Ferrite Content Determination of Weld overlays 49
2.8.2 Micro-hardness testing of Weld overlays 50
2.8.3 Metallographic Analysis of Weld overlays 51
2.8.4 Corrosion rate Measurement of Weld overlays 55
2.8.4.1 Weight loss technique 55
2.8.4.2 Electrochemical techniques 56

2.8.4.2.1 Potentiodynamic Testing 56
2.8.4.2.2 Cyclic polarization Testing 61
2.8.4.2.3 Inter Granular Corrosion Testing 64

2.8.4.2.3.1 Electrochemical Potentiokinetic Reactivation (EPR)Test 64
2.8.4,2.3.2 IGC Testing by ASTM A 262 Practice A to E 67

{ “ }



2.9 Problems & Issues related to Electro-slag strip cladded weld overlays 74
2.9.1 Hydrogen disbonding in weld overlays 74
2.9.2 SCC Behavior of weld overlays 78
2.9.3 Effect of P WHT on Pitting Resistance of weld overlays 78

2.9.4 Effect of PWHT on Inter-granular corrosion susceptibility of weld overlays 81

2.9.5 Effect of Ferrite content on Inter-granular corrosion susceptibility of weld 
Overlays

2.9.6 Effect of welding speed on corrosion susceptibility of weld overlays
2.9.7 Effect of PWHT & Heat input on Inter-granular corrosion susceptibility 

of weld overlays

86

86

87

2,10 Origin of the Research Problem
2,10.1 Scope of Work

89
90

2,11 Objectives of the Research Works: 91

Chapter-3 Experimental Work 92

3.1 Development of weld overlays 92

3.2 Sample Preparation 94

3.3 Post Weld Heat Treatment (PWHT) cycle for weld overlays 94

3.4 Testing & Evaluation of weld overlays 95
3.4.1 Microstructure Evaluation of weld overlays 95
3.4.2 Determination of Ferrite Content of weld overlays 96
3.4.3 Determination of Hardness of weld overlays 96
3.4.4 Corrosion Testing of weld overlays 96

3.4.4.1 Description of Instrument (Potentiostat/ Galvaneostat/ZRA) 96
3.4.4.2 Sample Preparation for corrosion testing 97
3.4.4.3 Potentiodynamie Testing 97

3.4.4.3.1 Sequence of Potentio-dynamic test 98
3.4.4.4 Cyclic polarization Testing 100

3.4.4.4.1 Sequence of Cyclic polarization Testing 101
3.4.4.5. Inter-granular Corrosion Testing 104

3.4.4.5.1 Electrochemical Potentiokinetic Reactivation (EPR) Test 104
3.4.4.5.1.1 Experimental Procedure of EPR test 104
3.4.4.5.1.2 Sequence of Electrochemical Potentiokinetic Reactivation Test 105

i

111



Chapter-4 Results & Discussion 108

4.1 Effect of alloy variation on Corrosion behaviour of weld overlays at 
different location

4.1.1 Corrosion Behaviour of weld overlays at different location in 
0.1 N HHO3 Solution

4.1.2 Corrosion Behaviour of weld overlays at different location in 
0.1 N HC1 Solution

4.1.3 Corrosion Behaviour of weld overlays at different location in 
0.1 N H2SO4 Solution

4.1.4 Corrosion Behaviour of weld overlays at different location in 
3.5 % NaCl Solution

4.2 Effect of Welding Speed on Micro-structural Changes, Ferrite 
Content, Alloying Elements, Hardness and Corrosion Behaviour 
of Weld Overlays

4.2.1 Effect of Welding Speed on Microstructure of Weld Overlays
4.2.1.1 Effect of Welding Speed on Microstructure of Base Metal
4.2.1.2 Effect of Welding Speed on clad & interface region 309L & 3G9L Nb 

cladded weld overlays
4.2.2 Effect of welding speed on alloying elements of the weld overlays
4.2.3 Effect of Welding Speed on Ferrite Content of the weld overlays
4.2.4 Effect of Welding Speed on Hardness Value of the weld overlays
4.2.5 Effect of welding speed on corrosion behaviour of weld overlays

4.2.5.1 Effect of welding speed on General Corrosion susceptibility
of weld overlays in 0.1 N HNO3 solution 

4,2-5.2 Effect of welding speed on General Corrosion susceptibility 
of weld overlays in 0.1 N HC1 solution

4.2.5.3 Effect of welding speed on General Corrosion susceptibility 
of weld overlays in 0.1 N H2SO4 solution

4.2.5.4 Effect of welding speed on General Corrosion susceptibility 
of weld overlays in 3.5 % NaCl Solution:

4.2.6 Effect of welding speed on pitting Corrosion susceptibility of the 
weld overlays

4.2.7 Effect of welding speed on Degree of sensitization of the weld overlays

108

109

116

124

130

137

138 
138

138

144
171
171
173

173

178

183

188

193

198

{ 'v }



4.3 Result of Niobium Addition on Micro-structural changes, ferrite
content, hardness and corrosion behaviour of Weld Overlays

4.3.1 Effect of Niobium addition on Microstructure changes of the weld overlays
4.3.2 Effect of Noibium additions on Ferrite Content of weld overlays
4.3.3 Effect of Alloying Elements on Hardness Value weld overlays
4.3.4 Effect of Niobium addition on Corrosion Behaviour of weld overlays

4.3.4.1 Effect of Niobium addition on General Corrosion susceptibility
4.3.4.1.1 Effect of Niobium addition corrosion behaviour of 309 L and 

309 L Nb cladded weld overlay in 0.1 N HHO3 Solution
4.3.4.1.2 Effect of Niobium addition corrosion behaviour of 309 L 

and 309 L Nb cladded weld overlay in 0.1 N H2SO4 Solution
4.3.4.1.3 Effect of Niobium addition corrosion behaviour of 309 L and 

309 L Nb cladded weld overlay in 0.1 N HC1 Solution
4.3.4.1.4 Effect of Niobium addition corrosion behaviour of 309 L 

and 309 L Nb cladded weld overlay in 3.5 % NaCl Solution
4.3.4.2 Effect of Niobium addition on pitting Corrosion susceptibility of 

weld overlays
4.3.4.2.1 Effect of Niobium addition on pitting Corrosion susceptibility 

of weld overlays in as welded conditions
4.3.4.2.2 Effect of Niobium addition on pitting Corrosion susceptibility of 

weld overlays in as welded conditions after PWHT
4.3.4.3 Effect of Niobium addition on IGC susceptibility of weld overlays

4.3.4.3.1 Effect of Niobium addition on IGC susceptibility of weld 
overlays as welded condition

4.3.4.3.2 Effect of Niobium addition on IGC susceptibility of weld 
overlays after PWHT condition

4,4 Result of Effect of post weld heat treatment (PWHT) on micro- 
structural changes, ferrite content, hardness and corrosion behaviour 
of weld overlays

4.4.1 Effect of Post Weld Heat Treatment on Microstructure changes on weld 
Overlays

4.4.1.1 Effect of Post Weld Heat Treatment on Microstructure changes at 
clad region of weld overlay

4.4.1.2 Effect of Post Weld Heat Treatment on Microstructure changes 
interface region of both weld overlays

4.4.2 Effect of Post Weld Heat Treatment on Ferrite Content of the weld overlays

4.4.3 Effect of Post Weld Heat Treatment on hardness value of weld overlays

203

204 
207
207
208 
208

208

215

222

229

236

236

242

249

249

255

262

263

263

265

270

{ v }

270



4.4.4 Effect of Post Weld Heat Treatment on Corrosion Behaviour of weld overlays 271

4.4.4.1 Effect of post weld heat treatment on pitting corrosion susceptibility of 
weld overlays

4.4.4.2 Effect of post weld heat treatment on IGC susceptibility of weld overlays 277

Chapter-5 Conclusions 283

Chapter-6 Scope for future work 287

Chapter-7 References 288

Appendix-I- List of Publications 296

VI }


