Stress corrosion cracking of AISI 321 SS welds in
solar thermal power plants: Failure analysis and
appropriate surface engineering measures

Dissertation submitted in partial fulfillment of the requirements for the degree of

Doctor of Philosophy
in
Materials Engineering
by
Kamal Mankari
(10ETMM12)

Under the guidance of
Dr. Swati Ghosh Acharyya

SCHOOL OF ENGINEERING SCIENCES AND TECHNOLOGY
UNIVERSITY OF HYDERABAD
HYDERABAD-500046
INDIA
DECEMBER 2017



DECLARATION

I, hereby declare that the thesis entitled “Stress corrosion cracking of AISI 321 SS
welds in solar thermal power plant: Failure analysis and appropriate surface
engineering measures” submitted to University of Hyderabad for the award of
Doctor of Philosophy in Materials Engineering is original and was carried out by me
during my tenure as a Ph.D. scholar under the supervision of Dr. Swati Ghosh
Acharyya. | also declare that this thesis has not been submitted previously in part or
in full to this University or any other University or Institution for the award of any
degree or diploma.

KAMAL MANKARI
Reg. no.: 10ETMM12
School of Engineering Sciences and Technology,

University of Hyderabad.



CERTIFICATE

This is to certify that the thesis work entitled “Stress corrosion cracking of AISI 321
SS welds in solar thermal power plant: Failure analysis and appropriate surface
engineering measures”, submitted by Kamal Mankari bearing Reg. No.
10ETMM12 in partial fulfillment of the requirements for the award of the degree of
Doctor of Philosophy in Materials Engineering is a bonafide record of the work that
has been carried out by him under my supervision. This thesis has not been submitted
previously in part or in full to this or any other University or Institution for the award
of any degree or diploma.

Thesis Supervisor

Dr. Swati Ghosh Acharyya
Assistant professor,
School of Engineering Sciences and Technology,

University of Hyderabad

Approved by
Prof. M. Ghanashyam Krishna

Dean,
School of Engineering Sciences and Technology,

University of Hyderabad



CERTIFICATE

This is to certify that the thesis entitled “Stress corrosion cracking of AISI 321 SS welds in solar
thermal power plant: Failure analysis and appropriate surface engineering measures” submitted
by KAMAL MANKARI bearing registration number 10ETMM12 in partial fulfillment of the
requirements for award of Doctor of Philosophy (in Materials Engineering) in the School of
Engineering Sciences and Technology (SEST) is a bonafide work carried out by him under my
supervision and guidance.

This thesis is free from plagiarism and has not been submitted previously in part or in full to this or any
other University or Institution for the award of any degree or diploma.

Part of this thesis has been published in

1. Kamal Mankari et al., Applied Surface Science. (doi.org/10.1016/j.apsusc.2017.07.223)

2. Kamal Mankari et al., Engineering Failure Analysis. (doi.org/10.1016/j.engfailanal.2017.12.020)
and was exempted from doing coursework (recommended by Doctoral Committee) on the basis of the
following courses passed during his M.Tech. (Int. M.Tech./Ph.D) and the M.Tech.Degree was awarded:

Clciluor.se Title of the Course Credits | Pass/Eail
MT401 | Phase Transformations and Thermodynamics 4 Pass
MT402 | Concepts of Materials Science 4 Pass
MT403 | Metal Forming: Science and Technology 4 Pass
MT404 | Characterization of Materials 4 Pass
MT405 | Seminar 2 Pass
MT406 | Design and Selection of Engineering Materials 4 Pass
MT 407 | Materials Processing and Characterization Laboratory 4 Pass
MT451 | Materials & Technologies for Energy Systems 4 Pass
MT452 | Diffusion and Kinetics 4 Pass
MT453 | Modeling and Simulation 4 Pass
MT454 | Powder Metallurgy and Ceramics 4 Pass
MT 455 Surface En_gineering & Advanced Nanofabrication 4 Pass
Technologies
MT456 | Polymer Science and Technology 2 Pass
MT457 | Laboratory 4 Pass
MT458 | Seminar 2 Pass
MT680 | Dissertation 18 Pass
MT601 | Research Methodology 4 Pass

Supervisor Dean of School



ACKNOWLEDGEMENTS

First and foremost, | express my deep gratitude and respect to my research
supervisor Dr. Swati Ghosh Acharyya, Assistant Professor, for her keen interest,
valuable guidance, strong motivation and constant encouragement during my research

work.

My doctoral review committee members Dr. Raj Kishora Dash and Dr. Pradip
Paik have also been helpful and supportive over the last several years. | am also
thankful to the Dean of School of Engineering Sciences and Technology, Prof. M.
Ghanashyam Krishna and all other faculties in the department for providing me the

facilities and the guidance to carry out my research work.

I would also like to thank the technicians and non-teaching staff of SEST Mr.
Mallesh, Mr. Venkatramana, Mrs. Kranthi kumari, Mrs. Malathi, and TEM technician

Mr. Durga Prasad and Mr. Pankaj.

I would like to thank, Rahul Roxy, Koushi Kumar.U, Abhijit, pandu, Johny
Varghese, and Pardhu Yella helped me with innumerable tricky problem sets and

became some of my best friends.
Lastly, I thank my family for always supporting me and my interest. | would

probably be somewhere else if it were not for my family's invincible and contagious

optimism

KAMAL MANKARI



List of Tables

CONTENTS

List of tables vii
List of figures viii
List of publications/Conferences Xii
Abbreviations Xiii
Abstract
Chapter 1:
1.0 Introduction 1
1.1 Background 1
1.2 Objectives of the thesis 2
1.3 Thesis Layout 2
CHAPTER 2:
2.0 Literature review 3
2.1 Austenitic stainless steels 3
2.1.1 Un-stabilized grades of austenitic stainless steels like AISI 304

and AISI 316 4
2.1.2 Stabilized grades like AISI 321 and AISI 347 5
2.2 Corrosion issues in austenitic stainless steels 6
2.2.1 Pitting corrosion 6
2.2.1.1 Effect of microstructure 7
2.2.1.2 Inclusions 7
2.2.1.3 Alloy composition 8
2.2.2 Intergranular corrosion (IGC) 9
2.2.3 Hot cracking 9
2.2.4 Stress corrosion cracking (SCC) 11
2.2.4.1 Tensile stresses 11
2.2.4.2 Environment factors 11
2.2.4.3 Susceptible material 15



List of Tables

2.3 Stress corrosion cracking (SCC) of austenitic stainless steel welds 17
2.4 Welding of austenitic stainless steels 18
2.4.1 LASER welding 19
2.4.2 LASER hybrid arc welding 19
2.4.3 Metal inert gas welding (MIG) 20
2.4.4 Spot Welding (SW) 21
2.5 Residual stresses generated by different techniques 22
2.5.1 Residual stress generated during welding 23
2.5.2 Residual stress generated during surface finishing 23
2.6 Solar thermal power plants 23
2.6.1 Solar thermal collectors for solar industrial process heat applications 24
2.6.2 Solar collector 25
2.6.2.1 Non-concentrating type solar collectors 25
2.6.2.1.1 Flat plate solar water collector 26
2.6.2.1.2 Evacuated tube collector 27
2.6.2.1.3 Direct flow evacuated tube collector 28
2.6.2.1.4 Heat pipe evacuated tube collector 28
2.6.2.2 Concentrating type solar collectors 29
2.6.2.2.1 Compound parabolic concentrator (CPC) 30
2.6.2.2.2 Central receiver (or) solar tower 30
2.6.2.2.3 Parabolic dish collector 31
2.6.2.2.4 Parabolic trough collector 31
2.6.3 Various materials used in solar thermal power plants 32
2.6.4 Thermionic fluids properties and various degradation mechanisms 33
Chapter 3:

3.0 Experimental 35
3.1 Materials 35
3.2 Non-destructive evaluation 36
3.3 Heat treatment 37

3.4 Surface roughness measurement 37



List of Tables

3.5 Microstructural characterization 37
3.5.1 Sample preparation 37
3.5.2 Microstructural evaluation 38
3.5.2.1 Optical Microscope (OM) 38
3.5.2.2 Field Emission Scanning Electron Microscope (FESEM) 38
3.6 X-ray diffraction 38
3.7 Buffing operation 38
3.8 Mechanical characterization techniques 39
3.8.1 Hardness testing 39
3.8.2 Residual stress measurement 39
3.8.3 Determination of stress corrosion cracking (SCC) susceptibility 41
CHAPTER 4:

4.0 RESULTS AND DISCUSSION 42
4.1 PART-I: Failure analysis of AISI 321 stainless steel (SS) welded tubes

in solar-Thermal power plant 42
4.1.1 Visual Examination and Dye Penetrant Testing 42
4.1.2 X-ray diffraction of all welded AISI 321 SS tubes 45
4.1.3 Micro hardness measurement 46

4.1.4 Microstructural characterization of the base material of AISI 321
stainless steel 47

4.1.5 Microstructural characterization of the differently welded region

of AISI 321SS Tubes 52
4.1.5.1 Spot welded region of the tubes 52
4.1.5.2 Laser beam welded tubes 54
4.1.5.3 Metal inert gas welded tubes 56
Summary of Part | 58
4.2 PART-II: Stress corrosion cracking (SCC) susceptibility of LBW,

MIG and base metal of AISI 321 SS tubes 59

4.2.1 Micro structural characterization of LBW specimen after MgCl, test
for 5 h, 10 h, and 72h 59



4.2.1.1 Micrographs of LBW region after MgCl, test for 5 h

4.2.1.2 LBW specimen after MgCl, test for 10 h

4.2.1.3 LBW specimen after MgCl, test for 72h

4.2.2 Microstructural characterization of base material after MgCl, test
for 5h, 10h, and 72h

4.2.2.1 Base material micrograph after MgCl, test for 5h

4.2.2.2 Base material micrograph after MgCl; test for 10h

4.2.2.3 Base material micrograph after MgCl, test for 72h

4.2.3Micro structural characterization of MIG weld specimen after
MgCl; test for 5 h, 10 h and72h

4.2.3.1 Micrographs of MIG welded region after MgCl, test for 5h
4.2.3.2 Micrographs of MIG weld samples after MgCl, test for 10h
4.2.3.3 Micrographs of MIG welded samples after MgCl, test for 72h
4.2.4 Micro structural characterization of Spot welded region of the
tubes after MgCl, test for 5h, 10 h, and 72 h

4.2.4.1 Spot welded region of the tubes after MgCl, test for 5 h

4.2.4.2 Spot welded region of the tubes after MgCl; test for 10h
4.2.4.3 Spot welded region of the tubes after MgCl, test for 72 h

4.2.5 After post weld heat treatment micro structural characterization of
LBW, MIG, base metal specimens after 5 h MgCl, test

Summary of Part-II

4.3 PART-III: Surface engineering of welded tubes of AISI 321 SS for
preventing chloride induced SCC

4.3.1 X-ray diffraction

4.3.2 Surface roughness

4.3.3 Microhardness

List of Tables

59
59
60

61
61
62
62

63
63
63
64

65
65
66
66

67
68

69
69
71
72

4.3.4 SCC susceptibility studies on LBW, MIG, spot weld and base metal of

AISI 321 SS tubes after buffing

Summary of part-Ill

72
77

4.4 PART-IV: Mechanistic understanding of the improvement in SCC resistance of



buffed AISI 321 SS welded tubes
CHAPTER 5:

5.0 Conclusions

Scope of future work
REFERENCES

List of Tables

78

82
83
84

Vi



List of Tables

List of Tables

Table No. Title Page No

Chemical compositions of base metal AISI 321
Table 3.1 _ 36
stainless steel (wt. %)

The chemical composition of ¢ phase and §—ferrite obtained
Table 4.1 50
from EDS

Table 4.2 The grain size of the AISI 321 SS tubes 58

Full width at half maximum (FWHM) values in buffed and
Table 4.3 70
un-buffed 321 SS

Average surface roughness of un-buffed surfaces of 321 SS
Table 4.4 ) 71
for LBW, MIG welded and base material

Average surface roughness of buffed surfaces of 321 SS for
Table 4.5 71
LBW, MIG welded and base material

Residual stress measurements on the surface of AlSI 321 SS
Table 4.6 ) 81
tube weld after buffing.

vii



List of Figures

List of figures

Figure No Title Page No
Figure 2.1 | Flow chart showing different grades of austenitic stainless steels 4
Figure 2.2 Phase diagram o_f s_olubility_ qf carpon with respect to M23Cg carbides (M 5
= Cr, Fe, Mo, Ni) in austenitic stainless steel
Figure 2.3 | Pitting attack at grain boundaries in austenitic SS 7
Figure 2.4 | Nitrogen content vs. pitting potential 8
Figure 2.5 | The effect of solidification rate on solidification mode 10
Figure 2.6 Effec_t of temperature on stress corrosion cracking of type 304 stainless 12
steel in MgCl;
Figure 2.7 Susceptibility tg SCC of types 304 and 316 st_ainless steel in oxygen 13
saturated and nitrogen-saturated MgCI2 solution (U-bend test)
Figure 2.8 | Effect of MgCl, concentration on time to failure 14
Effect of chloride content and temperature on type of corrosion in (a)
sodium chloride solutions: initial pH 2, (b) sodium chloride solution:
Figure 2.9 | initial pH 7, (c) sodium chloride solution: initial pH 12, (d) magnesium 15
chloride solutions: initial pH 7, (e) calcium chloride solutions: initial pH
7, (f) zinc chloride solutions: initial pH 7
Figure 2.10 Sj[ress corrosion cracking susceptibility in boiling MgCI2 as a function of 16
nickel content.
Comparison of stress corrosion cracking resistance of some austenitic
Figure 2.11 | stainless steels, Drop evaporation method testing with loading to 0.9 x 17
Rp0.2
Figure 2.12 | Different types of welding processes used for welding stainless steels 18
Figure 2.13 | Schematic of LASER Hybrid arc welding 20
Figure 2.14 | Schematic of Electrical Resistance Spot Welding Technique 21
Figure 2.15 Threshold stres§es for chlgride stress corrosion cracking under 29
severe evaporative conditions
. Schematic of the concentrated solar thermal power plant
Figure 2.16 (Parabolic trough reflectors) 24
Figure 2.17 | Different types of solar collectors 25
Figure 2.18 | Schematic diagram of a flat-plate collector 26
Figure 2.19 | Schematic diagram of an evacuated tube collector 28
Figure 2.20 | Schematic of heat pipe evacuated tube collector 29
Figure 3.1 | Shows the FESEM microstructure of the AISI 321 stainless steel 35
Figure 3.2 | AISI 321 SS heat exchanger tube indicating the location of seam weld 36

viii




List of Figures

and spot weld

Figure 3.3 | Dye penetrate test (DPT) images of AISI 321 stainless steel tubes. 37
Boiling magnesium chloride test setup [ASTM G36-94] for

Figure 3.4 evalu_ating SCC resistance of metals and alloys in a boili_ng MgCl; a1
solution, (1) Erlenmeyer flask, (2) condenser, (3) water inlet and outlet,
(4) thermometer, (5) heater.

Figure 4.1 | shows the schematic of solar thermal power plant 43

Figure 4.2 @ shovv_s the actual plant _AISI 321 SS tube (b) shows the 43
schematic of AISI 321 stainless steel tube heat exchanger

Figure 4.3 | shows the heat exchanger tube and location of the spot weld 44
(a) Shows the cracks on the outer surface of the tube near the spot weld

Figure 4.4 | and (b) shows the cracks detected on the inner surface of the tube near 44
the spot weld by dye penetration test

Figure 4.5 | X-ray diffraction spectra of the different weld regions on AISI 321 SS 45

Figure 4.6 | Micro hardness profiles of the differently welded AISI 321 SS tubes 46

Figure 4.7 | FESEM micrograph of the AISI 321 stainless steel base material 47
FESEM microstructure of AISI 321 SS tube showing different

Figure 4.8 | precipitates at different regions, (a) TizN, (b) o and &-ferrite (LON KOH 48
solution), (c) Ti (C, N), and (d) 8-ferrite

Figure 4.9 | EDS spectra of Ti,N (EDS spot 1) and Ti (C, N) (EDS spot 2) 49

Figure 4.10 | FESEM electron image and EDS spectrum of sigma (o) 51

Figure 4.11 | Electron image and EDS spectrum of delta (&-ferrite) 52

Figure 4.12 The optical micrographs of cracks in the spot welded region of AISI 321 53
SS tube

Figure 4.13 | The magnified view of the cracked region 53

Figure 4.14 | FESEM micrograph of Laser beam weld (LBW) 54

Figure 4.15 FESEM micrograph of the interface of the fusion zone and base metal of 55
laser beam weld

Figure 4.16 FE§EM micrograph of LBW 321 SS tube showing the interface of 55
fusion zone and base material

. FESEM micrograph of LBW 321 SS tube showing slip bands and flow

Figure4.17 | . . . . 56
lines in the base material region away from the weld zone
FESEM micrographs of the different regions of MIG welded AISI 321

Figure 4.18 | stainless steel (a) polygonal grains in the base metal (b) dendritic 57
structure in the fusion zone
FESEM cross sectional micrographs of a) MIG welded AISI 321

Figure 4.19 | stainless steel tube near the weld interface and b) distribution of ¢ phase 57

(etched using 10N KOH solution) and o ferrite near the interface of




List of Figures

fusion zone and base metal.

(a) FESEM micrographs of LBW welded tubes surface after boiling

Figure 4.20 | magnesium chloride test for 5h and (b) optical micrograph of cross 59
section near LBW welded zone after 5h test

Fiqure 4.21 FESEM micrographs of LBW welded tubes after boiling magnesium 60

g ' chloride test for 10h; (a) surface and (b) cross section

Figure 4.22 FESEM cross section micrographs of LBW weld sample after MgCl, 60
test for 10 h

Figure 4.23 Optical mlcrograp_)hs of LBW weld after MgCl, test for 72 h. (a) surface 61
and (b) cross section

Figure 4.24 Optical micrographs of ba_lse material after boiling MgCl; test for 5h; (a) 61
surface and (b) cross section

Figure 4.25 Optical micrographs of base _materlal after boiling MgCl; test for 10h; 62
(a) surface and (b) cross section

Figure 4.26 Optical micrographs of base material cross section after boiling MgCl, 62
test for 72h
(a) FESEM micrographs of MIG welded tube surface and (b) optical

Figure 4.27 | micrograph of MIG welded tube cross section after exposing it to MgCl, 63
test for 5h
(a) FESEM micrographs of MIG welded tube surface and (b) optical

Figure 4.28 | micrograph of MIG welded tube cross section after boiling MgCl, test 63
for 10h

Figure 4.29 EESEM micrographs of MIG weld Cross section after MgCl, test for 64

. (a) and (b) are the optical micrograph of MIG weld cross section after

Figure 4.30 MgCl, test for 72h. o4
(a) FESEM micrograph of the spot welded region surface and (b) Optical

Figure 4.31 | micrograph spot welded region cross section of the tube after MgCl, test 65
for5h
(a) FESEM micrograph of Spot welded region surface and (b) optical

Figure 4.32 | micrograph Spot welded region cross section of the tubes after MgCl, 66
test for

Figure 4.33 g)zpthlcal micrograph spot welded region of the tubes after MgCl, test for 67
FESEM Surface micrographs of a) LBW, b) Base metal and ¢) MIG and

Figure 4.34 | (d, e, f) shows the cross sectional micrographs of LBW, Base metal and 68
MIG respectively After 5 h MgCl, test

Figure 4.35 | XRD pattern of LBW, MIG welded and base material of AISI 321 SS 70




List of Figures

tubes in buffed and un-buffed condition.

Figure 4.36

Hardness profiles of the different weld joints of AISI 321 SS tubes after
buffing operation

72

Figure 4.37

FESEM micrographs of the surface of LBW 321 SS in buffed and un-
buffed condition after SCC tests (a) un-buffed; 5 h exposure (b) buffed;
5 h exposure, (c) un-buffed; 10 h exposure and (d) buffed; 10 h
exposure

74

Figure 4.38

FESEM micrographs of the surface of MIG 321 SS in buffed and un-
buffed condition after SCC tests (a) un-buffed; 5 h exposure (b) buffed;
5 h exposure, (c) un-buffed; 10 h exposure and (d) buffed; 10 h
exposure

75

Figure 4.39

FESEM micrographs of the surface of spot weld 321 SS in buffed and
un-buffed condition after SCC tests (a) un-buffed; 5 h exposure (b)
buffed; 5 h exposure, (c) un-buffed; 10 h exposure and (d) buffed; 10 h
exposure

76

Figure 4.40

FESEM micrographs of the surface of base material 321 SS in buffed
and un-buffed condition after SCC tests (a) un-buffed; 5 h exposure (b)
buffed; 5 h exposure, (c) un-buffed; 10 h exposure and (d) buffed; 10 h
exposure

77

Figure 4.41

Schematic showing the factors responsible in causing SCC

78

Figure 4.42

Schematic showing factors responsible in causing reducing SCC

79

Figure 4.43

Schematic of the buffing operation

80

Figure 4.44

Schematic of the buffing operation for inner surface of the tube

80

Xi




List of publications/ conferences

LIST OF PUBLICATIONS/CONFERENCES

Journal Publications

Kamal Mankari, Swati Ghosh Acharyya, “Development of stress corrosion
cracking resistant welds of 321 stainless steel by simple surface engineering”,
Applied Surface Science, Volume 426, 2017, Pages 944-950.
(https://doi.org/10.1016/j.apsusc.2017.07.223)

Kamal Mankari and Swati Ghosh Acharyya, “Failure of AISI 321 stainless
steel welded pipes in solar thermal power plants”, in Engineering Failure
Analysis, Volume 86, April 2018, Pages 33-43
(https://doi.rg/10.1016/j.engfailanal.2017.12.020).

Conference Proceedings

Kamal Mankari, Swati Ghosh Acharyya, “Cracking of AISI 321 stainless
steel welds in solar thermal power plant: Root cause analysis”, Conference
Proceeding in NIGIS, CORCON 2017, 17-20 September, Mumbai, India.

Kamal Mankari, Pandu Sunil Kumar, Swati Ghosh Acharyya ‘‘Distinguishing
effect of buffing on residual stress distribution and susceptibility of austenitic stainless
steel to stress corrosion cracking’’Materials Research Proceedings 6 (2018) 139-144

(http://dx.doi.org/10.21741/9781945291890-22).

International Conferences attended

“SCC of AISI 321 Stainless steel welds in solar power plants”, The
International Institute of Welding- 6™ Welding Research and Collaboration
Colloquium, 7-9 April, 2016 at Hyderabad.

“Cracking of AISI 321 Stainless steel welds in solar thermal power plant: Root
cause Analysis”, International Conference: CORCON, held during 17-19
September, 2017 at Mumbai.

xii


http://dx.doi.org/10.21741/9781945291890-22

List of Abbreviations

LIST OF ABBREVIATIONS

SS
AlSI
Nb
Ti
LBW
MIG
SCC
XRD
ASTM
MgCl,
TIG
FCC
Cr

Al

Cu
Mo
BCC
BCT
TEM
HAZ
KLA

LSND
LPHSW
LSP
LPB

Stainless steel

American iron and steel institute
Niobium

Titanium

Laser beam welding

Metal inert gas welding

Stress corrosion cracking

X-ray diffraction

American Society for testing and materials
Magnesium chloride

Gas tungsten arc welding
Face-centered cubic

Chromium

Aluminum

Copper

Molybdenum
Body-centered-cubic

Body centered tetragonal
Transmission electron microscopy
Heat affected zone

Knife line attack

Delta ferrite

Sigma phase

Low stress non-distortion welding
Last pass heat sink welding

Laser shock processing

Low plasticity burnishing

xiii



IHSI
LPB
MSIP

DPT
LPT
FESEM
EDAX
SFPM
Rpm

JCPDS
ETCs
DSG
FPC
CPC

CSP
CPC

PTC

List of Abbreviations

Induction heating stress improvement

Low plasticity burnishing

Mechanical stress improvement procedures
Intergranular

Dye penetrant test

Liquid penetrant test

Field emission scanning electron microscopy
Energy dispersive analysis of X-rays

Surface feet per minute

Revolutions per minute

Poisson’s ratio

Austenitic phase

Joint committee on powder diffraction standards
Evacuated tube collectors

Direct steam generation

Flat plate collectors

Compound parabolic concentrator
concentrated solar power
Compound parabolic concentrator

parabolic trough collector

Xiv



ABSTRACT

Failure of AISI 321 SS tubes used for transport of hot thermic fluid in solar thermal
power plants has been studied here with two primary objectives a) to understand the
mechanism behind the failure b) to provide a solution to prevent such failures. The
AISI 321 stainless steels tubes were seam welded either by laser beam welding (LBW)
or by metal inert gas welding (MIG) together with spot welds at selected locations on
the surface. The cracks were identified using dye penetration tests followed by
microstructural characterization using optical microscopy (OM), field emission
scanning electron microscopy (FESEM) and phase determination using X-ray
diffraction (XRD). The surface roughness was measured using optical surface
profilometer. Stress corrosion cracking (SCC) tests as per ASTM G36 tests were
carried out on the tubes for 5 h, 10 h, and 72 h to check whether the tensile residual
stress levels were above or below the threshold level. Detailed investigation revealed
that leakage in each case occurred near spot welded joints due to high tensile residual
stresses and chloride-induced SCC of AISI 321 SS. SCC susceptibility tests of the
welds showed that both the seam welds and the spot welds had tensile residual stresses
beyond the threshold limit due to improper post weld heat treatment. The spot welded
region experienced early nucleation and propagation of cracks in presence of chloride
ions leading to leakage. The application of post weld heat treatment is often difficult
for large industrial components hence alternately surface buffing treatment has been
proposed and proved to be a simple and innovative approach to enhance the SCC
resistance of AISI 321 SS. The outer and inner surfaces of each of the welded tubes
were subjected to buffing operation followed by determination of residual stress
distribution and surface roughness by XRD and surface profilometer measurements
respectively. The buffed surfaces were exposed to SCC tests under similar conditions
as per ASTM G36. The results showed that the buffed surfaces were resistant to SCC
whereas the un-buffed surfaces underwent severe SCC for the same exposure. Buffing
imparted high magnitude of compressive residual stresses on the SS surface, without
inducing any additional plastic strain, unlike shot peening and laser peening operations

which led to increase in SCC resistance of the welds in presence of chloride ions.



Chapter —I: Introduction

CHAPTER 1

1.0 Introduction

1.1 Background

Austenitic stainless steels find numerous applications in different industrial sectors due to its high
strength, good weldability, and good corrosion resistance. However, these steels are susceptible to
localized corrosion, like pitting, crevice corrosion and stress corrosion cracking (SCC) which can
lead to failure in chemical, petrochemical industries, power plants, and civil structures etc. [1-7].
SCC is a phenomenon wherein cracking takes place under the synergistic action of tensile stresses,
aggressive environment, and a susceptible material, failure occurs without any warning. The stresses
present in the material may either be in-service stresses or residual stresses. Tensile residual stresses
arise in the material due to different steps involved in component fabrication like bulk deformation,
surface finishing techniques like grinding, turning, and welding etc. [8-9]. Welding generally results
in the development of a high magnitude of tensile residual stresses due to the constrained weld
geometry. The thermal expansion and contraction of the alloy during welding gets restricted due to
the constraint geometry resulting in the development of a high magnitude of tensile residual stresses.
The magnitude and nature of residual stress distribution in the component depends on the nature of
welding and the welding parameters such as welding speed, heat input, time for cooling etc. [10].
Compressive residual stresses are beneficial to reduce the susceptibility towards SCC [11-16]. Some
of the techniques which induce compressive residual stresses on the surface are shot peening,
LASER shock peening, ultrasonic peening, water jet peening, and burnishing which induces
compressive residual stresses on the surfaces induces high surface strain and result in increased
surface roughness [17-22].Surface buffing, on the other hand, has many advantages like reduced
surface roughness, minimum plastic strain together with the generation of compressive residual
stresses [12]. The present study deals with SCC resistance of AISI 321 SS tubes which are used in
solar thermal power plants for transport of thermic fluid containing chloride ions. Several of these
SS tubes fail while in service after very short exposure to service conditions leading to leakage of the

thermic fluid. The study has been initiated by root cause analysis followed by a mechanistic
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Chapter —I: Introduction

understanding of the cause and finally an innovative approach has been applied to scientifically

solve the issue.

1.2 Objectives of the thesis

The four primary objectives of the thesis are listed as follows:

e To establish the root cause and mechanism of failure of AISI 321 SS tubes in a solar thermal
power plant.

e To determine whether residual stress levels in a) LASER welded, b) MIG welded, c) spot
welded AISI 321 stainless steel tubes are above the threshold level for chloride induced SCC.

e To enhance the SCC resistant of 321 SS tubes by surface engineering.

e Delineating the mechanism behind enhanced resistance of 304L SS against chloride induced
SCC.

1.3 Thesis Layout

Chapter 1 gives a background to the study. Chapter 2 gives the review of the corrosion issues in
stainless steel components used in solar thermal power plant. Chapter 3 gives the scheme of
experiments carried out for the study together with experimental details. Chapter 4 gives the results

and discussion and is sub divided into three sections which are as follows:

Partl: Root cause analysis of failure of AISI 321 SS welded tubes in the solar

thermal power plant

Part 2: Determination of stress corrosion cracking (SCC) susceptibility of LBW, MIG
and spot welded AISI 321 SS tubes

Part 3: Prevention of chloride induced SCC in welded tubes of AISI 321 SS by

simple surface buffing operation

Part 4: Mechanistic understanding of the effect of buffing operation on the SCC
resistance of AISI 321 SS

Chapter 5 presents the conclusions followed by future directions of research and references.

University of Hyderabad Page 2



Chapter —I1: Literature Review

CHAPTER 2

2.0 Literature review

2.1 Austenitic stainless steels

Generally austenitic stainless steels contain 18-25 wt % of Cr, 8-20 wt % of Ni and carbon content is
> 0.08 wt %. Austenitic stainless steels also have some other alloying elements such as Mo, N, Nb or
Ti. A composition of some austenitic stainless steels is as shown in Figure 2.1.Austenitic stainless
steels are non-heat treatable. Addition of Nitrogen (N) to the austenitic stainless steels gives higher
strength [32], toughness, corrosion resistance, non-ferromagnetic behavior, and higher creep
resistance [23]. Ferrite stabilizers such as Mo and Nb or Ti leads to the formation of alpha (o) and
sigma (o) phase in austenitic stainless steels [33]. Presence of both austenite and ferrite phase in
stainless steel was observed when the Mo is increased to 2 wt %. Further, Mo forms as an
intermetallic sigma phase, which causes room temperature embrittlement [33]. The other alloying
elements also play an important role in accordance with the austenite or ferrite-forming elements.
These alloying elements may increase or decrease the tendency towards the formation of delta-ferrite
at solution-treatment temperature. Further, the austenitic stainless steels have been classified into
un-stabilized and stabilized grades [32, 34].
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Figure 2.1 Flow chart showing different grades of austenitic stainless steels

2.1.1 Un-stabilized grades of austenitic stainless steels like AISI 304 and AISI 316

The carbon content in austenitic stainless steels (un-stabilized grade) is up to 0.15 wt % above the

austenitizing temperature (1100°C) which is followed by rapid cooling which results in the retainment

of carbon in solid solution. Where the alloy is exposed to a temperature between 450°C and 850°C

followed by slow cooling, carbon leads to the formation of the Cr—carbides (M23C¢) at the grain

boundaries. Figure 2.2 shows the phase diagram of solubility of carbon with respect to My3Cq

carbides. Presence of Mo decreases the solubility of carbon in austenite and accelerates the Cr-

carbide precipitation. [32].
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Figure 2.2 Phase diagram of solubility of carbon with respect to M»3Cs carbides (M = Cr, Fe, Mo,

Ni) in austenitic stainless steel [32]

2.1.2 Stabilized grades like AISI 321 and AISI 347

Sensitization of austenitic stainless steel is prevented by the addition of stabilizers like Ti and Nb. Ti
and Nb when added to austenitic stainless steels (stabilized grade) results in the formation of
titanium carbides, titanium nitrides in AISI 321 stainless steels and niobium carbides and niobium
nitrides in AISI 347 stainless steels before the formation of chromium carbide, hence protecting the
steel from getting sensitized. The extent of precipitation of Titanium or Niobium rich carbides
depends on its solubility in the austenitic matrix. The higher the solubility, lower the precipitation.
The following relation gives the solubility of titanium and niobium carbides in 18Cr-12Ni steel [21],
as given in the equation (equation 2.1 and 2.2).

2.97 — 6780

log[Ti][C] = == ——— === == === == === —— - 2.1

4.55 —-9350

log[NB][C] = === === === — == === —— 2.2

In correspondence to the general equation which is given as in equation (equation 2.3)
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togmi) = 23

where; M wt. % of the element to be added as stabilizer
X wt. % of carbon
A

constant,

H is the heat of dissolution,
R is the perfect gas constant and
T is the absolute temperature. [32]

2.2 Corrosion issues in austenitic stainless steels
The formation of a passive film at the surface of stainless steel is the key to its high corrosion
resistance. However, the passive film forms only when the percentage of chromium is greater than
12 wt %. This passive film consists of mixed oxides of Cr and Fe, which gives excellent corrosion
resistance in different types of chemical environments [36]. This film has the ability to rebuild itself
by oxidation of the underlying metal when it has been damaged. However, when the passive layer is
broken down locally, it leads to localized corrosion of 321 SS. Different types of localized corrosion
in austenitic stainless steel welds are as follows

1. Pitting corrosion

2. Intergranular corrosion
3. Hot cracking
4

Stress corrosion cracking

2.2.1 Pitting corrosion

Pitting corrosion is a localized form of corrosion by which cavities or holes are produced in the
material. Pitting is considered to be more dangerous than uniform corrosion damage because it is
more difficult to detect and predict. Pitting corrosion occurs where chloride ions cause a local
breakdown of the passive layer. Major metallurgical variables on pitting corrosion of austenitic

stainless steels are given below.
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2.2.1.1 Effect of microstructure

Pitting corrosion causes a severe reduction in performance in engineering components either by
directly damaging the structure or by providing sites of the pit for the stress corrosion cracks to
initiate and propagate [37]. The pitting generally starts at the grain boundaries, inclusions,
mechanical scratches, slips, second phase precipitates and other heterogeneities existing on the
surface. Figure 2.3 shows the pitting attack at the grain boundaries in the austenitic SS [38]. Pitting
primarily starts at the grain boundaries because during carbide precipitation the Cr and other alloying

elements depletion occurs at this region [39].

/a. ’4—&‘

Figure 2.3 Pitting attack at grain boundaries in austenitic SS [39]

2.2.1.2 Inclusions

Pitting attacks at the inclusion can occur in three different stages, they are as follows:

e Inclusion dissolution and initiation of micro-cavities,

e Agglomerating of chloride ions at micro-cavities and

e Initiation and growth of pits at such sites.
Inclusions such as sulphide inclusions like (MnS) have high conductivity compared to the
surrounding oxide film [38]. Under chlorides environments, these ions are adsorbed on the surface,
wherein the adsorbed chloride ions facilitate the anodic dissolution of sulphide inclusions. The

corrosion potential of a passive stainless steel surface in a chloride solution is generally in between 0
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to + 200mV. Moreover, this potential range makes the sulphide thermodynamically unstable and
tends to dissolve as per the potential-pH diagram of MnS-H,O-Cl system [39]. When the sulphide
dissolves, a part of the metal surface is exposed to the environment and pits continue to grow there
with time.

2.2.1.3 Alloy Composition
The chemical composition of the alloy also plays a major role in the pitting resistance. In stainless
steels, Cr, Mo, Ni is the main alloying elements which decrease the pitting. Increase in the chromium
content enhances the stability of the passive film, while the increase in the nickel content delayed the
decrease in pH during pit growth by neutralizing the solution in the pit. Mo is specifically added to
improve the localized corrosion resistance and mechanical properties at elevated temperatures. Mo
containing steel showed a slower pit growth than of the Mo-free steel [40], the exact mechanism by
which Mo improves the pitting resistance is still not clear. Small additions of Ti are beneficial in
improving the pitting resistance [38, 40-43]. But the effect is minimal at a higher percentage of Ti
(1.8 wt %), which is due to the formation of new phases which are susceptible to pitting attack [43].
Addition of N as an alloying element to austenitic SS promotes the passivity. This addition of N
widens the passive range in which probability of pitting is negligible [44-48] the addition of N has

been reported to improve the pitting corrosion resistance of austenitic stainless steels as shown in
Figure 2.4 [49].
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Figure 2.4 Nitrogen content vs. pitting potential [49]
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The surface finish also plays a major role in increasing the pitting resistance of stainless steels. The
resistance to pitting changes with the degree of mechanical polishing, a higher degree of mechanical
polishing leads the resistance towards pitting, as mechanical polishing covers grain boundaries and

inclusions with the flowed metal.

2.2.2 Intergranular corrosion (IGC)

The austenitic stainless steels are resistant to general corrosion, but during welding, these steels are
susceptible to IGC due to sensitization, Sensitization of the heat affected zone (HAZ) takes place due
to which the corrosion resistance of the welds is decreased [38]. This phenomenon generally occurs
when the steel is held for a long time in the temperature range of 450-850°C. Precipitation of Cr-rich
carbides along grain boundaries takes place at this temperature range leading to the formation of
chromium depleted zone near the grain boundaries. Sensitization of the welds can be prevented by a)
reducing the wt% of C in the steel or b) by addition of stabilizing elements like Ti and Nb which
form carbides earlier than Cr [29].

However, stabilized grades of austenitic SS are also observed to undergo ‘knife line attack’ (KLA)
due to the improper post weld heat treatments [38]. Knife line attack is a localized form of
intergranular corrosion that occurs adjacent to the weld pool in type 321 and 347 austenitic stainless
steels. The region near the weld pool experiences very high temperatures leading to the dissolution
of carbides of Ti or Nb in stainless steel. Subsequently, stress relief annealing treatment results in the
chromium carbide precipitation just adjacent of the weld pool leading to sensitization in a very

narrow zone [27]. This type of corrosion is called KLA.

2.2.3 Hot cracking

Hot cracking or solidification cracking resistance of austenitic SS welds has been considered based
on the solidification modes and the nickel/chromium equivalents in welding processes, where the
cooling rates are high. Kujanpd& et al. [50] reported that the austenitic, stainless steels usually
solidify as single-phase ferritic mode. This forms an essential part of microstructure transforming to
austenite (100 %) during cooling at room temperature without any ferrite, showing an essential
effect on stress corrosion cracking. The solidification mode is strongly dependent on the
composition. From Figure 2.5 it is evident that the solidification modes can be calculated by

chromium/nickel equivalents [50]. If the ratio of chromium/nickel equivalents is below 1.5,
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solidification results are fully austenitic or austenitic-ferritic structure and when it ranges between
(1.5-2.0) it is ferritic — austenitic [51].

’_\1000 1 1 1 | I I I
K
E Austenite
= 100} (A) -
Q
E Ferrite
S 10| (F) A
©
RS/
=]
5 1F .
D

01 1 | 1 1

1.5 2.0

Cr,/ Ni
Figure 2.5 The effect of solidification rate on solidification mode [50]

The formation of hot cracking could depend on weld design and composition of filler metal.
However, a lower hot cracking susceptibility was observed when the weld pool was wider and of the
primarily ferritic structure. Presence of a minimum amount of J§-ferrite helped to prevent hot
cracking in welds [38] due to the synergistic effect of the following reasons.

(1) The impurity elements are highly soluble in the o-ferrite which results in a decrease in
interdendritic segregation.

(2) The austenite-ferrite interface followed an asymmetric path which prevented crack generation.
(3) y —0 boundary has lesser surface energy and also has decreased wet ability characteristics to
eutectic films when compared to y—y or 60 interfaces.

(4) The ferrite formation resulted in a larger interfacial region because of its solid state
transformation to austenite which is initiated immediately after solidification.

(5) Ferrite is found to be more ductile at elevated temperatures when compared to austenite which
results in relaxation of thermal stresses.

(6) Ferrite has a lesser coefficient of thermal expansion when compared to austenite which leads to

lower contraction stresses.
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(7) The welds of primary ferrite have a lower solidification temperature range than the solidification
range of primary austenite. As a result, they provide a lower critical temperature range for cracking.
(8) Delta ferrite helps in grain size refinement during solidification of the metal, leading to superior

mechanical properties and better resistance to cracking.

2.2.4 Stress corrosion cracking (SCC)
SCC of austenitic stainless steel welds is a major issue widespread in the industrial sector. SCC
occurs as a synergistic effect of a) tensile stresses, b) susceptible material and c) aggressive
environment.
2.2.4.1 Tensile Stresses:
Tensile stresses are generated in the material in the form of applied load or residual stress
during service or welding make a material susceptible to SCC. The threshold limit of residual
stress of material for SCC initiation depends on microstructure and the aggressiveness of the
service environment. For e.g. in hot chloride condition, the stresses required to induce SCC is
as low as 20 % yield stress [22].
2.2.4.2 Environment factors:
Materials become susceptible to SCC only in the presence of a specific environment.
Temperature, pH, a concentration of ions, a conductivity of the environment determines its
aggressiveness. Hot concentrated hydroxides have been identified to be the cause of failure in
boilers and other steam generating equipment’s.
e Temperature effect
At higher temperature, the time to failure is shorter. The crack initiation time and crack
propagation time are not that easy to distinguish experimentally. The total time to failure is
mostly reported. Kowaka et.al [52] showed the apparent activation energy to be between 54 and
96 kJ/mol (Figure 2.6).
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Figure 2.6 Effect of temperature on stress corrosion cracking of type 304

stainless steel in MgCl; [52]

e pH effect

Uniform corrosion can be predominate if the pH level is below 2, but recent reports show that
chloride induced stress corrosion cracking does occur at a low pH level at room temperature
[53]. In general, the time to failure is longer at higher pH levels [54].

e Dissolved Oxygen

The time to failure in an oxygenated environment is shorter, as shown in Figure 2.7 which
compares cracking in oxygenated and nitrogen purged in chloride solutions. The greater severity

of cracking in the oxygenated solution supports the role of anodic dissolution in crack growth.
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Figure 2.7 Susceptibility to SCC of types 304 and 316 stainless steel in oxygen saturated and
nitrogen-saturated MgClI2 solution (U-bend test) [52]

e The Effect of Chloride lon Concentration

The effect of increasing the chloride concentration is to accelerate [54] the cracking. Edeleanu
et.al data also include a temperature effect of MgCl,, concentration on the cracking type 304 and
321 type stainless steels [34] as shown in Figure 2.8. Truman conducts the different solutions
used those are chlorides of sodium, magnesium, calcium or zinc in de-mineralized water. The
standard pH was 7 with values of 2 and 12 also being used in the case of sodium chloride
adjustments of pH were made by additions of hydrochloric acid or of sodium hydroxide on type
304 SS. Temperatures were maintained at 20, 40, 60, 80°C or boiling point by immersion of the
flasks in thermostatically controlled baths or on hot plates shown Figure 2.9.
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Figure 2.8 Effect of MgCl, concentration on time to failure [34].

In only one instance was cracking noted at a temperature below 80°C (in a sodium chloride
solution of pH 2 at 60°C) and thus the results are in line with service experience where
failure at temperatures below 80°C is rare, and also note that SCC, can occur at lower
temperatures under specific, strongly acid conditions or when the steel is coated with moist
chloride deposits a but such conditions rarely apply in practice. Chloride concentration in the
range 5 x 10%-10° ppm had little effect on the incidence of SCC, although there was some
indication of increasing time to initiation with decreasing chloride content. [55] SCC
incidence was lower at 10? ppm chloride and presumably would be even less with smaller
chloride contents. Some slight effect of cation species may be inferred from the results with
the apparent order of severity being Na > Mg >Ca> Zn. These trends appear to apply both to
the incidence of SCC and time to initiation. There were no significant differences between
changes of pH during the test with the various salts. Temperature is a very important feature
and in this series of tests no SCC was observed for tests carried out at temperatures below
60°C.
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Figure 2.9 Effect of chloride content and temperature on type of corrosion in (a) sodium chloride
solutions: initial pH 2, (b) sodium chloride solution: initial pH 7, (c) sodium chloride solution: initial
pH 12, (d) magnesium chloride solutions: initial pH 7, (e) calcium chloride solutions: initial pH 7, ()

zinc chloride solutions: initial pH 7[55].

O = Unaffected.
C = Cracked.
P = Pitted.

S = Stained with no visible corrosion.

2.2.4.3 Susceptible material

The material properties such as surface roughness, stacking fault energy, microstructure plays a
major role in determining its susceptibility to stress corrosion cracking. Homogenous
microstructure, high stacking fault energy, and low surface roughness are desirable for achieving

greater resistance to SCC. Alloy composition including the concentration of impurity and the
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presence of trace elements influences the SCC properties of metals and alloys. [56] Cracking
may also occur in high strength stainless steels, such as martensitic or precipitation hardening
steels. This type of cracking is almost always due to hydrogen embrittlement and can occur in
both environments containing sulphides and environments free of sulphides. The risk for stress
corrosion cracking (SCC) is strongly affected by both the nickel content and the microstructure.
The effect of nickel content is apparent in Figure 2.10. Both high and low nickel contents give
better resistance to stress corrosion cracking. In the case of the low nickel contents, this is due to
the structure being either ferritic or ferritic-austenitic. The ferrite phase in stainless steels with

low nickel content is very resistant to stress corrosion cracking.

Time to failure (h)

1000

100 T

10 T

0 10 20 30 40 50
Nickel content (%)
Figure 2.10 Stress corrosion cracking susceptibility in boiling MgCI2 as a function of nickel content
[56].

In applications in which there is a considerable danger of stress corrosion cracking, steels that either
has low or high nickel content should be selected. The choice could be either a ferritic or ferritic-
austenitic steel or a high alloyed austenitic steel or nickel-base alloy. Although about 40% nickel is
necessary to achieve immunity to chloride-induced stress corrosion cracking, the 20-30% nickel in
steel grades such as 654 SMO, 254 SMO, 904L and A 28 (commonly known by the Sandviktrade
name SANICRO 28) is often sufficient in practice. In this context, it should, however, be noted that
nickel content is not the only factor that governs resistance to stress corrosion cracking the entire

composition of the alloy is important. Molybdenum has been found to have a considerable effect on
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resistance to stress corrosion cracking. However, more than 4% molybdenum is required to obtain a
significant effect, as is apparent from a comparison of 904L and 254 SMO in Figure 2. 11. Selecting
stainless steel for service in an environment that can cause stress corrosion cracking cannot just be
done on the basis of nickel content. High alloy austenitic stainless steels have a very high resistance
to chloride stress corrosion cracking in contrast to the lower alloyed grades of this category. For 654
SMO 100% of Rp0.2 was the highest stress level tested. The threshold stress is above that level in
this test [56].

Time to failure (h)
] 100 200 300 400

"DO4L"

"254 SMO™

AISI316L (hMo)

AISI 304 L

220

Lh

Figure 2.11 Comparison of stress corrosion cracking resistance of some austenitic stainless steels,
Drop evaporation method testing with loading to 0.9 x Rp0.2.[56]

2.3 Stress corrosion cracking (SCC) of austenitic stainless steel welds

Austenitic SS are widely used in industries, primarily due to its strength, ease of welding and
forming. However, welding also results in inhomogeneous microstructures and high magnitude of
tensile residual stresses [23]. Viswanathan et al.[57] reported the effects of delta ferrite, carbon
content and post weld heat treatment on the stress corrosion susceptibility of AISI Types 308, 309
and 316 stainless steel surface welds in high-temperature water. Kumar et al. [58] reported the stress
corrosion cracking susceptibility of super 304H parent metal and gas tungsten arc (GTA) welded
joints. The welded joints were studied by constant load tests in 45 % boiling MgCl, solution. Stress
corrosion cracking resistance of super 304H stainless steel was shown to deteriorate by gas tungsten
arc welding (GTA) welding due to the formation of susceptible microstructure in the HAZ of the

weld joint and the residual stresses. Rapid thermal cycling induced residual stresses in austenitic SS
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during welding. The SCC resistance of the welds depends on the &-ferrite content, its distribution
and its morphology were reported by Singh et al. [59]. A continuous network of &-ferrite leads to
SCC of SS welds as it forms a continuous path for crack propagation. It was also found that Mo
improves the stress corrosion cracking resistance of welds as it strengthens the oxide film and
provides enhanced resistance for pitting corrosion [38].

2.4 Welding of austenitic stainless steels

The two basic methods for welding stainless steels are fusion welding and resistance welding. In
fusion welding, the heat is produce between the carbon or metal electrode and the weld material.
One end of the power supply connection is given to the electrode and other end is given to the weld
material. In resistance weld, the joining takes place due to heat and pressure [28]. Heat is produced
by the resistance to the flow of electrical current, which passes through the parts to be welded and
pressure is applied through the electrodes. Figure 2.12 shows the different types of welding

processes.

welding
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Figure 2.12: Different types of welding processes used for welding stainless steels
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2.4.1 LASER welding

Laser beam welding (LBW) is used to join multiple pieces of metal through the use of a laser. Laser
welding has several advantages compared to conventional arc welding processes. The major
advantages are high welding speed and low heat-affected zone. LBW has a wide range of
applications in various industrial sectors including aerospace, microelectronics, medical, automotive,
optoelectronics, Microsystems etc. In laser welding, the cooling rate is very high, around 1000-
10,000°C/s [60]. Fast cooling rate results prevent the occurrence of sensitization in the weld zone,
and also brittle phase like sigma phases do not exist which are the cause of decreases in ductility.
High cooling rate also influences to attain very fine-grained microstructure of the weld. Batahgy et
al.[60] reported the variable involved in the laser beam welding including laser power, welding
speed, and type of shielding gas, either of which may have important effects on the weld pool. The
penetration depth increased drastically with increase in the laser power. Further, laser power has a
less influence on both the weld profile and HAZ width. A lower welding speed results in bigger
fusion zone and consequently a decrease in depth/width ratio leading to unacceptable weld profile.
The depth/width ratio increases sharply with the increase in the welding speed. However, at a high
welding speed, attenuation of beam energy by plasma is less significant [61]. Moreover, a high
welding speed gives rise to high magnitude of tensile residual stresses in the weld due to the fast rate

of cooling.

2.4.2 LASER hybrid arc welding

LASER Hybrid arc welding was first developed by Eboo and Steen in the late 1970s [62,64]. Figure
2.13 shows the schematic of hybrid laser-arc welding. Hybrid laser-arc welding is a combined
process of gas metal arc welding and laser beam welding. However, this has limited research work
on the process, because of the cost and availability of high-power welding lasers. Research work by
Matsuda et al. [63] showed that the use of laser hybrid process can increase welding speeds with
minimum surface defects and improved penetration [61]. Tadamall et al [65] have studied the effect
of process variables and the performance of variables such as pulse overlap, duty cycle, bead
diameter, and energy density. Experiments were conducted on different welding speeds in the range
from 2 to 10 mm/s on 304 L stainless steel sheet with a laser power of 300-3500 W. It was
concluded that laser power had the maximum influence on weld pool geometry than the other

parameters of laser welding.
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Figure 2.13 Schematic of LASER Hybrid arc welding

2.4.3 Metal inert gas welding (MIG)

The basic principle of the MIG welding process is when an electrical arc is established and
maintained between a base material and a continuous feed wire electrode [28]. Both the arc and the
weld pool are protected from atmospheric contamination by using an inert gas. Gas Metal Arc
Welding is widely used in industries because it gives high production rates, easiness of automation
and ability to obtain high-quality welds with many metals. In arc welding process parameters such as
current, voltage, polarity, electrode diameter, shielding gas composition and flow rate have a great
influence to perform successful welds. Argon gas is used as the basic shielding gas, but Helium can
be added to increase penetration and fluidity of the weld pool. Also, small additions of oxygen or
carbon dioxide are usually needed to stabilize the arc, improve fluidity and bead quality. Towards
the welding of austenitic stainless steels, the addition of small amounts of hydrogen gas also gives
similar results. Moreover, much stronger effects are observed when the helium gas is used instead.
Adding of 2-5 % of hydrogen to argon gas allows to obtain welding speeds comparable to pure
argon. The AISI 304 and 316 sheets have shown good weldability utilizing the electric arc under

different compositions of the shielding gas (pure Ar or Ar plus He, H,, CO, or O,) [66]. Good
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penetration, right weld bead profile, and absence of macroscopic defects are the characteristic
features of this technique.

2.4.4 Spot Welding (SW)

Spot welding is a process of joining, in which two or more metal sheets are joined together through
fusion at a certain point [67]. The schematic of electrical resistance spot welding technique is shown
in Figure 2.14. In spot welding, coalescence is produced by the heat obtained from resistance to the
flow of electric current through the work-piece held together under pressure by electrodes. The size
and shape of the welds are limited primarily by the size and contour of the electrodes. In this
process, two electrodes are used which are made of copper alloys, and they are generally water
cooled. The electrodes are brought together with the work-piece held between the electrodes by a
mechanical force which is supplied by foot, air, hydraulic, or a motor operated. All the stainless
steels that are non-hardenable are readily spot welded.

Welding force

|

Upper electrode

Welding current
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Weld current
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Work pieces — |
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J/ l l Weld current
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Figure 2.14 Schematic of Electrical Resistance Spot Welding Technique

The hardness of spot welded zone being greater than that of the un-welded zone was reported by
Charde et al.[68] Studies by Jamaludin et al[69] showed that with an increase in the weld current
increases the nugget size without affecting the hardness value. Somervuori et al [70] reported the

formation of colored oxide films with heat tints around the spot welds reduces the pitting corrosion
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resistance of the SS. The Cr depletion takes place in this region which causes the lower pitting
corrosion and also showed that the weld is prone to SCC because there are high residual tensile
stresses in the radial direction around the spot welds [71]. These residual stresses are high enough to
cause stress corrosion cracking in aggressive chloride containing environments to austenitic SS
without any external load. Also, the pitting corrosion susceptibility may be affected by the high
residual stresses around the spot welds.

2.5 Residual stresses generated by different techniques

The residual stresses generated in the material would be of either tensile or compressive in nature
based on the fabrication techniques and or surface finishing. Fabrication techniques like welding will
generate tensile residual stress to components. The welded structures heated rapidly up to the
melting temperature and followed by rapid cooling that causes microstructural and property
alteration which leads to residual stress. While surface treatments such as machining, grinding and
turning operations can lead to the generation of tensile residual stress to components and shot
peening, laser shot peening (LSP) give the compressive residual stress [16-22]. Stress corrosion
cracking can only occur in the presence of tensile stresses. The stress to which stainless steel may be
subjected without cracking is different for different steel grades. [56] An example of the threshold

stresses for different steel grades under severe evaporative conditions is given in Figure 2.15.
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Figure 2.15 Threshold stresses for chloride stress corrosion cracking under severe evaporative
conditions. [56]
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2.5.1 Residual stress generated during welding

Residual stress generated during welding was tensile in nature because of its thermal expansion and
contraction at HAZ in welded structures. Residual stresses are minimized by appropriate selection of
materials, welding process/parameters, structural geometry, and fabrication sequences. Residual
stresses are reduced by various special welding techniques which include low-stress non-distortion
welding (LSND), last pass heat sink welding (LPHSW) and inter-run peening.

2.5.2 Residual stress generated during surface finishing

The surface finishing techniques like machining, grinding and turning induces the tensile residual
stress in the material. Zhang et al [72] reported the presence of tensile residual stresses due to the
machining process. The surface after machining has a great influence on the initiation of SCC micro-
cracks. Larger residual stresses can result in higher crack initiation and micro-crack density. Micro-
cracks are initiated only when the residual stress levels are above the critical level. The critical stress
of 316 austenite stainless steel is 190 MPa. Milling, grinding, and turning also induces high
magnitude of tensile residual stresses in 304L SS as reported by Ghosh et.al. [73]. Laser shock
peening (LSP) [11], low plasticity burnishing (LPB), shot peening and shot blasting, etc. are used to
induce compressive stresses on the surface. However, these have some shortcomings such as the
development of high plastic strain on the surface by shot peening, cost effectiveness of Laser
peening etc. Sunil et.al [22] showed that buffing operation can be applied to induce a high
magnitude of compressive residual stresses on the surface of 304L SS. However, the application of

buffing operation to improve the SCC resistance of welds has not been reported in the literature.

2.6 Solar thermal power plants
Solar thermal power plants involve technology for harnessing solar energy to generate electrical or
thermal energy for commercial and residential usage [74]. Configuration of concentrated solar
power (CSP) plant can be divided into three different designs which are given as follows:

e Parabolic trough reflectors,

e Power towers, and

e Dish-Stirling systems.

A solar thermal power plant which produces the solar energy with the help of parabolic reflector

mirrors have a tracking system throughout the day to focus the sun’s rays and the receivers/
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collectors which collect the heat energy that heats the thermionic fluid flowing through the tubes.
This heat energy is sent through heat exchangers tubes to boil water in a steam turbine generator
to produce electricity. Operating temperatures is ~ 400° C because of the parabolic troughs can
focus the sunlight from 30 to 100 times to its normal intensity on the receiver tube, wherein, the
parabolic trough reflectors and power tower designs are most widely used. Schematic of the
parabolic trough design is shown in Figure 2.16. Parabolic trough collectors which have three
main functional units 1) concentrator 2) parabolic shaped mirror and 3) a tracking device. In the
absorber tube, the concentrated solar radiation is transformed into solar energy. If the angle of
incidence is equal to the angle of reflections the parabolic collectors can collect the vertically
incident rays to the optical axis which is concentrated on the focal point and a concentrator
which has a tracking device which continuously tracks the path of the sunlight in order to prevent

scattering of rays.
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Figure 2.16 Schematic of the concentrated solar thermal power plant (Parabolic trough reflectors)

2.6.1 Solar thermal collectors for solar industrial process heat applications

There are different types of solar collectors shown in Figure2.17, but all of them are constructed with

the same basic premise in mind. In general, there is some material that is used to collect and focus

energy from the Sun and use it to heat water. The simplest of these devices uses a black material

surrounding pipes that water flows through. [75] The black material absorbs the solar radiation very
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well, and as the material heats up the water it surrounds. This is a very simple design, but collectors
can get very complex. Absorber plates can be used if a high temperature increase isn't necessary, but
generally  devices that use reflective materials to  focus sunlightresult in a

greater temperature increase.

Solar collectors
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Non-concentrating collectors concentrating collectors
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Flat plate Evacuated tube Compoulnd Parabolic Parabolic Solar
collector collector (ETC) parabolic dish through tower
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Direct flow ETC Heat pipe ETC Synthetic Molten Direct steam
aromatic salt generation
fluid

Figure2.17 Different types of solar collectors

2.6.2Solar collector
Solar energy is converted into thermal energy using a special kind of heat exchanger known as a
solar collector. Solar collectors can be classified into two general categories: (a) non-concentrating

and (b) concentrating solar collectors.[74-76]

2.6.2.1 Non-concentrating type solar collectors

The collector area (the area that intercepts the solar radiation) is the same as the absorber area (the
area that absorbs the radiation) [74]. Flat plate collectors (FPC) and evacuated tube collectors (ETC)
are non-concentrating type collectors. These collectors are mainly designed for solar hot water and
industrial process heat applications which require energy delivery at temperatures in the range of 60-

250°C. These collectors use both diffuse and beam solar radiation and do not require tracking of the
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sun. They are mechanically simpler than concentrating type solar collectors and require less
maintenance [74].

2.6.2.1.1 Flat plate solar water collector

The schematic diagram of a typical flat-plate solar collector is shown in Figure 2 18. A flat-plate
collector consists of (a) an absorber, (b) a transparent cover (c) a heat-transport fluid (water, air, etc.)
(d) Housing or casing and (e) insulation. The absorber consists of a solar selective coating deposited
on top of a thin absorber sheet of steel or copper. A low iron solar safety glass is used as a
transparent cover. Solar radiation enters the collector through the transparent cover and reaches the
absorber. The absorber converts the absorbed radiation into thermal energy. In the case of a flat-plate
solar water collector, good thermal conductivity is required to transfer the collected heat from the
absorber sheet to the absorber pipes. The housing ensures safety and protects the absorber and
insulation from the environmental impacts. Generally, rock wool or mineral wool is used as an
insulation material in order to reduce the thermal losses on the back side of the absorber [75]. The
efficiency of standard liquid flat-plate collectors can be improved by reducing the optical and
thermal losses. This can be achieved by (a) multiple glazing with anti-reflective glass, (b) filling a
hermetically sealed flat plate collector with a noble gas or (c) evacuating a hermetically sealed flat
plate collector. These improved flat plate collectors can be used for solar industrial process heat

(SHIP) applications.
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Figure 2.18 Schematic diagram of a flat-plate collector [75]
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In recent years, flat plate collectors are being replaced by evacuated tube collectors since they offer
certain advantages. Evacuated tube collectors (ETCs) have multiple evacuated glass tubes which
heat up solar absorbers and ultimately the working fluid (water or an antifreeze — typically propylene
glycol) for domestic hot water or space heating applications. The vacuum within the [75] evacuated
tubes reduces convection and conduction heat losses, allowing them to reach considerably higher

temperatures than most flat-plate collectors.

2.6.2.1.2 Evacuated tube collector

Figure 2.19 shows the schematic diagram of an evacuated tube collector. Each evacuated tube
consists of two glass tubes made from extremely strong borosilicate glass with high chemical and
thermal shock resistance. The outer tube is transparent allowing light rays to pass through with
minimal reflection. The outer side of the inner tube is coated with a sputtered solar selective coating
which exhibits excellent solar absorbance and low thermal emittance. The top ends of the two tubes
are fused together and the air contained in the annular space between the two layers of glass is
evacuated to eliminate conductive and convective heat loss. The top end of these parallel tubes is
fitted to the inner storage tank. In the process of creating vacuum, a barium getter is inserted into the
base of the outer glass tube. The inner glass tube is then inserted into the outer tube with the getter
centering the inner glass tube. The glass tubes are heated to a high temperature and vacuum is
created. The two glass tubes are then fused together at the open end. The barium getter also serves
another purpose. When the glass tubes are heated, before the ends are fused together the barium
getter also becomes very hot and a pure layer of barium is coated at the bottom of the tube which
will look like a chrome plate on the inside of the outer glass tube. When the glass is fractured or
broken, the shiny chrome changes to a milky color, thus, making it easy to identify the vacuum loss
in the particular glass tube. The advantage of an evacuated tube collector when compared to a flat-
plate collector is that the constant profile of the round evacuated tubes is always perpendicular to the
sun's rays. Therefore the energy absorbed is approximately constant over the course of a day.
Evacuated tube collectors can be classified into two main groups (a) direct flow evacuated tube

collectors and (b) heat pipe evacuated tube collectors [77-78].
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Figure 2.19Schematic diagram of an evacuated tube collector.[78]

2.6.2.1.3 Direct flow evacuated tube collector

In this type of collector, the whole interior of a glass tube is evacuated. The flat or curved absorber,
as well as fluid inlet and fluid outlet pipes, are placed inside the evacuated tube. The absorber is
coated with a spectrally selective coating. Single evacuated tubes often have diameters between 70
and 100 mm [77]. Direct flow evacuated tube collector has different configurations such as separate
tubes for fluid inlet and outlet concentric inlet and outlet i.e., concentric pipe configuration in which
the fluid inlet is copper and the outlet is glass and Sydney tube two glass tubes fused together and

the space in between is evacuated.

2.6.2.1.4 Heat pipe evacuated tube collector

Figure 2.20 shows the schematic diagram of a heat-pipe evacuated tube collector. The heat pipe is
hollow with low pressure inside. A heat pipe evacuated tube collector uses alcohol or water with
some special additives in vacuum to absorb solar energy. Due to the vacuum, the alcohol or water
will evaporate at a low temperature of 25°C to form vapor. This vapor rises up the collector tube to

the heat exchanger where heat transfer to the solar fluid takes place. Subsequently, the vapor
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condenses back to liquid and flows back down the collector tube. Therefore, heat pipe evacuated
tubes are installed with a tilt of at least 25°. There are two types of heat pipe evacuated tube
collector: (a) heat exchanger extends directly into the manifold (wet connection) and (b) heat
exchanger connected to the manifold by a heat-conducting material (dry connection). In a dry
connection collector, the condenser completely surrounds the collector tube. This provides good heat
transfer between the tube and the heat exchanger and allows tubes to be replaced without the need to
drain the solar fluid. In a wet connection collector, the tube is submerged in the heat transfer fluid.
Therefore, if a tube needs to be replaced then the system must be drained. The major difference
between the heat pipe and direct flow evacuated tube collector is that, in heat pipe ETC, the heat

transfer fluid is not directly connected to the solar loop.[79]
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Figure 2.20 Schematic of heat pipe evacuated tube collector [79]

2.6.2.2 Concentrating type solar collectors
In the concentrating type solar collector, various types of mirrors, reflectors or concentrators are

used to concentrate the solar energy and they provide higher temperatures (~ 400-1000°C) than non-
concentrating type collectors. Compound parabolic concentrator (CPC), central receiver or solar

tower, parabolic trough collector and parabolic dish collectors are concentrating type collectors and
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are known as concentrated solar power (CSP) systems. The concentration ratio (i.e., ratio of the area
of the aperture to the area of the receiver) varies from less than unity to high values of the order of
105. The concentrating type collectors are classified into three types: (a) non-imaging (b) line
focusing and (c) point focusing collectors. Non-imaging collectors have a low concentration ratio;
line focusing collectors have intermediate concentration ratio and point focusing collectors have high
concentration ratio. The CPC collector is a non-imaging concentrating collector. Whereas, parabolic
trough and central receiver are lines focusing and point focusing collectors respectively. These CSP

systems are mainly used for solar thermal power generation.

2.6.2.2.1 Compound parabolic concentrator (CPC)

CPC collector uses a compound parabolic concentrator (non-imaging type) to concentrate solar
radiation on an absorber. [76] CPC collectors admit a greater amount of light and need less accurate
tracking when compared to parabolic trough collector (PTC). Therefore, they bridge the gap between
the low-temperature flat-plate collectors (T < 80°C) and the high-temperature focusing concentrators
(T> 400°C). For solar thermal power generation, it is desirable to deliver energy at temperatures
higher than those of evacuated tube (non-concentrated) and CPC collectors. A concentrating type
collector can be used for high temperature applications such as to produce steam for thermal power
generation. Solar thermal power systems are also known as concentrating solar power systems use
concentrated solar radiation as a high-temperature energy source to produce electricity using the
thermal route. Direct solar radiation can be concentrated and collected by a range of CSP

technologies to provide medium to high-temperature heat.

2.6.2.2.2 Central receiver (or) solar tower

A circular array of heliostats (large individually tracking mirrors) is used to concentrate sunlight on
to a central receiver mounted on the top of a tower. A heat-transfer medium in the central receiver
absorbs the highly concentrated radiation reflected by the heliostats and converts it into thermal
energy which is subsequently used for the generation of superheated steam for turbine operation.
[76]
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2.6.2.2.3 Parabolic dish collector

A parabolic dish-shaped reflector is used to concentrate sunlight on to a receiver located at the focal
point of the dish. The concentrated beam radiation is absorbed into the receiver to heat a fluid or gas
(air) to approximately 750°C. This fluid or gas is then used to generate electricity through a small

piston or Stirling engine or a micro turbine, attached to the receiver.

2.6.2.2.4 Parabolic trough collector

Parabolic trough systems use trough-shaped mirror reflectors to concentrate sunlight on to the

receiver tubes through which a thermal transfer fluid is heated to roughly 400°C and then used to

produce superheated steam. The heat is then used to operate a conventional power cycle, for
example, through a steam turbine or a Stirling engine [77-82]. The primary components of a trough
system are:

% Parabolic trough concentrator: The parabolic trough concentrator reflects direct solar radiation
onto a receiver located at the parabola’s focal point. The reflective surface, often 17 silver or
aluminum films is deposited on some type of rigid support. Currently, the most commonly used
support structures are metallic, glass or plastic tubes.

» Absorber tube: The absorber tube is one of the most important components of a trough system.

L)

The absorber tube is made of two concentric tubes that lie along the parabolic trough’s focal
point. The outer tube (made of glass) is separated from the inner tube (made of metal) by a
vacuum layer. This reduces heat loss and increases overall efficiency. A working fluid is
circulated through inner tube and absorbs solar radiation energy as heat.

% Working fluid: The working fluid varies depending on the trough technology. For lower
temperature applications (less than 200°C), demineralized water with an ethylene-glycol mixture
is used as the working fluid. For higher temperatures, (above 200° C - 450° C) synthetic aromatic
oil is often used as the working fluid. Direct steam generation (DSG) in parabolic trough
collectors eliminates the use of heat exchangers and expensive heat transfer fluids. Therefore, it
is a promising option to improve efficiency and reduce the operating costs of parabolic trough
power plants. Newer technologies use molten salts as the working fluid.

% Solar tracking system: A parabolic trough solar power plant fields consist of a large, modular
array of single-axis tracking parabolic trough solar collectors. Many parallel rows of these solar

collectors span across the solar field, usually aligned on a north-south horizontal axis.
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% Support structure: The entire parabolic trough system is supported by a rigid metallic support
structure. The structure supports the mirrors and receivers and maintains their optical alignment.
It allows the collector to rotate so that the mirrors and receivers can track the sun. Generally, the
support structures are made from galvanized steel or extruded aluminum. Improving the
properties of the solar selective coating on the receiver and increasing the solar field operating
temperature above 400°C can improve the efficiency of a parabolic trough solar power plant and
reduce the cost of solar electricity. In order to achieve this, new efficient spectrally selective
coatings are needed which have high absorbance in the wavelength range of ~0.3-2.5 m and low
emittance in the infrared region, at higher operating temperatures (both in air and vacuum).
2.6.3 Various materials used in solar thermal power plants
Metals with high thermal conductivity, such as copper or aluminum, cannot be used for this
application because of their poor mechanical properties at high operating temperatures and high
pressures are required for solar thermal power application, hence steels are commonly used. Carbon
and low-alloyed stainless steels have better thermal conductivity than high alloyed austenitic
stainless steel, and they are cheaper but these steels have lower corrosion resistance than austenitic
stainless steel. Carbon steel ASTM 335 grade P22 has been used in DISS facility in Plata forma
Solar de Almeria(PSA) in Spain, with direct steam generation (DSG) with water as heat transfer
fluid (HTF), and corrosion problems were observed due to erosion and cavitation produced by a
biphasic flow. Now, in this technology, producers are using AISI 316 austenitic stainless steel to
guarantee mechanical robustness against high operating pressures and radial temperature gradients
produced by a biphasic flow. Receiver thickness increases dependently on the maximum operative
pressure (above 100 bar), and it leads to a thicker tube ( >4.5 mm) that directly reflects into an
effective cost increase of the technology [83-84]. When synthetic oil and organics such as
biphenyl/diphenyl oxide systems are used as HTF, austenitic AISI 321L stainless steel is the usual
option due to its lower hydrogen permeation in comparison with other austenitic stainless steel.
Hydrogen diffusion is the major drawback of this technology because of HTF thermal degradation,
and high hydrogen partial pressures are achieved in vacuum annulus. Typical wall thickness
employed is 2 mm. Molten salt receiver tubes commonly use a mixture of NaNOj3 (60 wt. %), KNO3
(40 wt. %) salts (solar salt) or a mixture of NaNO3 (7 wt. %), KNO3 (53 wt. %), NaNO2 (40 wt. %)
salts [84]. There are several reports in the literature on corrosion issues of these molten salts with

metallic alloys, and it was found that the nickel alloys with 15-20% chromium content performed the
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best corrosion resistance, whereas iron alloys with low or almost zero nickel content showed poor
corrosion resistance at high temperatures. Hence, AISI 321 stainless steels are commonly used in
molten salt receiver tubes.

2.6.4 Thermionic fluids properties and various degradation mechanisms

Fused salts have a high degree of importance in chemical and thermal industry. Many types of fused
salts are used as heat paths in the heat treatment of metals and alloys. Fused salts are also used in the
nuclear industry as well as the thermal storage applications as a heat transfer mediums such as in
concentrated solar power plants. For applications where pumps, pipes, and heat exchanges are in
contact with the molten salts, the need to study the corrosion induced by these fused heat transfer
fluids began. Solar salt is a heat transfer fluid used in solar- thermal industry. It has acquired its
distinctive name because of its use in concentrated solar power plants as a heat transfer medium in
the form of a fused liquid salt. It is also known commercially as (HITEC). The chemical composition
of solar salt is 53 wt. % potassium nitrate (KNO3), 40 wt. % sodium nitrite (NaNO;), and 7 wt. %
sodium nitrate (NaNOs3) [84]. The attractive thermal properties of solar salt make it a candidate for
many heat transport applications such as the heat transfer medium in concentrated solar power
(CSP). The ternary solar salt melts at 142°C. This low melting point allows liquidation and
circulation of the heat transfer fluid with minimum solar energy. In addition, solar salt has a high
thermal conductivity, high heat transfer coefficient, high heat capacity, high thermal stability, low
cost, and low vapor pressure (Coastal chemical). Those properties provide efficiency in the
extraction and transport of solar thermal energy. However, the extent of corrosion that solar salt may
induce on the structural material is not fully investigated for an alloy or metal in contact with a fused
salt, the degree of attack can progress by two mechanisms. First, the metal or its reaction products
can be soluble in the salt. If so, a continuous dissolution occurs with a linear loss of dimensions with
time. Secondly, the metal can be oxidized by the fused salt. Then, corrosion products that are
insoluble form, and become a barrier against further oxidation of the base metal, known as
passivation effect. Therefore, the degree of strength of an alloy system to resist corrosion induced by
a fused salt is estimated by the ability to form dense, well bonded, and insoluble corrosion products
with slow growth kinetics of the corrosion layers. According to Sequeira et al,[85] the degree of
corrosivity of a fused salt can be estimated. Salts that contain high concentrations of oxidizing agents
are corrosive to metals and alloys. The oxidizing nature of molten nitrite and nitrate salts are known

to be high due to oxidizing species such as NO, and NOj3 Slusser et al., [86] In addition, air can play
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a major role in accelerating oxidation in open systems. Despite being strong oxidizers, molten
nitrites and nitrates are very good heat transfer fluids with very desirable thermal properties making
them a subject for many corrosion studies. In corrosion related literature, fused nitrates corrosion
effects have been studied with multiple types of structural materials including steels and stainless
steels. Slusser et al [86] have carried out series of mass loss experiments to assess the corrosion
resistance of many Fe- Ni- Cr and Cr- Ni alloys in equimolar sodium- potassium nitrates salt mixture
that has a melting point of 220°C. Tests were done in the temperature range (~570°C -705°C) for a
test period up to 122 days. Alloy 600 and HASTELLOY N exhibited low corrosion rates of 12 -13
mpy after 14 days. On the contrary, Ni alloy 200 and silicon enriched alloys such as NICROFER
3718 and 330 stainless steel have shown a high corrosion rate that reached 100 mpy. After the test
period, the salt solution showed enrichment of chromium. Fernandez e t.al [87] have tested AISI
304,430 stainless steels and a low Cr alloy steel , T22 at 390°C for up to 2000 hours to measure their
corrosion rates by gravimetric methods with saline salt mixture (60 wt. % NaNO3 - 40 wt. % KNOs)
as a potential heat transfer fluid being used in solar- thermal power plants. It was concluded that T22
suffers a high weight gain in comparison to AISI 304 and AISI 430 stainless steels. The result is
attributed to the low Cr content in T22 of 2.25 wt. % that led to the formation of porous surface
oxide layers allowing the salt to penetrate and cause corrosion of the base alloy. A surface layer of
Fe,O3; was identified as a corrosion product on top of the compact layer of Fe3O4. Bradshaw and
Goods et.al [88] from Sandia National Laboratory have exposed coupons of 316 stainless steel to the
molten salt mixture of (60 wt.% NaNOs- 40 wt.% KNO3) at test temperatures of 630°C and 650°C
under a cover gas of oxygen in a sealed crucible. As per weight loss approach, 316 stainless steel
was found to follow a parabolic growth kinetic up to 630°C. At 650°C, the kinetic changed to a
linear behavior and it was attributed to the breakdown of the surface corrosion layers that were found
to be temperature dependent at 630°C, it was found that magnetite has formed on top of a layer of
iron-chromium spinel. While at 650°C, a thick layer of sodium ferrite in addition to spinel formation
has been found to be in contact with the molten salt. Kruizenga et al [89] has analyzed the corrosion
effects that 316 stainless steel was subjected to as a result of contacting molten nitrates salt mixture (
89 wt. % KNOs- 11 wt.% NaNQO3) that was contained in alumina vessel at a temperature range ~
350°C — 750°C during a thermal stability experiment. Over an exposure period of about 2000 hours,
316 stainless steel was corroded in the form of pitting. Pits were found to primarily rich in potassium

oxide and potassium chromates.
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Chapter 3

3.0 Experimental
3.1 Materials

The as-received tubes of AISI 321 stainless steel having a dimension of 3900 mm x 72 mm x 2.8
mm (length x diameter x thickness) were used for the study. These tubes were seam welded by either
laser beam welding (LBW) or metal inert gas welding (MIG) and had fixtures spot welded to its
surface. These are used in a solar thermal power plant for the transfer of thermic fluid it contains 1.5
mg/kg chloride and A fixture containing Xenon capsules was spot welded on the surface of the tubes
at a particular location as shown in Figure 3.2. Table 3.1 gives the composition of the AISI 321 SS
tubes which complies with ASTM A 240/A 240M - 04a [90]. And Figure 3.1 shows the SEM

microstructure of the AlISI 321 stainless steel.
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Table 3.1: Chemical compositions of base metal AISI 321 stainless steel (wt. %)

Material C Si Mn Cr Ni Ti S P

SS 321 0.04 0.74 0.95 17.33 9.02 0.32 0.005 0.024

ASTM A 240/A 0.08 0.75 2.00 17.0— 9.0- 0.70 0.030 0.045
240M — 04a max max max 19.0 12.0 max max max

Spot welding

Figure 3.2 AISI 321 SS heat exchanger tube indicating the location of seam weld and spot weld.

3.2 Non-destructive evaluation

The AISI 321 SS heat exchanger tubes were subjected to the dye penetrant test (DPT) to find the
presence of any surface defects such as weld defects and hairline cracks. Primarily, the test surface
was cleaned to get rid of any impurities that could object the fluid from penetrating. After cleaning,
the surface was dried and fluorescent penetrant PMC lumin check FPS-46B was applied. Figure
3.3(a) shows the fluorescent penetrant PMC lumin check FPS-46B and Figure 3.3(b) shows the
welding on the tube. The penetrant was allowed to soak onto the defects for 10 min. Excess
penetrant was then removed from the surface and a white developer PMC flaw check PD-31B has
applied the sample which formed a semi-transparent coating on the surface. The developer draws the

penetrant out from the defects onto the surface to form a visible indication.
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Figure 3.3 Dye penetrate test (DPT) images of AlSI 321 stainless steel tubes.

3.3 Heat treatment

Annealing heat treatment was conducted on SS 321 tubes samples to remove residual stresses
present in the material after welding operation, heat treated up to 1050°C and holding time 1h [91-
92] followed by furnace cooling in a muffle furnace ( Nabertherm LT 15).

3.4 Surface roughness measurement

The surface roughness was measured using optical surface profilometer (non-contact mode) on
buffed and un-buffed surfaces of LBW, MIG weld and a base material of AISI 321 SS. The scan
length and speed of scanning were 1 mm and 47um/s respectively, and the resolution of surface

roughness measurements was 0.2 nm, step height accuracy was less than 0.75 %.

3.5 Microstructural characterization

3.5.1 Sample preparation

The samples were mounted by using the cold-setting compound. The samples were prepared using
metallographic techniques like polishing with SiC emery papers of grades 120, 240, 320, 600, 800,
1000, 1200, 1/0, 2/0, 3/0 and 4/0 for microstructure evaluation. This was followed by fine polishing
with Grade - A Alumina (Al,O3) slurry 0.3 um diamond suspensions. The samples were then
cleaned with water and ethanol and were finally etched using electrolytic etching in 10 % oxalic acid
(current density as per ASTM standard A262 Practice C) [93]. To identify the ¢ and & ferrite phase
present in AISI 321 SS, the specimens were etched using 10 % KOH solution at a voltage of 2.5 V
for a period of the 2-5 s [94].
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3.5.2 Microstructural Evaluation

3.5.2.1 Optical Microscope (OM)

An optical microscope was used to determine the microstructural details like size, shape and
distribution of various phases that include cracks and other defects in metals. Grain size and crack
length was determined by image analysis (planimetric method ASTM E112 — 13). The differences in
the microstructures of the LBW, MIG and the spot-welded regions of the tubes have been analyzed
in this study.

3.5.2.2 Field Emission Scanning Electron Microscope (FESEM)

Field emission scanning electron microscopy (FESEM) was employed to investigate the
topographical and elemental information at various magnifications, with high depth of field. When
compared to conventional scanning electron microscopy (SEM), field emission SEM (FESEM)
produces images with more clarity and less distortion with spatial resolution down to1.5 nm. The
FESEM micrographs were produced by raster scanning with a high-energy beam of electrons. The
field emission scanning electron microscope (FESEM) in secondary electron mode with a voltage of

15 kV with attached electron dispersive spectroscopy (EDS) operating at 20 kV.

3.6 X-ray diffraction

X-ray diffractometer (Bruker Model No. D8) was used in the present study. The X-ray source of Cu
Ka (A = 1.5406 A) radiation operating at 40 kV/30 mA with a 0.02 step size and within the 20 range
of 20-100°.

3.7 Buffing operation

Buffing is the process of obtaining optimum surface finish in metals, wood, and composites using a
cloth wheel impregnated with cutting compounds. The cloth buff holds the compound, while the
compound does the cutting. In the surface buffing operation two types of buffing motion is involved
as follows:

a) A Cutting motion which helps in removing the pits and a groove formed during cutting and
polishing operations and gives a smooth finishing. The work piece moves against the direction of the
rotating wheel under the action of high pressure.

b) The polishing motion which involves the movement of the work piece in the direction of the

rotating wheel under the action of low pressure and gives a shiny surface. Buffing operation majorly
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depends on the pressure applied to the sample. If the pressure applied on the work piece is low,
buffing does not occur on the sample and if the applied pressure is high, scratches appear on the
surface of the samples followed by the wheel damage. In order to get the optimum surface finishing,
the wheel speed should range from 3600- 7500 surface feet per minute (SFPM). The SFPM is given
by equation 3.2,

SFPM = i * Diameter of the wheel *RPM of the motor------------------- (3.2)

The buffing process was carried out using 220, 240, 400, 600 and 1000 grit wheels and a buffing
wheel at a fixed rotation speed of 3600 rpm to obtain a mirror finish on the work piece.

3.8 Mechanical Characterization Techniques

3.8.1 Hardness Testing

The micro hardness AlISI 321 SS heat exchanger tubes for all un-buffed as well as buffed specimens
was carried out using Omnitech-MVH-Sauto Micro Hardness tester to know the hardness variations
of the base material and weld zone. The load applied on the samples was 500 gm and the dwell time
was 10 sec. The micro hardness values recorded for each sample was recorded as an average of 12
measurements.

3.8.2 Residual Stress Measurement

All the surfaces were subjected to X-ray residual stress measurement with Cr-Ka X-ray source with
a wavelength of 2.289A. (311) plane at a Bragg’s angle of 20 = 147.6° was considered for
diffraction for SS samples. The Young’s modulus and Poisson’s' ratio used for stress calculations in
SS samples were 1, 96,000 MPa and 0.28 respectively. Multi-exposure side inclination method was
adopted for residual stress measurement after calibrating the instrument with a stress-free powder
sample. The residual stress was calculated using X-ray diffraction (XRD) sin?y technique.

Sample preparation

Sample preparation depends on the nature of the residual stresses to be determined. If the stresses
produced are due to the surface treatments like machining, grinding, or buffing, the residual stress
distribution is usually less than 500 pm on the sample surface. Therefore, the sample surface must be

carefully protected from corrosion or any scale formation.
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sin’wtechnique
Measuring the residual stresses through X-ray diffraction is based on Bragg’s principle, which is
given by the equation 3.3,
2dsinff=nl———————————— 3.3

The sin“ytechnique is one of the methods to determine residual stresses from XRD. The angle v is
the orientation of the surface of the sample. It is the angle between the incident and diffracted
bisector of the beam to the normal of the sample surface [95]. In the sin?y technique, the lattice
spacing is determined for multiple  tilts for a fixed peak position at a possible highest 26 angle. The
linear fit of d vs sin®y plot determines the sign (compressive or tensile) and the magnitude of the
residual stresses. The primary advantage of the sin?y technique is the minimum data acquisition time
for establishing the linearity of d as a function of sin®y on the sample of interest.
Stress determination
From Hooke’s law, we know that (equation 3.4),

c=Eg—————-——————————— 3.4

Though a tensile force produces linear strains in an x-direction, it also produces strains in the
transverse direction. if a state of plane stress exists, that is o, = 0, the stresses are biaxial, then the

ratio of the longitudinal strain to transverse strain gives Poisson’s ratio v;

ExZEyZ—F ———————————— 35

If the X-ray measurement on the surface of the material is considered as o, = 0 then the resultant is
given in equation 3.6,

~ 1+9 _ 9
~ E(0,c05%2¢ + 0,5in%p) St

€py

If we consider the strains in terms of inter-planar spacing and use the strains to evaluate the stresses,
then it can be shown that (equation 3.7)

E dy —dy
— in2 B
Oy (1+19)sm Y < i > 3.7

This equation allows us to calculate the stress in any chosen direction from the inter-planar spacing
determined from two measurements, made in a plane normal to the surface and containing the

direction of the stress to be measured.
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3.9 Determination of stress corrosion cracking (SCC) susceptibility

SCC susceptibility of the tubes was evaluated using boiling MgCl, test which was done as per
ASTM standard G36-94. In this test, 56.6 gm of magnesium chloride hexahydride was immersed in
45 ml of distilled water. 15 ml of this solution was added with 600 gm of magnesium chloride
hexahydrate. The mixture was taken into an Erlenmeyer flask and was heated to 155 + 1°C on a hot
plate. The temperature was maintained constant using a thermometer. A condenser was placed on
top of the flask, which condenses the mixture with the help of water flowing through it. After the
completion of this test, the specimens were washed under water and were cleaned using acetone. The
specimens were then characterized by using optical microscopy and FESEM. Figure 3.4 shows the

boiling Magnesium chloride test setup.

Water out

Water in

155 1% ¢

Figure 3.4 Boiling magnesium chloride test setup [ASTM G36-94] for evaluating SCC resistance of
metals and alloys in a boiling MgCl, solution, (1) Erlenmeyer flask, (2) condenser, (3) water inlet

and outlet, (4) thermometer, (5) heater.
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CHAPTER 4

4.0 RESULTS AND DISCUSSION
4.1 PART-I: Failure analysis of AISI 321 stainless steel (SS) welded tubes in solar

thermal power plant

The present study investigated the failure of a number of welded stainless steel AlSI 321 tubes used
for transportation of hot thermic fluid it contains 1.5 mg/kg chloride (~ 400°C) from the parabolic
heat collectors to the heat exchangers in solar thermal power plants. The tubes were seam welded
using either LASER beam welding (LBW) or metal inert gas welding (MIG), together with spot
welds at selected locations on the surface. The failure of the tubes led to the leakage of hot thermic
fluid while in service. The root cause of such failure should be understood in order to control such
instances in future. Hence a detailed failure analysis has been carried out and reported in this

chapter.

4.1.1 Visual Examination and Dye Penetrant Testing

The results of the dye penetrant test did not show the presence of any macro cracks on the surface of
LBW and MIG samples during a visual examination. However, thermic fluid stains were observed
near the weld regions of seam and spot welds. Dye penetration test was conducted to check for the
presence of cracks on the surface of the tubes especially at the weld regions. As shown in Figure 4.4,
cracks were observed both on the outer surface and inner surface of the tubes near the spot welded
region, whereas no cracks were observed near the seam welds. Figure 4.2 (a) shows the actual plant
AISI 321 SS tube the entire tube was encased in a glass sealing and vacuum was maintained within
the sealing. (b) Shows the schematic of AISI 321 stainless steel tube heat exchanger and different
weld locations, Figure 4.3 showed the location of the spot weld region and Figure 4.1 shows the

schematic of the solar thermal power plant.
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Figure 4.1 shows the schematic of solar thermal power plant
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Figure 4.2 (a) shows the actual plant AISI 321 SS tube (b) shows the schematic of AISI 321

stainless steel tube heat exchanger
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Base material —

Figure 4.4 (a) Shows the cracks on the outer surface of the tube near the spot weld and (b) shows the

cracks detected on the inner surface of the tube near the spot weld by dye penetration test.
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4.1.2 X-ray diffraction of all welded AISI 321 SS tubes

The X-ray diffraction spectra of the weld samples LBW, MIG weld and spot weld, are shown in
Figure 4.5. Austenitic (y) peaks were identified JCPDF (00-047-1405) together with Ti,N peaks at
(112) and (224) planes were determined from JCPDF data (00-023-1455), é ferrite peaks at (110)
and (211) planes were determined from JCPDS data (00-035-1375). The X-ray diffraction spectra
collected from the welded samples in each case encompasses the fusion zone, heat affected zone and
the base metal and the results are shown in Figure 4.5. The X-ray spectra of the individual regions
could not be scanned in the present study. Micro-XRD studies would be carried out in future for
determination of X-ray spectra from individual regions. The aim of the XRD experiments was to

identify the several precipitates present in the material.
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Figure 4.5 X-ray diffraction spectra of the different weld regions on AISI 321 SS
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4.1.3 Micro hardness measurement

The hardness profile measured across the cross-section of the 321 SS tube is shown in Figure 4.6.
The results indicated very high hardness near the inner surface of the LBW and in the outer surface
near the spot welds. The high hardness in these regions was due to the high magnitude of tensile
residual stresses due to welding. Very high heating and cooling rates involved in LBW were
responsible for high residual stress levels on these welds. Lower heating input leads to slow cooling
rates in MIG welds lead to a lower magnitude of hardness which also indicated that the residual
stresses in the material were lower in this case. In case of spot welds (present on the external surface
of the tubes) the constraint during welding was primarily responsible for high residual stresses. Due
to the presence of constraints, the components were not free to expand or contract with ease and
hence high magnitude of locked up tensile residual stresses were generated in the material resulting
in high hardness values. The expected hardness values of these tubes are ~175-180 HV [96-97].
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Figure 4.6 Micro hardness profiles of the differently welded AISI 321 SS tubes
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4.1.4 Microstructural characterization of the base material of AISI 321 stainless steel

The microstructure of the as-received AISI 321 SS in the region far away from the weld can be seen
in Figure 4.7. Polygonal grains of the austenitic matrix together with very fine precipitates were
observed. The average grain size of the base material was ~39 + 10 um. The grains were equiaxed in
nature. Grain size was measured using the planimetric method ASTM E112 — 13 by using optical
microscopy software (Olympus). The precipitates were identified to be Ti(C, N), Ti;N, &-ferrite, and
o respectively. The particle size range is ~ 2 to 3 um was measured by FESEM and composition was

determined by Energy dispersive spectrometry (EDS) analysis.

— Ld <
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T ; ¥

Figure 4.7 FESEM micrograph of the AISI 321 stainless steel base material
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Figure 4.8 FESEM microstructure of AISI 321 SS tube showing different precipitates at different
regions, (a) TizN, (b) o and &-ferrite (10N KOH solution), (c) Ti (C, N), and (d) 8-ferrite

Figure 4.8(a) shows Ti,N and Figure 4.5 (c) shows the TiC. The Ti,N precipitates were rectangular ~
5 um to 7 um in size, whereas the Ti (C, N) precipitates were much finer ~2-3 pum and both
precipitates were rectangular in shape and were randomly distributed in austenite matrix.

When compared with LBW weld region micrographs the MIG weld region showed a high volume
fraction of &-ferrite content. The &-ferrite volume fraction in LBW region was ~0.58%. where as in
MIG weld region showed ~3.39%.
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Figure 4.9 EDS spectra of Ti,N (EDS spot 1) and Ti (C, N) (EDS spot 2)
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The composition as obtained from EDS was Ti,N: 73-Ti, 27-N, and Ti (C, N): 82.9-Ti, 7.4-N, and
9.7-C. The EDS spectra of the Ti-rich precipitates are shown in Figure 4.9. Micrograph in Figure

4.8(d) shows the &—ferrite in the austenite matrix. The d—ferrite was needle-like structures and was

present at the flow lines and grain boundaries.

The é-ferrite and ¢ phase were present near the MIG welded tube at the interface of the fusion zone

and the heat affected zone. Figure 4.8(b) shows the ¢ phase (bright) and §-ferrite (dark phase). 10N

KOH [94] was used for revealing the &-ferrite and o phase that was oriented along the interface of

the MIG weld. The ¢ phase was rich in Cr and Mo. Table 4.1 represented the chemical composition

of the o phase and &—ferrite obtained from EDS. Figure 4.10 and Figure 4.11 shows the FESEM

electron image and EDS spectrum of sigma (o) and delta (8)-ferrite respectively.

Table 4.1 The chemical composition of ¢ phase and é—ferrite obtained from EDS

Elements (wt %) | Cr Si Mo | Ni Fe Mn
6 phase 20.03 | 0.44 | 0.36 | 6.88 | 70.61 | 1.68
é—ferrite 25.88 | 0.18 | 0.16 | 5.34 | 67.75 | 0.69
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Figure 4.10 FESEM electron image and EDS spectrum of sigma (o)
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Figure 4.11 Electron image and EDS spectrum of delta (8-ferrite)

4.1.5 Microstructural characterization of the differently welded region of AISI 321SS tubes
4.1.5.1 Spot welded region of the tubes

The microstructural characterization of the spot welded region provided showed stress corrosion
cracking in this region of the AISI 321 SS tubes. Figure 4.12 shows the cross-sectional view of the
tube in the region near the spot weld with the presence of a number of cracks. The spot welded
region can be seen as a dark patch near the outer surface of the tube. Cracks were initiated from the
inner surface of the tube and extended towards the outer surface. Throughout the thickness of the
tube, cracks were formed near the spot welded region which led to leakage of the thermic fluid.
Figure 4.12 shows the cracks were heavily branched and transgranular in nature. And the magnified

view was shown in Figure 4.13
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Figure 4.12 The optical micrographs of cracks in the spot welded region of AISI 321 SS tube
The atmospheric chloride cannot be the cause of SCC due to the following reason:
The entire tube was encased in a glass sealing and vacuum was maintained within the sealing. The
picture of the as-received tubes with the glass sealing is shown below and has been included in the
thesis Fig. 4.2(a). The schematic of the structure of the pipe has also been included. Hence the outer
surface of the tube was not in contact with the atmosphere.

“\

'l‘ransgranulm
Q\

cracks

Figure 4.13 The magnified view of the cracked region
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The magnified view of the cracked region is shown in Figure 4.13. Extensive cracking was observed
and the cracks were transgranular in nature. Crack branching and transgranular cracking are
characteristic features of chloride-induced stress corrosion cracking (SCC) of austenitic stainless
steel in chloride environment [96-100]. The cracks were found to initiate in the inner side of the tube
and propagate till the outer surface of the tube leading to the leakage of the thermic fluid (Figure
4.13). The cause of the failure has been established to be chloride-induced stress corrosion cracking
based on the following: a) Transgranular nature of cracking and extensive crack branching were
evident in the cross section of the 321 SS near the spot weld both of which are the characteristic
features of chloride induced SCC, b) chloride level in the thermic fluid and its temperature were
above the critical level for chloride induced SCC of austenitic stainless steel , ¢) the residual stress
present in the tubes were above the threshold level as confirmed from SCC tests (ASTM G36) [9-
11,22,73,101-102].

4.1.5.2 Laser beam welded tubes

Fusion zone

Base metal Base metal

Interface

e

Figure 4.14 FESEM micrograph of Laser beam weld (LBW)
The cross-section of the laser beam welded (LBW) region of the tube of AISI 321 SS is shown in
Figure 4.14. Figure 4.15 shows the interface of the fusion zone and base material of laser beam

welded AISI 321SS tube. The interface as seen in the micrograph is after etching and hence the
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region of attack around the interface is 1 pm thick of the weld fusion zone and the base material as

shown in Figure 4.16.

Figure 4.15 FESEM micrograph of the interface of the fusion zone
and base metal of laser beam weld

Figure 4.16 FESEM micrograph of LBW 321 SS tube showing the interface of fusion zone and base

material
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Figure 4.17 FESEM micrograph of LBW 321 SS tube showmg slip bands and flow lines in the base

material region away from the weld zone

Figure 4.17 shows the FESEM image of the base metal region away from laser beam welded (LBW)
region in AISI 321 SS tube showing austenitic grains together with Ti,N precipitates. The presence
of flow lines indicated the presence of strain in the material prior to welding. Slip bands were also
detected in the austenitic matrix indicating the presence of plastic strain which can be attributed to
the high cooling rate and the presence of constraint, during laser beam welding resulted in thermal
shock in austenitic stainless steel components. The formation of slip lines is primarily the result of
strain causing flow lines as it also extended in the base metal region. The strain resulting from laser

welding would be localized near the narrow fusion zone.

4.1.5.3 Metal inert gas welded tubes

Figure 4.18 (a) shows the FESEM micrographs of base material near the MIG weld fusion zone
which shows equiaxed austenitic grains along with annealing twins. Fusion zone grain represented a
cellular morphology which is shown in Figure 4.18 (b). The average grain size in the base material

of MIG weld samples was found to be ~ 30 + 10 um.
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Figure 4.18 FESEM micrographs of the different regions of MIG welded AISI 321 stainless steel (a)

polygonal grains in the base metal (b) dendritic structure in the fusion zone

Figure 4.19 shows the interface of the fusion zone and the base material of the MIG welded sample
and Figure 4.19 (a) shows the interface between base metal and fusion zone with Ti,N precipitates.
Figure 4.19 (b) shows the presence of the ¢ phase and delta ferrite (3) in the MIG welded region.
The o phase forms a network near the interface of the welds which is a major issue during welding
of stainless steels. é-ferrite will be transformed to Cr rich ¢ phase at temperatures ranging from 450
°C to 850 °C which is detrimental to the integrity of austenitic stainless steel welds [103-104]. The
formation of ferrite in the weldment can be controlled by selecting a filler metal with the appropriate

chromium and nickel equivalent

Figure 4.19 FESEM cross sectional micrographs of a) MIG welded AlSI 321 stainless steel tube
near the weld interface and b) distribution of ¢ phase (etched using 10N KOH solution) and & ferrite

near the interface of fusion zone and base metal.
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. Summary (Part I)
AISI 321 SS tubes failed during their service period after a short exposure (~ 2-3 h) to conditions
leading to leakage of the thermic fluid have been analyzed. The seam welds were made either by a)
laser beam welding (LBW) or by metal inert gas welding (MIG) together with spot welds on the
surface. The root cause for the failure of these tubes was analyzed and the findings of the study are
summarized below:
1. Failure of the tubes occurred due to chloride-induced SCC near the spot welds on the upper
surface of the tubes. No SCC was observed near the MIG welds or Laser welds.
2. The MIG welded 321 SS weld tubes contained ~3.39% (volume fraction) of & — ferrite at the
weld interfaces whereas it was ~0.58% for LBW.
3. Transgranularcracking with extensive crack branching was evident near the spot weld in each
of the tubes.
4. The failure analysis was done on the AISI 321 heat exchanger tubes that underwent leakage.
The analysis confirmed that the cause for this failure to be chloride induced cracking.
5. Table 4.2 The grain size of the AISI 321 SS tubes

S. No | Material condition |  Grain size
1 Base material ~39 £ 10 um
2 LBW ~43 + 10 um.
3 MIIG ~30+ 10 um.
4 spot weld ~20+ 10 pm

*The grain size was measured adjesent to the weld (~100um)
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4.2 PART-I11: Stress corrosion cracking (SCC) susceptibility of LBW, MIG and

base metal of AISI 321 SS tubes
The SCC susceptibility of AISI 321 SS welds were tested in boiling MgCl, environment. The test

was done as per ASTM G36 at varying time intervals of 5 h, 10 h, and 72 h (without heat treated).
And after post weld heat treatment for 5 h test was conducted. This was followed by the
characterization of samples using optical microscopy and FESEM which was done to understand the
nature and morphology of cracking.

4.2.1 Microstructural characterization of LBW specimen after MgCl, test for 5 h, 10 h, and
72h

The micrograph of the LBW specimen which was subjected to the boiling MgCl, test for 5 h is

shown in Figure 4.20. The presence of primary and secondary cracks could be observed. Figure

4.20(a). Figure 4.20 (b) shows the FESEM surface micrograph of the polished and etched cross

section of 5 h tested specimen shows the fusion zone and weld interface.

4.2.1.1 Micrographs of LBW region after MgCl, test for 5 h

(" . s
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Figure 4.20 (a) FESEM micrographs of LBW welded tubes surface after boiling magnesium
chloride test for 5h and (b) optical micrograph of cross section near LBW welded zone after 5h test
4.2.1.2 LBW specimen after MgCl, test for 10 h
Exposure of the LBW specimen to boiling MgCl; solution for 10 h resulted in higher crack length as
shown in Figure 4.21. FESEM micrograph of LBW welded tube cross section has shown heavily

branched SCC which is observed in Figure 4.21 (b). The cracks start from the surface.
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Figure 4.21 FESEM micrographs of LBW welded tubes after boiling magnesium chloride test for
10h; (a) surface and (b) cross section

Figure 4.21 (a) shows the FESEM micrograph of the LBW sample surface which shows the
formation of primary and secondary cracks. The primary cracks were observed at higher

magnification as shown in Figure 4.22 the cracks were larger and deeper in size.

Figure 4.22 FESEM cross section micrographs of LBW weld sample after MgCl, test for 10 h
4.2.1.3 LBW specimen after MgCl, test for 72h
When the LBW specimen was exposed to boiling MgCl, for 72 h, the extensive crack formation was
observed. It was observed that the crack density and crack propagation were directly proportional to
the exposure time and residual stresses. Complete failure (split into two pieces) was observed after

exposing the sample for 72 h. Optical micrographs of LBW weld after MgCl, test for 72 h are shown
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in Figure 4.23.SCC was observed and crack width was increased after a prolonged exposure for 72 h

test.

50 pﬁ

Flgure 4.23 Optlcal mlcrographs of LBW weld after MgCl; test for 72 h. (a) surface and (b) cross
section

4.2.2 Microstructural characterization of base material after MgCl, test for 5h, 10h, and 72h

4.2.2.1 Base material mlcrograph after MgCl, test for 5h
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Flgure 4.24 Optical micrographs of base material after boiling MgCl; test for 5h; (a) surface and (b)
Cross section

Figure 4.24 (a) and (b) shows micrographs of the base material after exposing it to boiling MgCl,

solution after 5 h test, Figure 4.24 (a) shows SCC cracks with high density were formed. Group of

crack with an average length of ~41 um on the surface of the base metal was observed after exposure
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to test for 5 h. Figure 4.24 (b) shows the cross-sectional microstructure of base material after
exposing the samples for 5 h.

4.2.2.2 Base material micrograph after MgCl, test for 10h

& TG-5CC

Figure 4.25 Optical micrographs of base material after boiling MgCl, test for 10h; (a) surface and
(b) cross section
Figure 4.25 shows (a) surface and (b) cross-sectional optical micrograph of the base material after
being exposed to boiling MgCl, solution for 10 h. The cracks were found to initiate on the surface
and propagated into the bulk of the material.

Figure 4.26 Optical micrographs of base material cross section after boiling MgCl, test for 72h
Figure 4.26 shows the optical micrographs of base material after being exposed to boiling MgCl,
solution for 72h. Figure 4.26 a) shows the sample which had undergone failure by SCC. Figure 4.26

b) shows the SCC cracks and pit formation.
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4.2.3 Micro structural characterization of MIG weld specimen after MgCl, test for 5 h, 10 h
and72h

4.2.3.1 Micrographs of MIG welded region after MgCl, test for 5h

3 P % 3 3 W ¥ e = g s 2

=

MIG welded tube cross section after exposing it to MgCl, test for 5h
Figure 4.27 (a) shows the FESEM micrographs of MIG welded tube after 5h MgCl, test. From
micrographs, cracks with minimum density were observed in MIG welded samples when compared
to LBW and base material micrographs. Figure 4.27 (b) shows the interface of the MIG weld with
small SCC cracks formation along the deformation lines in the material.
4.2.3.2 Micrographs of MIG weld samples after MgCl, test for 10h

Figure 4.28 (a) FESEM micrographs of MIG welded tube surface and (b) optical micrograph of
MIG welded tube cross section after boiling MgCl, test for 10h
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Figure 4.28 shows the FESEM (a) and optical (b) micrographs of MIG welded tubes after exposing
it to boiling MgCl; for 10 h. Samples of MIG welded tubes after polishing has shown low crack
density and higher crack length when exposed for 10 h.

Ve & 3 R— -

Fusion zone

&
Base material Interface

Figure 4.29 FESEM micrographs of MIG weld Cross section after MgCl, test for 10h
Figure 4.29 shows the FESEM micrographs of MIG weld that revealed the presence of larger cracks
originating from the surface and propagating into the bulk of the material. MIG welded samples have
shown lower crack density when compared to LBW and spot welded samples.

4.2.3.3 Micrographs of MIG welded samples after MgCl, test for 72h
m,l ‘.\-- . B £ P & 7 ‘ TR ’: % Ty

\ T ‘;,f«‘v | sh ,.-5'00 i 200 um
Figure 4.30 (a) and (b) are the optical micrograph of MIG weld cross section after MgCl, test for
72h.

The MIG welded samples (ring samples) were not completely break into two pieces even after
prolonged exposure of 72 h. whereas, when compared with LBW, Base material and spot welded

samples (ring samples) were completely broke into two pieces as shown in Figure 4.23 and Figure
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4.26 and Figure 4.33 respectively. The crack density was higher in the MIG welded region and the
HAZ zone of the specimen when compared with the base material micrographs. It was also observed
that the carbides and the deformation lines were responsible for the crack formation. Optical
micrograph of MIG welded samples after exposing to MgCl; solution for 72 h is shown in Figure

4.30.

4.2.4 Micro structural characterization of Spot welded region of the tubes after MgCl, test for
5h,10h,and 72 h
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Figure 4.31 (a) FESEM micrograph of the spot welded region surface and (b) Optical micrograph
spot welded region cross section of the tube after MgCl, test for 5 h

Figure 4.31 (a) and (b) represents the FESEM micrograph and optical micrograph of spot welded
region of the tubes after MgCl, test for 5 h respectively. From the micrograph, it was observed that
the surface had a high density of cracks. Wherein, the cross sectional optical micrograph of the same

has shown transgranular SCC cracks.
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4.2.4.2 Spot welded reglon of the tubes after MgCl, test for 10h
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Figure 4.32 (a) FESEM m|crograph of Spot welded region surface and (b) optical micrograph Spot
welded region cross section of the tubes after MgCl; test for 10 h

Figure 4.32 (a) and (b) represents the FESEM micrograph and optical micrograph of spot welded
region of the tubes after MgCl, test for 10 h respectively. In comparison to the sample treated for 5h,
the smaller cracks in the 10 h treated sample coalesce to from larger cracks. These coalesced larger
cracks were clearly evident from the optical micrograph as shown in Figure 4.29 (b).

4.2.4.3 Spot welded region of the tubes after MgCl, test for 72 h

Figure 4.33 shows the optical micrograph of spot welded region of the tubes after MgCl; test for 72
h. After exposure of the sample for 72 h, the crack has been propagated to a maximum extent which
resulted in failure of the sample. The failure was caused due to the presence of high tensile residual
stresses on the spot weld region. This failure can be correlated to the presence of chloride
environment and residual stresses, under this condition the rate of crack propagation increases
drastically. This failure of spot welded region was comparable with the LBW and base metal after

undergoing identical experimental conditions.
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Figure 4.33 Optical micrograph spot welded region of the tubes after MgCl, test for 72 h

4.2.5 After post weld heat treatment micro structural characterization of LBW, MIG, base
metal specimens after 5 h MgCl, test

Figure 4.34 shows the FESEM surface micrographs of a) LBW b) base metal and ¢) MIG after 5 h
boiling MgCl, test, these samples were post weld treated. There was no SCC seen on surface as well
as cross section micrographs shown in Figure 4.33 (d,e,f). Because of the post weld heat treatment

residual stresses present in the material were relieved.
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Figure 4.34 FESEM Surface micrographs of a) LBW, b) Base metal and ¢) MIG and (d, e, ) shows
the cross sectional micrographs of LBW, Base metal and MIG respectively After 5 h MgCl, test

Summary of Part-11

The AISI 321 stainless steels (SS) tubes were subjected to SCC susceptibility test by using boiling
MgCl, with varying time durations. All the welded and base metal samples were found to be
susceptibile to SCC due to presence of high residual stresses in the material. The crack density and
crack length were found to be higher in LBW and spot welded regions when compared to MIG
welds.The crack length and crack density were increased with increase in exposure time. More over
the post weld heat treated samples shows no crack formation after 5h boling MgCl, test. after post
weld heat tretment residual stress present in the material is completely revolved. It is evident that the

as resived weld tubes cantians tensile residual stress above the threshlod limeit.

University of Hyderabad Page 68



Chapter —11/: Results & Discussions

4.3 PART-I111: Surface engineering of welded tubes of AISI 321 SS for preventing chloride
induced SCC
The outer and inner surface of AISI 321 tubes containing the LBW, spot weld, and MIG welds were

subjected to buffing by using conventional buffing operation. After buffing, the samples were
subjected to SCC test for different time durations. The buffed surface did not show SCC cracks on
the outer surface as well as on the inner surface. The outer and inner surfaces of the 321 SS tube
containing the welds (LBW, MIG, Spot welds) were also subjected to buffing operation. After
buffing, the specimens were tested for SCC in boiling MgCl, for 5 h and 24 h. Microstructural
characterization of the samples revealed that no cracks had been formed on the buffed surfaces of the
welds on exposure to boiling MgCl,. The detailed results and discussion are given below.

4.3.1 X-ray diffraction

The X-ray diffraction patterns of LBW, MIG welded, and base material in buffed and un-buffed
conditions is shown in Figure 4.34. The phases present in 321 SS in different conditions were
matched and confirmed from Joint Committee on Powder Diffraction Standards (JCPDS) data.
Standard austenitic peaks of (111), (200), (220), (311) and (222) diffraction were detected in each
case. Delta ferrite peaks (110) and (211) were found to be present in the base material, MIG welded
and LBW samples in un-buffed condition. However, the samples in the buffed condition had shown
the presence of only austenite phase. The peak broadening was analyzed in each case by determining
the full width at half maximum (FWHM) as given in Table 4.3. Peak broadening can arise due to a)
grain refinement and/or b) the presence of plastic strain in the matrix. Figure 4.35 shows that the
XRD spectra of buffed surfaces (LBW, MIG welded and base material) were much sharper when
compared to the XRD spectra of un-buffed surfaces. Both the peak broadening phenomena and the
presence of delta ferrite in 321 SS in un-buffed condition confirmed the presence of plastic strain in
the matrix. The buffed surfaces, on the other hand, have reduced plastic strain on the surface when
compared to the surfaces in un-buffed condition; results are tabulated in table 4.3. The reason being
that buffing technique involves polishing on the surface of the steel with a fine abrasive wheel which
removed the highly strained layer on the surface without inducing additional strain in the matrix.
Additionally, buffing imparted compressive stresses on the surface of the steel together with a

reduction of surface roughness which is beneficial in increasing the SCC resistance of the steel.

University of Hyderabad Page 69



Chapter —11/: Results & Discussions

Table 4.3 FWHM in buffed and un-buffed 321 SS

FWHM in buffed condition

Sample FWHM un-buffed condition
LBW 0.322 0.124
MIG 0.267 0.108
Base material 0.242 0.163
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Figure 4.35 XRD pattern of LBW, MIG welded and base material of AISI 321 SS tubes in buffed

and un-buffed condition.
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The surface roughness of LBW, MIG welded and base material was measured by using surface

profilometer. The average surface roughness obtained in buffed and un-buffed condition on the weld

specimens were tabulated in Table 4.5 and Table 4.5. As observed from Table 4.4, the surface

roughness was reduced significantly as a result of buffing operation. The reduction of surface

roughness reduces the depth of the troughs formed on the surface and hence prevents the

accumulation of aggressive ions from the service environment in the troughs [105], which otherwise

can enhance the phenomena of crack initiation.
Table 4.4 Average surface roughness of un-buffed surfaces of 321 SS for LBW, MIG welded and

base material

Surface condition Type of weld Ra (um)
LBW 1.34
Without buffing MIG welded 1.14
Base material 1.74

Table 4.5 Average surface roughness of the buffed surfaces of 321 SS for LBW, MIG welded and

base material

Surface condition Type of weld Ra (um)
LBW 0.77
) ) MIG welded 0.45
With buffing
Base material 0.94
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4.3.3 Microhardness

The hardness profile was measured across the cross section of the 321 SS tube after buffing as
shown in Figure 4.36. After buffing, the weld and base material samples have shown almost same
hardness values with a tolerance of ~10 HV.
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Figure 4.36 Hardness profiles of the different weld joints of AISI 321 SS tubes after a buffing

operation

4.3.4 SCC susceptibility studies on LBW, MIG, spot weld and base metal of AISI 321 SS tubes
after buffing

Extensive cracking has taken place in all the samples after exposing them to boiling MgCl, for 5 h,
10 h, and 72h. The occurrence of cracks indicated that the residual stress levels in the welds were
above the threshold limit. It was found that the crack propagation was increased with increase in
time when the samples were exposed for 5h and 10h. After exposing the samples to 72 h, the sample
was found to be broken in the weld zone and base metal zone in both the spot weld and LBW
specimens. No failure was observed in MIG welded samples. The cracking was transgranular in
nature, which is a characteristic feature of chloride induced SCC in SS. However, the 321 SS tube
has shown peculiar behavior with no signs of SCC in buffed condition when exposed to boiling

MgCl,. A comparison of the attack on the exposed surfaces of LBW, MIG, spot weld and base
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material of the SS tubes in buffed and un-buffed condition after SCC tests are shown in Figure 4.37
(a-d), Figure 4.38 (a-d), Figure 4.39 (a-d) and Figure 4.340 (a-d) respectively. Microstructural
characterization of the buffed surfaces of LBW, MIG welded and base material samples have shown
no signs of cracking even after exposing them for 10 h in boiling MgCl,. Whereas, the same sample
had experienced severe SCC in a chloride environment in un-buffed condition. The SCC
experiments were repeated to confirm the observations in case of MIG welded, LBW and the base
material of 321 SS. Hence the study establishes that the SCC resistance of the surface of 321 SS
welds in different condition increases as a result of buffing operation. The mechanism of increase of
SCC resistance from the present study is as follows: Buffing operation a) induces compressive
stresses on the surfaces, b) creates smoother surfaces and c) removes the highly strained surface by
polishing without inducing any additional strain which hinders the phenomena of crack initiation.
The presence of a strained microstructure also results in localized stress assisted dissolution leading
to early crack initiation. SCC results from the synergistic effect of three factors, namely, (a)
susceptible material (surface condition, microstructure), (b) aggressive environment and (c) presence
of tensile stresses. Welds are associated with a high magnitude of tensile residual stresses together
with a plastic strain on the surface. It is difficult to alter either the material condition or the service
environment for components in an industrial application. However, if the tensile stresses present on
the surfaces can be converted into compressive stresses SCC can be avoided to a large extent. The
buffing operation had done this by converting the tensile stresses present on the surface of the
component into compressive stresses together with a reduction in the surface roughness which
results in increasing the resistance to SCC. A similar observation has been made by the authors in
their previous study on the susceptibility of 304 L SS to SCC under different surface finished
condition [9,22]. Moreover, buffing being a simple, portable and economic technique can be easily

incorporated as the last stage of fabrication of industrial components.
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No cracks

No cracks

Figure 4.37 FESEM micrographs of the surface of LBW 321 SS in buffed and un-buffed condition
after SCC tests (a) un-buffed; 5 h exposure (b) buffed; 5 h exposure, (c) un-buffed; 10 h exposure
and (d) buffed; 10 h exposure
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Figure 4.38 FESEM micrographs of the surface of MIG 321 SS in buffed and un-buffed condition
after SCC tests (a) un-buffed; 5 h exposure (b) buffed; 5 h exposure, (c) un-buffed; 10 h exposure
and (d) buffed; 10 h exposure
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Figure 4.39 FESEM micrographs of the surface of spot weld 321 SS in buffed and un-buffed

condition after SCC tests (a) un-buffed; 5 h exposure (b) buffed; 5 h exposure, (c) un-buffed; 10 h
exposure and (d) buffed; 10 h exposure
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Figure 4.40 FESEM micrographs of the surface of the base material 321 SS in buffed and un-buffed
condition after SCC tests (a) un-buffed; 5 h exposure (b) buffed; 5 h exposure, (c) un-buffed; 10 h
exposure and (d) buffed; 10 h exposure

SUMMARY ( PART-III)
The ring-shaped samples of AISI 321 SS tubes in buffed and un-buffed conditions were subjected to

boiling MgCl, test for 5h and 10h.The results obtained are summarized below.

1. The unbuffed samples have exhibited high surface roughness and tensile residual stresses
which resulted in SCC.

2. Whereas, samples in buffed condition have lower surface roughness. The buffing operation
induced compressive residual stresses due to which the susceptibility to SCC was reduced.

3. After boiling MgCl, test, the buffed samples have shown no cracks on the surface but severe
cracking was observed on the unbuffed samples.

4. Buffing being a simple, portable and economic method can be adopted by the industries even

for existing components for eradication of chloride induced SCC.

University of Hyderabad Page 77



Chapter —11/: Results & Discussions

4.4 PART-1V: Mechanistic understanding of the improvement in SCC resistance of buffed
AISI 321 SS welded tubes
Figure 4.41 shows the classical three circle diagram for stress corrosion cracking (SCC) explaining

the factors responsible for cracking. SCC is a phenomenon that occurs under the synergistic action of
stress, environment, and susceptible material/ surface. Hence in order to prevent SCC, the stress in
material and the material surface that is exposed to the corrosive environment need to be closely
controlled. The stresses responsible for SCC are tensile in nature. Tensile residual stresses arise in
the material due to different steps involved during component fabrication. Welding is one such stage
during the component fabrication which invariably induces tensile residual stresses in the material

that may cause premature failure of the component.

Tensile residual stress

Corrosive
Environment
*Cl- content (1.5 mg/kg)
*PH value
*Temperature

*Microstructure
*High Surface
roughness

*Composition

Figure 4.41 Schematic showing the factors responsible for causing SCC

Surface finishing is the final stage in the industrial fabrication process. General surface finishing
techniques like machining, grinding, wire brushing, shot peening etc. are used during the
manufacturing of components. Surface preparation operations can alter the susceptibility of steel to
SCC and its resistance to the initiation and propagation of pitting. Surface finishing operations affect
predominantly the surface layers of a component and stress-corrosion cracks initiate from the
surfaces. Surface roughness also has a significant effect on stress-corrosion crack initiation [105].
Greater is the surface roughness, higher is the number of grooves. When this surface is exposed to an

aggressive chloride environment, the chloride ions get accumulated in the grooves leading to SCC.

University of Hyderabad Page 78



Chapter —11/: Results & Discussions

General surface finishing techniques like milling, turning, grinding etc. induce high magnitude of
tensile residual stresses [72, 73] and high density of deformation bands which result in enhanced
susceptibility to chloride environment.

Hence in order to prevent stress corrosion cracks, we need to have careful control over both the
‘stress’ and the ‘material/surface’ parameters. In some particular industrial application, the
environment to which the material is exposed remains fixed. The schematic of the tensile residual
stress converting into compressive residual stress is shown in Figure 4.42. The surface roughness of

the samples is minimized which helps in reducing the susceptibility to SCC.

Compressive
residual stress

Corrosive
Environment

*Cl- content (1.5 mg/kg)
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*Temperature
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*Low Surface
roughness

*Composition

Figure 4.42 Schematic showing factors responsible for causing reducing SCC

Figure 4.42 shows the schematic of the buffing operation. It involves rotation of a grinding wheel
with a particular velocity on the surface of the work piece. The wheel was also rastered over the
surface thereby a) imparting compressive stresses and b) lower surface roughness. Table 4.6 shows
that the residual stress present on the surface is compressive in nature. To compare other processes
like Shot peening and laser peening also induce the compressive residual stresses but incorporate
high plastic strain in the material and final surface roughness also high, Buffing is also low-cost
operation. Buffing is a very common practice in industrial manufacturing units which is applied to
achieve desired surface finish. Several assemblies and flexible attachments are used in industries for

carrying out buffing of inner surface of the tubes having small diameters as show Figure 4.44.
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Buffing wheel

0° longitudinal
45° diagonal
90° Transverse

Seam weld

Figure 4.43 Schematic of the buffing operation

Figure 4.44 Schematic of the buffing operation for inner surface of the tube [106-107]

University of Hyderabad Page 80



Chapter —11/: Results & Discussions

Table 4.6 Residual stress measurements on the surface of AISI 321 SS tube weld after buffing.

Residual stresses along two directions
Sample ID and (MPa)
location
0° 90°

1- LB weld -287+16 -351+13
2- LB weld -284+17 -342+6
1-Spot weld -351+17 -433+24
2-spot weld -382+23 -368+7
MIG weld -348+15 -385+12
Base material -239+23 -306+57
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CHAPTER 5
5.0 CONCLUSIONS

The study involved root cause analysis of the failure of AISI 321 stainless steel used in solar thermal
power plant. These failed tubes were seam welded using a) laser beam welding in one case and b)
MIG welding in another case together with spot welding on the surface. The work involved
characterization of the welded tubes to understand the root cause of the failure. The work was
extended to find an effective and simple surface engineering method to prevent such failures in the
future. The following are the conclusions made from the study presented in this thesis:

a) Hairline cracks were detected by dye penetrant tests. These cracks led to the leakage of the
thermic fluid from the tubes causing failure.

b) The spot welded, laser beam welded and MIG welded tubes had tensile residual stresses (due to
constrained weld geometry) beyond the threshold limit which led to extensive SCC on exposure
to boiling MgCl,.Appropriate post weld heat treatment is required to avoid such failures in the
future.

c) Laser beam welded; metal inert gas welded and the base material of AISI 321 SS in buffed
condition did not undergo SCC. Hence buffing made AISI 321 SS welds resistant to chloride -
induced SCC.

d) Buffing operation on the surface of 321 SS imparted a high magnitude of compressive residual
stresses together with a reduction of surface roughness. The presence of compressive stresses on
the surface together with reduced roughness prevented crack initiation on the buffed surfaces in

the presence of chloride ions.
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Scope of future work

» Long term sustainability of compressive residual stress induced due to buffing.

» Cross —sectional analysis of the depth up to which compressive residual stresses are
generated in the material due to buffing operation

» Comparison of Laser peening, shot peening techniques and buffing for mitigation of SCC
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