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ABSTRACT

For the manufacture of hydrogenation pressure vessels of heavy wall sections. cladding with a
layer or multilayer of corrosion resistant alloy on the inside wall of the vessel by Submerged e Welding
with a strip clectrode has become a common practice. However, the occurrence of disbonding of the
overlay from the basc steel, usually Cr - Mo low alloy steel, has remained a problem, especially during
cooling down of the vessel in an emergency. There are three major factors attributing to the disbonding.
Onc is the hydrogen accumaulation at the interface between the overlay and the base steel as a result of the
difference in solubility and diffusivity of hydrogen between the overlay of austenitic structure and the base
steel of ferritic structure. The second factor is the residual tensile stresses developed in the overlay during
cooling down of the vessel from operaiion due to the difference in thermal expansion between the
dissimilar materials. Finally, the susceptible microstructure along the interface to the disbonding plays

another principal role. Nevc s. the influence of the microstructure, and the actual mechanism of

disbonding. remain obscure,

A simulation of hydrogen accumulation in the Type II grain boundary is established based on a
Finite Differential Mcthod. A level of more than 120 ppm of hydrogen can be reached at the Type II
boundary. This well exceeds the solubility of hydrogen in ferrite (~6 ppm in weight) or in austenite (~60

ppm) under normal conditions.

A dissimilar material bond was employed to evaluate the level of residual tensile stresses in the

overlay. Tensile stresses exist perpendicular and parallel to the interface in the overlay near the interface.

A systcmatic investigation on the formation of a crack-susceptible structure was carried out, and
the mechanisms for the formation of such a structure are proposed. A so-called Type Ii grain boundary
adjacent and parallel to the interface in the overlay side has been confirmed as dcirimental. A phase
change during solidification and/or the presence of inclusions from the base steel due to dilution effect
segregating at the front of planar grains in the initial stage of solidification are responsible for the

formation of Type I grain boundaries.

A proper sclection of overlay materials and the welding procedure can eliminate or reduce the
chance for the formation of Type II grain boundaries. Hence the hydrogen related disbonding can be

minimized,



ACKNOWLEDGEMENT

I would like to cxpress my gratitude to Dr. Barry Patchett. my supervisor, for his guidance

throughout the course of this project.

My special appreciation is also given to Mr. Clark Bicknell for his skillful assistance during the

experiment. Ms. Tina Barker's help in the analysis on SEM is gratefully appreciated.

Thanks are also extended to Dr. R. Ergeton at Physics Department, Dr. M. Chen at Surgical
Medicine Research Institute and Dr. D, Ivey for their permissions to work on their equipment to complete

the experiments.
The valuable suggestions and proof reading by the Supervisory Committce members: Dr. B,
Patchett, Dr. S. Bradford. Dr. R. Eadic and Dr. D, Budriey. especially the external reader, Dr. D.V., Dorling,

are heartly acknowledged.

The encouragemant from my wife, Rensha Luo, was invaluable for me to complete this project.



Table of Contents

Chapter
L INTRODUCTION .....coririnitinninsisnasssscsismsssonsunsesssssssssssssssssosesssesssssensesssssessne

2.1.1 General Consideration about Hydrogen Distribution ............co..evesvnnn...

2.1.2 Variables Influcncing Hydrogenr Accumulation ..........o.veecveevvvecsennnnn.
2.1.2.1 Operation CONditions ...........ceevereveeesnesnssnsessossessressonns
2.1.2.2 Cooling Raies during Shut-down ...............ccovvvreenrvenennn,
2.1.2.3 Thickness of the Weld Overlay and the Base Stecl Wall .......
2.1.2.4 Composition and MiCTOSITUCIUTE .........eveeerverereerereeseeneonnnns
2.1.2.5 Stresses and SRS ........ovecevenerennncnenneesesssssssecssessennes
2.1.2.6 Welding Procedure .............cceerneevenrenrecsnsesceesnesssenneesssenns

2.2 Effects Of RCSIAUAL SITESSCS .....vevercrereerereresssssesessssesseesesenes e eseses s e

2.3.1 Weld Overlay ........ eeestest e rerearessassananas
2.3.2 BaSC SICEL ......cuueerercincircnnrnre s s sessensenesasssesssssnsssssens
2.4 Effects of Welding Processes and Procedures srestsasetiesrentireeas
2.4.1 Welding PrOCESSCS .....vvvereuseresnssnssnssenssessessmnsssesssenssssssssssssesessssenes
2.4.2 Welding SPEEd .........cererrerrerunrresenseenemsssseneessssssessessssssssessessses
2.4.3 Post Weld Heat TIeQIMENL «......u..vvevueciserseecsermsennssesseeseessssesseassosees
2.4.4 Other Welding Conditions ...............uecveeeereereencerensensensessossessessnnens
3. STATEMENTS OF PROBLEMS AND OBJECTIVES ........cevvoeeeeeeeersesssosesseersessssons
4. THEORY ....ccooevccrrrrrerrrnrencrenns . tertrererencarensasanas
4.1 Diffusion and Trapping of HYArOZEN ................ceveeeeeeereensnssesrssersossssssessonn.
4.1.1 General Equation for the Diffusion of Mass .....................
4.1.2 Activity Coefficient of Diffusion Mass
4.1.3 Formulation of Boundary Conditions for Hydrogen Diffusion and

Trapping ..
4.1.4 Finite Difference Method for the Diffusion Analysis

4.2 Hydrogen Induced Cracking ( HIC )
4.3 Siress Field of the Bonded Dissimilar Materials ............veveeervvreereeeonesvesens oo,
4.4 Morphology of Weld Overlay
4.4.1 The Geometry of Weld Overlay
4.4.2 The Structure of Weld Overlay

10
11
12
12
15
16
16
17
18
20
23
25
25
25
26



4.4.2.1 Overlay MiCrOSIUCHUT w..uvvvvvvsuveereeeeeseeensreooooooooo 3o

4.4.2.2 Microsegregation of SOWCS ......veeeeeevvrvvoooosoo 41

4.5 Effect of Flux on the SUucture f Welds ... 43

5. EXPERIMENTAL EQUIPMENT, MATERIALS AND PROCEDURES ..........coeuru...... 45
S L EQUIPIICH oot esesccenessss st sneesssse s oo 45
3.2 MAUCHALS covvvrsoerrteirsss s secessesmsssssesssesesnsessssssssossees oo 46
5.2.1 Strips of Corrosion Resistant ATIOYS oo e e, 46

5.2.2 Pate of the Base S1CC] ..ovcevevvuuvrerrssreeeesssoeoerssone oo 47

523 WEIdING FIUX coovvovnrrvoreenneeneenneesssssossnenneesssssssssssssesss oo oo 47

5.3 EXPELIMENal PIOCCAUIT w..vvvvvveveeesevesesssecnseseneeessnesssesss oo oo 47
3.3 1 WElding ProCCUIC ........coovvvvvurrrvrennesssmeeoeeemssssssssssseesss oo 47

5.3.2 Ultrasonic EXAMINAGON .....vvevvvveeveeeeeeeeeeeereeseseeseeoeeooeoeooeoooooooo 48

5.3.3 Post Weld Heat Treatment (PWHT) wuv.voveeeeoeveooeoooeooooooooooo 48

5.3.4 AULOCIAVE TESH covvvvvvevereeeneensseesnsesssessoseseeessesses e 48

5.3.5 MICEONATANCSS ..vvvvvvvecesneeesennne e ssemesssosmssssseoeses s 49

5.3.6 Dilatometric EXAMIRQION .........v...veoveeeeeeesssroeerroososoeoooeoooooooe 49

5.3.7 Optical Metallographic ObSCrvation ..............eooooveoeovooooooooooo 50

5.3.8 Measurement of DiltiON ......oeouvvveveeeeeeereoreeeoesonseoosooosooeooooooo 50

5.3.9 Observation on Scanning Elcctron MiCroSCOPC .....covvvrvnreere e 51

5.3.10 Observation on Transmission Electron MicCroscope ... 51

6. EXPERIMENTAL RESULTS ....c.ooccoecvrresvsrsnesromssssnsesoeeessosssese oo oo eooe 52
6.1 Effect of Welding Procedures on Dilution ..o 52
6.2 Thermal EXpansion CORMMICIENNS .....vvvevuverererseeeeessesssssssoss oo 52
6.3 Microhardness across the INETFACE .ovvuvveeeeneereomeeeesseeoeosooooooooooooooo 53
6.4 Ultrasonic Examination of DiSHONAING .....ooeveeereerneseeeeeeeee e 55
6.5 Optical Metallographic ObSEIVation ..............eeeeooeresveosoosoeosoooooooo 55
6.5.1 Optical Microstructures in As-welded Condition SOOI, 1,
6.5.2 Optical Microstructures in PWHT CORition covoeeeevrervoooooooo 59

6.5.3 Disbonding PhEROMENA .....covevnneeveeooreeeeeesesoesoesooo 61

6.6 Observation on SEM and TEM .....oov..ooooeeeeecooeeeeesseeeoo oo 62
T DISCUSSION ....cooreoerrsesenssmsssscsnesssssemsss s sessssssnssesseessssssesseess oo 66
7.1 Introduction ettt s e be s s st s e eseneas 66
7.2 Hydrogen Accumulation in Type Il Grain Boundaries ... 66
7.3 Residual Stresses in Overlay ... . cretererersia et sae e b s tn b gennas 69
7.4 MiCrostructures in the OVErlays ..............vveooeeceoooeeessssoreoeossosooooooooooooooo 71

7.4.1 General Consideration of the Formation of the Interface



MICTOSITUCIUIC ..oviniveiaiennnsnnncesssssstsssnnsnnssssssssssssssossesssnsssseseresnes
7.4.2 Formation of Type Il Grain Boundaries ...............o.oveverevvenneserncnnenns
7.4.2.1 Effcct of Overlay CHEMISITY ..ounvevcenreiscnnnciesiiseenecsnsenesnssnes
7.4.2.2 Effect of Welding Procedure ..........uvereiiesverecnesseessessennne
7.5 Disbonding OF OVETIAY ......ccccoceivrvenerininenireiinncisisessesssesessessressessssssssssssessasns
8. SUMMARY AND CONCLUSIONS .....ciconeerirciemnrennereessnsssssssesesssesssesssesssssossesssssne

TABLES ....onstciscsssstssn e snasesssmssssbes s sbessssnssssassss st sesnes
FIGURES ..ottt sssassssasesssss seassmsssssssssssssnssnssssssssnssasassosssessesnes

APPENDICES

Appendix A Cocfficients of Compliance for the Platc COMPONENLS ........ooucvmeeriueeeeereereresnrens
Appendix B Analysis of Stress Field of Bonded Dissimilar Materials ..........o.oevvveeeneinivenenes
Appendix C Computer Program to Simulate the Hydrogen Accumulation in the Type II

Grain BOUNGATY ..........cucieirrecrinininsneresnesencsensnssssssesssseseesssaessssessessssssesaens

Appendix D Paper Read at the 21st Metatlurgists Conference of CIM ...

71
72

83
89
92
92
93
96
97
100
183

195
197

206



List of Tables

Table Page
1. Chemical compositions of alloys used as cladding materials .......coeeveenes 97
2. Chemical composition Of hase Steel ..., 97
3. Chemical composition Of Weld fluX ... 97
4, Cladding conditions in Submerged Arc Welding ........occovvevevcieennsnsescnnenans 98
5. Dilution of Welding Procedures ......cuieeiesesenseserssessasesssssnssnessssssisssans 98
6. Thermal expansion coefficients of alloys and possible residual stresses at interface ...... 98
7. Disbonding analysis by ultrasonic C - SCaN ......cececvmernmsmsensrsnsssessesnssannsease 99

8. Equivalents of chromium and nickel of overlays ....o.oveencviicniiiniinnnens 99



List of Figures

Figure

1. Hydrogen Distribution in the Operation Condition ...........c.eocvevveeneeseesressensessssssens
2. Hydrogen Distribution after Shut-DOWR .......cvcuviveenieeerenessssssrsssssessssssesssssees

3. Effccts of Shut-Down Condition on Hydrogen Accumulation ..............eveveereenen.

4. Effects of Cooling rate, Thickness of Base Steel and Overlay

on Hydrogen ACCUMUIAtION .....c.cocviereinreninieenisisesesesenseessesessnesnssssersssssenses

5. Variation in Surface Strain due to Slicing .........cocvevevvennne

6. Distribution of the Residual Stresses in Through-Thickness Direction

ACTOSS 1he OVErIRY WELAS .....ucuecreereernreeeneeiesenessessessssessesssssessessaseraes
7. A Typical Microstructure of Austenitic Stainless Steel OVErlay ...........ceveeeeesevnnnen.
8. Crack Running along Type 11 Grain Boundary after Autoclave Test .........vvnnene...

9. Hlustration of Four Types of Disbonding LOCAtON. ..........ovevreeereesresseresssssnsssorsessssssse

10. Disbonding Phenomena Related to Welding Current, Travel Speed and
MICTOSITUCIUIC ...uovuveivirinnasennrsiessssnesssesesessssssssnsssesssssssessssssssssssssssssessesens
1. Cross-scction through a Strip Clad Specimen Showing the Relative
Contritation of Electrode (F) and Base Steel (Fo) to the Deposit
Chemistry .......veevvvveenencnnn. retestersaesistsatsarseteraessnesrnaransrseas

12. Schematic Representation of Microstructure for Various Growth Modes

() Planar Growth MO .........ceeeveeermerenereeeesessreeessossssssssssesene

14. Element Profile Close to the Interface between Weld Overlay and 2.25Cr-
1 Mo Base Steel after PWHT .........oouoveveeeceeeeeeceessesasssssseesssesessesssessesennns

Page

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115



15. Disbonding crack in 309/347 Overlay and Crack ends at Intrusion .......eeeeeveveneeenn. 116

16. One dimensional element system for diffusion analysis by finite
GIfErENCe MELHOM wcviiiiciiniiiesen e srsssssessssesnstssssnesssseses 117

17. Plate of weld overlay and base SICCL .......vevvevierreeeriereereiessesncsessssesssessesesserssens 118

18. Variations in solidification patterns as a function of percent solute and

(b) Schematics of stainless stecl weld structures for primary austenite and

primary ferrite SOHAIfICAON ........cceveeevirinineessniinerenensssen s ssseseesssessns 120
20. Solute banding resulting from changes in solidification velocCity ......vveivreivnveinen. 121
21. Schematic of set-up of the operation for the cladding .........cvuviererrecreniseeeonee 122
22. Schematic of set-up of the operation for ultrasonic eXamination ..............cevevvirenee 123
23. Schematic of set-up of operation for the autOCIAVE 1ESL vuvueuvererrerieiverereecsrereneeene 124
24. Schematic of set-up of operation for dilalOMEIriC €S ....verereerrenrererersesrerserssenes 125
25. Thermal expansion curve of base SICel ......ccvvmivrvcernrireniinsnnenesesssesesserseenns 126
26. Thermal expansion curve of overlay 2205 ..........ccouvrverernenesesnerevnnensessseesssscsns 127
27. Thermal expansion curve of overlay 300L .........ccoceeeeiernnreerennuraensensnseresesenne 128
28. Thermal expansion curve of overlay 254SMO .........ccvereienrirernrresssensneresseiones 129
29. Thermal expansion curve of overlay 904L .......ccceerveeeneriesvnnsnsssereresanssesenns 130
30. Thermal expansion curve of overlay C22 .............. PO 131
31. Thermal expansion curve of standard SAMPIe Ni .......cecverevrrercrenerserereseneisssennes 132
32. Microhardness across the interface of overlay 2205 As-welded ........cccovevveeeevennnns 133
33. Microhardness across the interface of everlay 309L As-welded .......ccocevvvreevrerennene 134

34. Microhardress across the interface of overlay 254SMO As-weldeded ............covvenee 135



35. Microhardness across the interface of overlay 904L As-welded .......oovvvrveeennennnne 136

36. Microhardness across the interface of overlay C22 As-welded .......oevvvevevvereerenne 137
37. Microhardness across the interface of overlay 2205 after PWHT .....cooveverinenne 138
38. Microhardness across the interface of overlay 309L after PWHT ......cvvvvvevvnen, 139
39. Microhardness across the interface of overlay 254SMO after PWHT .................. 140
40. Microhardness across the interface of overlay 904L after PWHT ......cvovevvrennen. 141
41. Microhardness across the interface of overlay C22 after PWHT .......cooevvvviennen. 142
42. C-Scan plot revealing disbonding in Overlay 309L .......c.vvveverenncrceseecsenennns 143
43, C-Scan plot revealing disbonding in Overlay 254SMO ......vueceeineecneernenseenes 143
44. As-welded optical microstructure of Specimen 2205 by Procedure I .........ovveeennne 144
45. As-welded optical microstructure of Specimen 2205 by Procedure II .......coeen.. 144
46. As-welded optical microstructure of Specimen 309L by Procedure I .........eevenn.. 145
47. As-welded optical microstructure of Specimen 309L by Procedure IT ... 145
48. As-welded optical microstructure of Specimen 309LMo by Procedure I ............... 146
49. As-welded optical microstructure of Specimen 309LMo by procedure II .............. 146
50. As-welded optical microstructure of Specimen 309LNb by Procedure I ............... 147
51. As-welded optical microstructure of Specimen 309LNb by Procedure II .............. 147
52. As-welded optical microstructure of Specimen 254SMO by Procedure I ............... 148
53. As-welded optical microstructure of Specimen 254SMO by Procedure II .............. 148
54. As-welded optical microstructure of Specimen 904L by Procedure I .................. 149
55. As-welded optical microstructure of Specimen 904L by Procedure II .................. 149

56. As-welded optical microstructure of Specimen C22 by Procedure I .................... 150



57. As-welded optical microstructure of Specimen C22 by Procedure Il ...

58. As-welded optical microstructure of Specimen 5923 by Procedurc 1 ...,

59. As-welded optical microstructure of Specimen 5923 by Procedurc I ...vu.vvvvevesveenne,

60. PWHT optical microstructure of Specimen 2205 by Procedure 1
61. PWHT optical microstructure of Specimen 2205 by Procedure 11

62. PWHT optical microstructure of Specimen 309L by Procedure |

.........................

........................

........................

63. PWHT optical microstructure of Specimen 309L by Procedure I ......vevrevenne..,

64. PWHT optical microstructure of Specimen 309LMo by Procedurc I ...,

65. PWHT optical microstructure of Specimen 309LMo by Procedure I .................

66. PWHT optical microstructurc of Specimen 309LNb by Procedurc I ...

67. PWHT optical microstructure of Specimen 309LNb by Procedure II ..................

68. PWHT optical microstructure of Specimen 254SMO by Procedure I ................

69. PWHT optical microstructure of Specimen 254SMO by Procedurc II ..................

70. PWHT optical microstructure of Specimen 904L by Procedure 1

71. PWHT optical microstructure of Specimen 904L by Procedure 11

........................

.......................

72. PWHT optical microstructure of Specimen C22 by Procedure I .......n.veevennn....

73. PWHT optical microstructure of Specimen C22 by Procedure II..........ou..........

74. PWHT optical microstructure of Specimen 5923 by Procedure I ........ooueenn......

75. PWHT optical microstructure of Specimen 5923 by Procedurc I1

76. Disbonding in overlay 309LMO ..........coooerenenreesemserecaorasecrsesssenns

.......................

------------------

77. Disbonding along Type II grain boundary in overlay 254SMO ..........oooereerunn.n...

78. Disbonding running parallel to the interface in overlay 254SMO

-----------------------

150

151

151

154

154

155

155

156

156

157

158

158

159

159

160)

160

161



79. Disbonding extended from Type 11 boundary to the bainite region ............cvun..
80. Disbonding wandcring along Typc I boundary and through bainite region

N OVETIAY 254SMO ...t sessasesssassessasssssmsenennees
81. Disbonding along Type II boundary in overlay 904L .......cccoveeevevvrrecrnrerevennrn,
82. Cracking stopped at the turning point of planar grain boundary ...........coveeeenen.
83. Microstructurc along fusion line in overlay 2205 ........ccocevevvereeveenreeneessenennes
84. Skcletal ferritic network and enveloped martensite in overlay 2205 ..o,
85. Precipitation in martensite and skeletal fEITile ...uurveverveemnivenienensrseisesensnnes
86. Microstructurc along fusion line between base steel and overlay 254SMO. ..........
87. Type I grain boundary in 254SMO observed on SEM ......uvevvecevincnenennns
88. Finc martensite right on the interface in overlay 254SMO ....covvceveveeenvsnennns
89. (a) Coarse bainitic structure in the transition zcne from the base steel to
OVETIAY 254SMO ....oevriiriicreenrnssceessesiensassessrssesssstssesssssassesesons

(b) Coarsc Bainitic Structure intruding into austenite in overlay 254SMO. .........
90. EDX analysis and microstructure around Type II grain boundary ......................
91. Lathes of martensite at the root of interface in specimen 309LMo......................
92. A narrow planar grain boundary in specimen C-22 As-welded ........ooeveeververrennnnan.
93. A closc look at the planar grain boundary in specimen C-22 ......oveveeeeveeeuennnns

94. EDX cxamination shows a higher content of Fe in the planar grain boundary .....

95. A narrow band of martensite serving as the transition of crystal structures

aside the interface in SPECIMEN C-22 ......c.cuvcveereumercsnrecsessesscsesssessessesssens

96. Precipilates on the planar grain boundary in specimen C-22 .......cvveveeervenennncne.

97. Carbides precipitating in the interfacial region in specimen C-22

161

162

162

163

163

164

165

166

166

167

168

168

169

169

170

170

171

172

173



(a) Coarse Carbides precipitate in the base stecl under the interface

(b) M,C Type Carbide Precipitating in the Transition Zone ............
(c) Precipitation of Carbides on the Planar grain Boundary in Overlay C-22 ........

98. Less Precipitation occurs in Overlay C-22 by Low Current Welding

99. A simulation of hydrogen accumulation in Typc Il grain boundary

--------------------

----------------

-------------------

....................

100. Schematic of Fe - Cr - Ni ternary phase diagram and compositions of

OVErlay MALETIALS .vocceeiecrceieeierecresiniensrnrnssesserassesessaseosnannestossesssne
101. Schematic of Schaeffler diagram showing possible structures in overlays ...........

102, A part of the vertical profile of Fe - Cr - Ni ternary phase diagram

103, Schematic illustration of the formation of Type II grain boundary

....................

174

175

176

177

178

179

180

181

182



1. INTRODUCTION

Reactor vessels used for crude oil refining usually operate at high temperatures and high pressures in
hydrogen-containing and corrosive environments. Due to their excellent mechanical properties with good
corrosion resistance and heat resistance, corrosion resistant alloys such as austenitic stainless steels and
nickel based alloys arc very suitable for the lining of such pressure vessels in the petrochemical industries.
However, the construction of large objects such as pressure vessels, with large capacity and heavy wall
section in huge petrochemical plants, requircs minimal use of corrosion resistant alloys to minimize cost.
Thus composite construction with low alloy steel as the pressure containing component was developed.
Conscquently, corrosion resistant alloy clad composite materials are being used 123 to achieve the
optimum balance of mechanical strength, chemical properties, surface properties, and economy. Because
this king of structure usually involves a large clad area or the use of plates with thickness exceeding 100
mm, the only practicable method of cladding, especially on shaped areas, is weld overlay, despite the fact
that some other technologies are apparently competitive with weld overlay 5. Among weld cladding
techniques, such as Submerged Arc Welding (SAW), Electroslag Welding (ESW), Shielded Metal Arc
Welding (SMAW), etc., SAW with strip electrode cladding receives the most attention due to its ability to
combine cxcelient deposit propertics and controllable penetration with high deposition rates. The most
typical application of this weld cladding technique is for the making of pressure vessels used in the
hydrotreatment of heavy oils and oilsands (bitumen) and operated at temperatures from 350 to 500 °C and
at pressures as high as 10 to 20 MPa in hydrogen-contained corrosive environments. This kind of pressure
vessel is usually composed of a thick outside wall, made of Cr-Mo low alloy steel to withstand the high
temperature and pressure due to its reputation of high creep strength, and an inner surface of corrosion

resistant alloy clad by welding.

Cladding of corrosion resistant alloy by welding has been successfully applied to the manufacture of
pressure vessels, and the weld overlay behaves well at the operating conditions of the pressure vessels.

However. the occurrence of disbonding of the overlay from the base metal during shut-down of the
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pressure vessels for maintenance or in an emergency remains 2 major problem confronted by the
application of this technique. The hazard has been investigated by several groups 678910 qnd some
knowledge has been gained. It is belicved there arc three major factors contributing to the disbonding. The
first is the accumulation of hydrogen at the interface between the overlay and the base steel, After the
steady- state condition has been attained in the hydrogenation process during the hydrotreatment of the
crude oil in a pressurc vesscl, there is an equilibrium distribution of hydrogen and pressure across the
vessel wall. Once the steady-state condition is disturbed, the hydrogen will accumulate at the interface
between the overlay and the base steel owing to the difference in diffusivity and solubility of hydrogen in
the overlay and the base steel as temperature decreases during vessel shut down. The second factor is that
the stress and strain will be intensificd at the interface region due to the difference in thermal expansion
coefficient and in structurc between the overlay and the base stecl during the cooling down of the vessel
from the operation temperature and pressure. Finally, the microstructure of the interface may bhe
susceptible to fracture. The structure of the interface is determined by the composition of the overlay and
the base stecl and by the welding procedurc as well. Once an overlay maltcrial is chosen from the view of
corrosion resistance capability, the structure of thc interface is the only controllable factor in the

consideration to prevent the overlay from disbonding.

However, there are still arguments about the causes of the disbonding. Somec rescarch groups
suggested a high dilution of the base metal to the weld metal would be beneficial (o the resistance to
hydrogen-induced disbonding.}! Other researchers belicved that a low dilution ratio would minimize
adverse fusion line microstructure!2, It was also found!3.14 that disbonding in most cases initiated and
propagated along a so-called Type II grain boundary parallel and adjacent to the fusion linc in the overlay
side. But it is unclear how the Type II boundary forms and if the Type Il boundary is the site for the
accumulation of hydrogen. In addition, what level of thermal residual tensile stress and strain can exist in

the interface region also requires more detailed evaluation.

Thus, to obtain a clear understanding of what causes the disbonding of the overlay from the base



steel, once nceds to investigate the formation of the microstructures along the interface region, the
distribution of hydrogen and the residual tensile stress and strain across the interface. Then one can,
possibly, cstablish a model or a theory to describe the phenomenon of the disbonding. Hence, the overall
objective of this study is to examine the formation of the microstructure along the interface region, its
relation to the  cladding composition and welding procedure, and find out the relation between the
microstructure and the distribution of hydrogen and residual stresses. Finally, an attempt will be made for

the improvement of the weld cladding technique to reduce or eliminate the occurrence of hydrogen-related

disbonding.



2. LITERATURE REVIEW

2.1 Hydrogen Distribution
2.1.1 General Consideration about Hydrogen Distribution

It has been found that disbonding docs not happen when the vessel is placed in operation at high
temperatures and high pressures, rather it takes place during a certain period after the shut-down of the
pressure vessel for maintenance or in an cmergency!S1617, The phenomenon of disbonding showed
characteristics of hydrogen-related fracture in consideration of the four prerequisites for hydrogen-assisted
cracking (HAC): 1) A low temperature, usually ambicnt temperature or less than 200°C: 2) Tensile
stresses exist, either applied or residual; 3) Sufficient hydrogen, 5 ppm or more in the ferritic structure, or
60 ppm or more in the austenitic structure; and 4) Crack-susceptible microstructures such as martensite,
bainite, and ferrite. It is, therefore, believed that the disbonding must be connccted to the redistribution of
hydrogen during the shut-down, in which hydrogen diffuses out from the vessel interior, and pressure and

temperature reach the ambient condition.

Before the determination of the redistribution of hydrogen across the vessel wall after shut-down, the
equilibrium distribution of hydrogen in the steady-state condition in the hydrogenation process has 1o be
considered. When the pressure vessel is operated in hot and high pressurc hydrogen atmospheres, the
typical equilibrium hydrogen distribution can be deduced by considering the solubility and diffusivity of
hydrogen in the weld overlay, commonly austenitic stainless steel, and the base steel, usually Cr - Mo low
alloy steel. The solubility of hydrogen in the austenitic stainless steel overlay is much higher and the
diffusivity is much lower than those in the ferritic base Cr - Mo steel. When the steady-state condition is

achieved, the hydrogen concentration at locations of interest in the operation condition is then given by 18

c1= kl»‘/pllz

(2-1)
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where, ¢;: hydrogen concentration at the surface of weld overlay (ml/100 g Fe),
¢,: hydrogen concentration in the overlay at the interface (ml/100 g Fe),
¢3: hydrogen concentration in the bawe steel at the interface (ml/100 g Fe),
X,, X, thickness of the overlay and base steel, respectively, cm,
ki1, k2: solubility constants for weld overlay and Cr-Mo steel, respectively,
a= ki/k2, partition ratio.
Py, hydrogen partial pressure at the surface of weld overlay, kg/cm?,
Ds, Ds: diffusion cocefficients of hydrogen in weld overlay and base steel respectively, cm?/sec.

The magnitude of hydrogen concentration c;, ¢,, and ¢; depends primarily on the operation pressure
(10 - 20 MPa) and temperature (400 - 450 °C). The schematic of hydrogen distribution in the operation
condition is shown in Figure 1. From Figure 1 it is seen that there is a steep gradient of hydrogen
concentration in the interface region between the weld overlay and the base steel due to dissimilar
solubility and diffusivity of hydrogen in these two different crystal structures. During shut-down, the
steady-state condition of high temperature and high pressure is disturbed. The relative difference in
solubility and diffusivity of hydrogen in fe.tite and austenite phases increases with the drop of
temperature. Calculations 517 have shown that a large amount of hydrogen is still present in the overlay
after shut-down, even when the pressure of hydrogen in the vessel is reduced to and kept at zero. More

importantly. the hydrogen in the wall accumulates to a considerable level in the austenitic overlay near the



interface between these two materials at lower temperatures. The peak concentration of hydrogen in this
region can be higher than 100 ppm in the weld overlay adjacent 10 the fusion line as scen in Figure 2.
Such high concentration of hydrogen, apparently exceeding the equilibrium concentration at the ambient
tempcrature, is most likely to cause hydrogen-related cracking or disbonding. Disbonding test results for a
7 mm thick cladding layer have shown that disbonding took place when hydrogen concentration at the
interfacc exceeded 100 ppm 19, The extent to which hydrogen accumulates depends upon the original
steady-state hydrogen concentration and the cooling rates, and it is also affected by the local stress and
strain, and the microstructures in the overlay and the base steel. In a one dimensional diffusion model 17,
a value of 220 ppm of hydrogen was rcpresentative of a layer at the interface approximately 10
micrometers wide after cooling down from 450 °C at the hydrogen pressure of about 16 MPa, Clearly, if a
susceptible structure to cracking is present, in addition to the high concentration of hydrogen as high as
above 150 ppm at a point 50 micrometers away from the interface where the through-thickness thermal
tensile stress was built up as a result of dissimilar thermal and mechanical properties in the overlay and
the base stecl, disbonding of the overlay from the base stecl will unavoidably take place since all

requirements responsible for the hydrogen embrittlement are present.
2.1.2 Variables Influencing Hydrogen Accumulation
2.1.2.1 Operation Conditions

The solubility of hydrogen in the overlay and the base stcel which determine the original distribution
of hydrogen during steady-state operations of the pressure vessel is affected by the temperature and
pressure at which the vessel works. Due to the difference in crystal structure, the solubility of hydrogen in
face-centered cubic (FCC) structure is about an order of magnitude greater than that in body-centered
cubic (BCC) structure of Cr-Mo base steel. The basic relationships of the solubility and diffusivity of
hydrogen in low alloy steel of BCC structure and in austenitic stainless steel of FCC structurc with

temperature are given by Tadamichi et al:1?



k, =7.6cxp(-630/T). (2-4)
k, =23.4 exp(-3257/T)
= 1.8 cxp(-1789/T),  for T<573K (2-5)
Dy, =24 x 107 exp(-2132/T)
=4.3 x 107 exp(-3358/T) for T<423 K (2-6)
D, =711 x 10™ exp(-4555/T)
=6.0 x 1073 exp(-5781/T) for T< 573K (2-7)

where k| and k; are the solubility constants and Dy, and D, are the diffusion coefficients in the base steel
and overlay materials respectively. Then the concentration of hydrogen at the entry surface of the weld

overlay can be decided by the equation
Co = k1 Jpiiz (2-1)

where py;,= hydrogen pressure in kg/cm?.

The hydrogen concentration at the interface between the base steel and the overlay is calculated by the

ratio of hydrogen concentrations for each material exposed directly to the hydrogen atmosphere:

Cw = QlCn (2'2)

where o = k,/k,.

From the exponential relationship of the solubility and diffusivity with the temperature, higher
temperatures have a larger influence on the solubility and diffusivity than the pressure does. Nevertheless,
solubility increases with both temperature and pressure. But, an increase in the operation temperature will
resuli in a decrease in the retained hydrogen after shut-down in the overlay. This is attributed to the

longer time of hydrogen diffusion from a higher temperature to ambient temperature if cooling rate



remains constant. For typical petrochemical operation conditions, pressure vessels work at temperatures
between 400 and 450°C with pressurcs at 10 to 20 MPa. If a pressure vessel with a thickness of overlay of
5 mm and a thickness of base steel wall of 65 mm works at the temperature of 450 °C and at the hydrogen
pressure of 130 kg/cm?, the saturated hydrogen content can be reached at about 40 ppm ncar the interface
in the overlay in the steady-state condition!”. The large amount of hydrogen introduced during opcration
needs (o redistribute through diffusion during shut-down of the pressure vessel. Then accumulation of

hydrogen at the interface takes place.
2.1.2.2 Cooling Rates during Shut-down

The cooling rates during shut-down have a remarkable influence on the hydrogen diffusion. A slow
cooling rate allows a longer time for hydrogen to redistribute in the overlay, basc metal and interface
between them. With a higher cooling rate, less time is available for hydrogen to redistribute itself or
escape the vessel wall, and a higher concentration will be found at the interface region. The cffects of
shut-down conditions on hydrogen accumulation are shown in Figure 3. Disbonding may be avoided if the
hydrogen is allowed enough time to diffuse away from the interface before room temperature is attained?9,
This requires holding the temperature above 100 °C long enough to reduce the peak level of hydrogen
below the critical value at the interface. However, it is not always possible to heat or keep the vessel at a

higher temperature and ensure hydrogen removal. Thus other contributing factors must be considered,

2.1.2.3 Thickness of the Weld overlay and the Base Steel Wall

The hydrogen concentration at the interface increases as the thickness of the base stecl increascs,
while the hydrogen‘ concentration decreases as the overlay thickness increases. This is attributed to the
lower concentration of hydrogen at the interface for the thicker overlay in the same operation condition,
resulting in a lower hydrogen spike upon cooling if the hydrogen flux is held constant in the prolonged
pressure vessel operation. The effects of cooling rate, thickness of base steel and overlay on hydrogen

accumulation are presented in Figure 4.



2.1.2.4 Compeosition and Microstructure

Composition and microstructure cxhibit their influences on through-thickness stresses and on
hydrogen diffusivity and accumulation. As for the diffusivity, the change in the microstructure across the
interface, accompanicd by strains and stresses, is the most influential factor for the hydrogen
accumulation which is likely to depend on the proportion of different crystallographic phases present
rather than on the composition of any given phase. However, the composition will determine which
phases arc present. Grain size is another microstructural feature that influences hydrogen diffusion19. The
solubility of hydrogen depends on grain size as well as the disorientation across the grain boundaries. The
cffect of grain size on the hydrogen diffusivity is complex2!, and no model is available now to consider the
grain sizc cffect on the hydrogen diffusion. The trapping effect of carbides or other precipitates drew the
interests of rescarchers!”. The addition of strong carbide-forming elements such as Ti, Nb, V etc. in the
overlay and basc stecl is believed to reduce the peak concentration of hydrogen at the interface. The

trapping cifect of carbides impedes the accumulation of hydrogen at the interface.

A modecl of numerical analysis of the diffusion and trapping of hydrogen in steel weldments has been
proposed by Kohira et al.22 In this model, the effects of two different phases, one of which serves as
trapping sites, on the diffusion and trapping of hydrogen is discussed. It demonstrated that the diffusion of
hydrogen would be significantly retarded by the trapping sites such as plastic strain area, and second

phase particles.
2.1.2.5 Stresses and Strains

Stresses are generated duc to the different coefficient of thermal expansion between the overlay and
the basc stecl during cooling. Plastic strains result if the stress level is over the yield strength of the
materials. especially with a high cooling rate. It is suspected” that the presence of a stress field would
cnhance stress-assisted hydrogen diffusion from the region under compression to the region under tension,

whereas plastic strains would retard hydrogen movement by increasing trapping density. Post-weld heat
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treatment (PWHT) can reduce the residual stresses to a large extent provided that the thermal cxpansion
properties of the overlay and the base steel arc similar (o each other. However, for situations where weld
metal and base metal have different compositions and different thermal expansion coefficients as in the
case of the corrosion resistant alloy overlay on the Cr-Mo low alloy steel, the effect of PWHT may not he
very effective to reduce the residual stresses. What is more, residual stresses are created from the cooling

during shut-down of the pressure vessel, not only from welding.

The stresses of interest are those parallel (shear stress) and perpendicular (through-thickness stress) 10
the interface. The shear stresses are likely to be confined near the interface region, and their effect on
hydrogen diffusion may not be important, but the resulting strains may incrcase the solubility,
Perpendicular stresses are more important to affect the diffusion of hydrogen to the interface region, and

to be responsible for the disbonding at the interface.

The magnitude of the residual stresses depends on the cooling rate and the difference in the thermal
expansion properties of the overlay and the base steel. For an overlay of 309 stainless steel on 2.25% Cr-
1% Mo low alloy steel with a microstructure of austenitc plus 6% ferrite at the interface after PWHT at
690°C for 24 hours, Fuji 7 et al found the residual tensile stress level higher than 400 MPa. This level of
stress exceeds the yield strength of the most used overlay materials, hence a plastic strain zone is expected

near the interface. Consequently, a higher concentration of hydrogen would be present in this zonc,

An attempt 23 has been made to set up the relationship between the hydrogen distribution and the
state of stress and strain field in the heat affected zone (HAZ) of welds, It is suggested that this model

could be used to treat the situation of corrosion resistant alloy overlay on low alloy stcel.

2.1.2.6 Welding Procedure

The effect of welding procedure on the diffusion and accumulation of hydrogen lics in that the
welding procedure can adjust the chemistry of the weld metal, influence the macrostructure of the welds

and develop a certain level of residual stresses since the welding procedure has strong cffects on the
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composition near the interface region. The microstructure along the fusion lines is also affected by the
procedure, cspecially by the dilution cffects. Chakravarti 17 et al suggested that the Schaeffler or DeLong
diagram may be used to predict the microstructure of the overlay. But the phase transformation in welds
during welding is usually a nonequilibrium process 24, The Schaeffler diagram may be used to estimate
what kind of structure exists in the weld metal, but it cannot predict where this kind of structure locates in
the weld metal, at the root or in the middic of the weld metal. This is especially true when there is a large
difference in chemical composition between the weld metal and the base steel. Therefore, the Schaeffler
diagram cannot be simply applied to predict the microstructure of the overlay, especially the
microstructurc ncar the fusion line where there is a sharp change in composition. The composition at the
interface is affected by dilution and lack of mixing during welding, and so is the microstructure. The
prcheat and PWHT also have influences on the hydrogen accumulation at the interface by affecting the
formation of different microstructures at the interface. The number and the shape of precipitates, for

cxample, which serve as the trapping sites of hydrogen, is strongly dependent on PWHT.

2.2 Effect of Residual Stresses

If the chemical composition and the microstructure of the overlay were similar to the base steel, the
residual stresses could be released by post weld heat treatment (PWHT) after cladding. However, the
composition and structurc of overlay materials are usually different from the base steel due to the
consideration of corrosion resistance. The corrosion-resistant alloys usually possess larger thermal
cxpansion cocfficients than the base steel. Therefore, even if the cladding is stress-relieved at PWHT,
stresses may reappear on cooling from the operation condition to the room temperature. Kume?S et al
measured the strains in the overlay of austenitic stainless steel and in the base steel. The results are
presented in Figure 5. It showed that there were high biaxial tensile strains in the overlay adjacent to the
fusion line, and high compression strains in the base steel at the overlay interface. It was believed that the
Poisson effect associated with the tensile strain in the interfacial region of the overlay produced a tensile

stress across the fusion boundary which contributed to the disbonding phenomenon. These stresses are



significantly reduced during PWHT after welding. But they showed up again during cooling down in the
shut-down period, especially in an emergency, duc to the difference in thermal expansion coeflicients of
the two materials. Measurements26 of the residual stresscs parallel to the interface with a hole drilling
method showed that the residual stresses were in the order of 140 MPa. The 0.2% strain was reached by

only a 525 K change in temperature for 309 stainless steel on a 1020 steel plate.

Several Japanese researchers™!! had found that the developed residual stresses in the overlay could be
reduced tc some extent if a mixed structure of austenite and martensite was present along the fusion linc.
They attributed this to the transformation of martensite in the overlay, which reduced the residual strain

and hence the residual stress. Some of their results are shown in Figure 6.

Up to now no attempt has been made to cvaluate the residual stresses or strains in the overlay system

by a numerical method.
2.3 Effects of Composition and Microstructure
2.3.1 Weld Overlay

Since the main application of pressure vessels is in the petrochemical and chemical industries, the
specifications of the clad layers are usually of stainless steels of ASTM 300 or 300L serics to possess
adequate corrosion resistance to the working media. For most corrosion resistant alloy overlay

specifications, three major objectives have to be considered 3:

a) Chemical composition within the range of the relevant corrosion resistant alloy composition over
the whole overlay;
b) A minimum thickness of cladding within the corrosion resistant alloy specification;

c) Suitable deposit microstructure and mechanical properties.

Because the cladding of corrosion resistant alloy, in most cases, is carried out on thick plates of

carbon or low alloy steels, the dilution of weld overlay by the base steel plate becomes a problem in
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meeting the overlay specification. Consequently, the corrosion resistant alloys used for this purpose are
usually composed of Cr and Ni more than 18% and 8%, respectively, and of carbon no more than 0.04%
with carbide stabilizers such as niobium, titanium, etc.. Molybdenum is also a frequent addition for
imparting increased resistance (o certain corrosive environments such as the presence of Cl™ . Sometimes
Cr and Ni powders arc added to welding flux to compensate for the loss of these elements during welding.
Two layers of cladding of corrosion resistant alloy on the base steel are often employed to achieve the

specification on chemical composition in the top layer. The most common combination is 309L in the first

layer and 347 in the top layer.

From cxisting results 41018 on common procedures, it is found that the weld overlay serves well in
the steady-state operation of the pressure vessel, and it is not susceptible to disbonding. But the disbonding
may happen after PWHT and hydrogenation, especially during the shut-down of the pressure vessel for
maintenance or in an cmergency. The disbonding takes place almost always near (not at) the interface in
the overlay side. Thercfore as far as the disbonding is concerned, the interfacial zone between the base
steel and the overlay is the most interesting. Initially it was believed that the martensitic structure was the
culprit in disbonding, as for hydrogen embrittlement in high strength steels, and that austenite or austenite
plus partial ferrite was the most suitable structure in the overlay. However, several experiments have
shown that a mixture of austenite and martensite had a higher resistance to disbonding, even though the
reason was not clear”2%28, Experimental results!2 also showed that lowering the carbon content of the
overlay materials used for the overlay helped to increase the resistance to disbonding. In effect, the
chemical composition variation of the deposited overlay to a large extent depends upon the welding

procedure, particularly in the interfacial zone.

A typical microstructure of austenitic stainless steel overlay, the most used overlay material, showed
dendritic austenitic grains with a certain amount of ferrite within interdendritic spaces, and the dendritic
grains extended from the interface region as shown in Figure 7. Usually there was a narrow transition

zone where no ferrite was observed. and austenite grains grew epitaxially from the Cr-Mo base steel plate
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during welding. The austenite grain boundarics at the interface showed that the overlay initially solidified
as a planar interface. a so-called Type Il grain boundary. which is susceptible to disbonding. Subscquent
solidification then progressed into a dendritic mode. Zhang® ct al thought that the cpitaxial growth of
austenite from the base steel in planar mode was halted by austenite grains formed at the front of
solidification which developed into dendritic growth, so the planar grain boundary formed as an
indication of the two different growth modes. Within the transition zonc there was a "shining band" which
could not be affected by ciching either for the stainless steel or for the base steel in as-weldeded condition.,
and this band turned dark after PWHT and etching. This band of tempered martensite and bainite
extended across the austenite zone along the interface boundary. After PWHT and hydrogen-charging,
cracking took place in the interface region, mostly along Type II grain boundarics as shown in Figure 8.
In a simulation test® of hydrogen induced disbonding, four types of disbonding location were identificd as
seen in Figure 9. Type A cracking took place along grain boundarics which tilted an angle (o the fusion
line and was linked to the interdendritic boundary. These grain boundarics in effect were the extension of
the planar grain boundary, Type 11 grain boundary, along which Type B cracking happened. Type C
cracking occurred in a brown-colored martensite zone and Type D cracking in the black-colored
martensite zone. The two different-colorcd martensite zones were believed due to precipitation in the
black-colored zone. The structure in the brown-colored zone might be bainite, which showed a different
response to the etchant from that of martensite in the black-colored zone. Although there might be several
types of disbonding, it was postulated by almost all researchers that the initiation of disbonding took place
as Type B cracking, i.e., along Type Il grain boundarics. The presence of martensite at the interface was
the topic of arguments concerning the resistance to disbonding. Ohnishil! et al concluded that a duplex
structure of austenite and martensite with a lower amount of ferrite at the interface possessed more
resistance to disbonding. The improvement came from a lowering in the residual stresses across the
interface for the duplex structure as a direct consequenct: of martensite transformation. For this reason, the
overlays which had relatively lower nickel and chromium equivalencies and less ferrite than conventional

austenite stainless steel overlay showed the lowest disbonding tendency as presented in Figure 10.



15

2.3.2 Base Steel

Because pressure vessels usuvally work at high temperatures and high pressures, a suitable
combination of strength and ductility is necessary. Low alloy Cr - Mo steels are commonly employed for
the manufacture of pressure vessels in consideration of their properties to resist creep and oxidation in
addition to the suitable combination of strength and ductility. Typically 2 1/4 % Cr - 1% Mo steel is
chosen as the main material of the pressure vessel. To overcome temper embrittlement, the contents of P,
S. Sn, Sb, and As should be as low as possible, and the contents of Si and Mn are also reduced. Carbon
content of the basc steel is lower than that of conventionally used Cr -Mo low alloy steels in order to
minimizc the dilution cffect confronted in weld cladding. Nakanishi2? et al proposed Al and B treatment
to suppress the temper embrittlement and to keep suitable strength. Masumoto3® found that the main
cause for the embrittlement of base steel was the coarsening of carbides during a long period of service at
high temperatures. Therefore, a certain amount of strong carbide-forming elements such as titanium,
niobium, vanadium, etc. is added to stabilize carbides. These special carbides precipitate at an early stage
at higher temperatures to control the grain growth and to prevent carbon migration to Type H grain
boundaries during PWHT. Hence, the level of hydrogen accumulation at Type II grain boundaries is
reduced. The grain size of base steel is also an important parameter affecting the nucleation in the weld
overlay, since the dendritic grains in the overlay grow epitaxially from the grains in the base steel. It is
proposed?? that the addition of titanium and boron promote rapid transition toward dendritic growth

during solidification, hence reducing the extent of Type II grain boundaries.

The typical microstructure of base steel in the region of the interface is usually the heat affected zone
(HAZ) with coarse grains of martensitic and bainitic structures as shown in Figure 7. Carbides precipitate
preferentially on prior austenitic grain boundaries in the HAZ. It is seen that Type II grain boundaries and
the columnar dendrites in the overlay are strongly dependent upon the grain size of the base steel. A test!4
on a low alloy Cr-Mo steel with extra low carbon content showed that the grain growth in the base steel

was suppressed during welding, resulting in finer microstructures both in the base steel and the overlay,
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and a reduction of precipitation of carbides in the interfacial region. Consequently, disbonding was

minimized.
2.4 Effects of Welding Processes and Procedures
2.4.1 Welding Processes

There are several welding processes available for the cladding. In practice, ASME qualifics only four
welding processes for the overlaying process in the manufacture of pressure vessels: Shiclded Metal Arc
Welding (SMAW), Submerged Arc Welding (SAW), Electroslag Welding (ESW) and Gas Metal Arc
Welding (GMAW). In consideration of the high deposition rate and high cfficiency required in the
manufacture of pressure vessels with heavy sections, only SAW and ESW processes have been widely
employed for cladding. The electroslag welding process has the advantage of reduced dilution as
compared with submerged arc welding. Thus it may be possible to obtain an acceptable cladding
composition with onc layer only. However, the clectroslag welding process gencrates a coarser grained
heat affected zone (HAZ) than the SAW process, so that the sensitivity to underclad cracking and
hydrogen-induced disbonding is increased®!. The submerged arc welding process with a strip clectrode
produces satisfactory cladding with high ceposition rates, and it is relatively casy to control the process,
and thus the quality of overlay. Therefore, SAW is the most widely used cladding technique for the
overlaying of corrosion resistant alloys on the basc steel in the manufacture of hydrogenation pressure

vessels.

To meet the overlay specifications, the dilution effect of overlay from the base stecl has to be
considered. Generally, the effect of dilution can be solved either by depositing more than one layer or by
using a dual strip procedure. Nevertheless, a number of experiments! showed that it was possible with
suitable combination of strip and flux compositions to clad some corrosion resistant alloys in a single pass
only. Due to its obvious economical advantage in using one single-pass technique, attention has been paid

to study the effects of welding parameters and welding consumables necessary to predict and control the
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deposition composition, dimensions, and microstructures of weld overlay in a single pass.

2.4.2 Welding Speed

The chemical composition and microstructure in the transition region of the interface between the
overlay and the basc steel depend heavily on the welding procedures, especially the welding speed, in
addition to the chemical compositions of the overlay materials and the base steel themselves. Once a level
of heat input is chosen to achieve a suitable fusion pool for the control of the dimension and shape of weld
overlay, the main parameler reflecting the influence of welding spezd is the dilution extent, i.e. the
volume fraction of basc steel involved in the weld overlay bead as a whole, as shown in Figure 11.
Obviously, the magnitude of dilution affects the chemical composition and microstructures in the overlay,
and thus the resistance to the disbonding. Therefore, a close coatrol of composition, and the consistent
and predicable value of dilution of overlay by welding procedure is definitely required. It has been found
that an increasc in welding speed with a constant level of heat input (current increases proportionally to
welding speed) will produce an increase in overall dilution!232:33, The effects of voltage and polarity of

clectrode arc siill in controversy although their effects are relatively smaller compared to the current and

specd.

In the initial stage of the application of this cladding technique, it was expected that the dilution
should be as low as possible to eliminate the formation of martensite at the interface region. However,
experiments!! later showed that a mixture of martensite and austenite at the interface possessed better
resistance to the disbonding. Afterwards, a high current and high welding speed procedure was employed
to promote the formation of this microstructure. The formation of martensite was assumed to be reducing
the residual tensile stresses in the through-thickness direction of the overlay’. Consequently the severity of
disbonding was reduced. Godden!? et al found that disbonding would more likely occur with an overlay
produced by a welding procedure of lower current and lower speed with the same nominal heat input as
that in the procedure mentioned above. It was supposed that Type II grain boundaries formed owing to

the planar grain growth of austenite from the base steel. Savage34 proposed a model to show how the
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solidification structures were affected by the local constitutional supercooling, as is shown in Figure 12.
The structure was related to temperature gradient, growth rate, and solute distribution. A high speed
welding procedure would produce an overlay with faster cooiing rates in the fusion region, resulting in a
finer grain structure and the inhibition of the formation of planar grain boundarics. Also, the finer grain
structure would reduce the concentration of impuritics on grain boundarics. On the other hand, the grain
growth in the base steel side would be retarded too, due 1o the faster thermal cycle of high speed heating
and cooling. Nevertheless, Matsuda$ et al argued that increasing current and speed did not produce a
satisfactory metallurgical solution to the overlay bonding. In their cxperiment. some reduction in
disbonding with high speed welding was found for 309 and 308 stainless stecl overlays, but the amount of
disbonding increased for 310 stainless steel overlay. It is obvious that the welding speed factor is related to

the compositions of the overlay materials.

It appears that the factors determining the capability to resist the disbonding make a complcx pattern
as far as the microstructure factor is concerned. For a constant level of heat input, welding speed would
influence the microstructures along the interface by changing heating and cooling rates, adjusting dilution

level, and affecting the growth modes of the weld metal.
2.4.3 Post Weld Heat Treatment

In the as-weldeded condition, precipitation of carbides or other secondary phase particles does not
take place to any significant extent and austenite grain boundaries are difficult to sce at the interface
region by a normal metallographic etching method. After PWHT, a precipitation layer of carbides became
apparent. Several researchers353637.38 investigated the structure changes during PWHT along the
interface region. It was found that carbon migrated from the base steel toward the overlay, and carbides
precipitated within the weld metal along the interface, forming a contrast with a decarburized zone in the
adjacent band of base steel®®. The width of the band depended upon the temperature, the time and the
nature of the cladding materials and it can be predicted by using the results of Christoffel and Curran®,

Carbides turned coarser and segregated to the grain boundaries?0. The hardness of weld metal in the
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interfacial region remained as high as that in the as-weldeded condition, and for some alloys the hardness
was even higher than that in the as-weldeded condition. The precipitation region extended about 100 um
from the fusion line. The incrcasc in hardness was ascribed to the high carbide volume fraction
precipitated during PWHT or in service!!. Due to the sharp change in microstructure and hardness it was
reported38 that the fracture toughness in the heat affected zone immediately adjacent to the fusion line in
the base steel was reduced significantly, although disbonding in most cases took place along so-called
Type I grain boundaries. Also, precipitation of carbides along the planar grain boundaries in the weld
mctal adjacent to the fusion line was observed!!, These precipitates along the planar grain boundaries
mighi serve as the trapping site for the accumulation of hydrogen. Consequently, the binding strength of
the boundary was reduced due to the existence of hydrogen, and disbonding took place with the assistance

of the residual tensile stresses developed during cooling down.

Kinoshita®? et al constructed a relationship between the hydrogen concentration and the PWHT. The
influence of PWHT on the peak hydrogen concentration along the interface was shown in Figure 13. The
disbonding tcndency was also increased as the Larson - Miller parameter increased, which reflected the
extent of PWHT. From this result, it was seen that the critical hydrogen concentration to induce
disbonding dropped linearly as the P value increased. These researchers argued that the incidence of
disbonding was attributed to the extent of carbide precipitation in the overlay and particularly to the
precipitation of carbides on Type II grain boundaries. With high current and high speed welding
procedure, the precipitated M,3C; carbides in overlay adjacent to the fusion line were found to be much
finer than those in low current and low speed welding procedure as the same PWHT procedure was
cmployed. Hattori®3 et al applied interlayers of ferrous alloys with extra-low carbon, or low carbon plus
strong carbide-forming elements such as niobium, vanadium, etc. on the base steel before cladding of
corrosion resistant alloys with high chromium and high nickel content and subsequent autoclave test. The
results showed that the chance for the formation of the planar grain boundaries was greatly reduced, the
grain structure turned finer, and few precipitates segregated on the grain boundaries. As a result,

disbonding was minimized. The results confirmed that low carbon content and strong carbide-forming
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elements would diminish the occurrence of disbonding. The improved properties were ascribed to a fine
dispersion of carbides in the whole region across the interface. which functioned as trap sites for hydrogen
to reduce the peak concentration of hydrogen right on the interface. Also the strong carbide-forming
elements such as niobium., titanium and vanadium reduced the precipitation of carbides on Type 11 grain

boundaries, and retarded the formation of Cr - rich carbides.

In the cladding interface region, higher temperatures and longer time in PWHT would result in
higher hardness in the weld metal immediately adjacent to the fusion linc as a consequence of the
diffusion of carbon from the base steel and the formation of carbides. The coarsening of the carbides in the
interfacial region, especially along Type II grain boundaries, would greatly degrade the binding strength
of the overlay to the base steel. That is, the resistance to disbonding declined. For the coarse carbides,
disbonding might occur along the carbide/metal bond too. A typical chemical composition profile across
the interface after PWHT was presented in Figure 14. The concentrations of chromium and nickel exhibit
a sharp change across the interface, while a carbon peak shows up at the weld metal side immediately
adjacent to the fusion line, tumning out together with a decarburized layer in the base metal side. It was

found that strong carbide stabilizers were beneficial to keep the peak carbon level low.

If PWHT was carried out at temperatures higher than 700 °C, sigma phase might develop and
carbides would coarsen quickly3!. The material would then be more brittle. Hence the resistance to

disbonding would decrease further.
2.4.4 General Submerged Arc Welding Process Conditions

The effect of polarity in submerged arc welding with strip electrode was examined by Horsficld® et
al. It was found that the greater heat input by employing positive polarity yielded greater carbon diffusion
from the base steel. A precipitation band of carbides appeared in the interfacial region as the consequence
of the carbon migration to the bond zone. For negative polarity, the depth of decarburizaton in the basc

metal side is smaller and the precipitation band of carbides narrowed.



21

The heat input of submerged arc welding with strip electrodes affects the profile of the weld bead3. A
higher heat input produced a convex weld bead, while a low heat input gave a concave shape. With a strip
clectrode 100 mm wide and 0.5 mm thick, heat inputs in the range from 8.8 to 11.5 kJ per mm yielded a
flat bead, best suitable for cladding. Patchett4546 et al found that penetration and bead reinforcement
incrcased with current and decreased as the size of the electrode wire increased at a constant heat input.
The increase in voltage reduced the electrode melting rate, while increasing the consumption of flux. The
welding efficiency was reduced due to the decline in the I2R resistance preheating of the electrode stickout

and the increase of the arc cavity size.

The welding flux used in submerged arc welding plays an important role. The flux serves as the
degassing agent of the weld metal, protects the melts from the atmosphere, stabilizes the arc and makes
the weld bead in desired shape, etc. The chemical compositions of fluxes does not significantly affect the
heat transfer in the submerged arc welding with wire electrodes, except the high carbonate flux which
causcs heat losses4546, Several rescarchers#447 had found that appreciable losses of chromium might
occur during overlaying and that addition of extra chromium metal to the flux was necessary to ensure
that the composition of the overlay met the specifications. The composition of a flux for welding is not
widely known in this industry. Regrettably, few details of flux composition can be obtained for the special
case. The only common concept used to distinguish among fluxes is that of basicity, developed from the
historical concept in the steel industry of "acid' and "basic" refractory fumnace linings. There are several
formulas used to calculate basicity. all of which tend to give similar rankings. But the formulas cannot
predict any physical changes in process behavior due to flux composition, and they are at best a crude
representation of the chemical behavior of fluxes. It is usually applied to assessing weld metal quality,
particularly fracture toughness. More basicity means better toughness as a general proposition. However,
no systematic investigation of the effects of the flux composition on the properties of dissimilar metal

welds has been done in the open literature.

Preheat of the cladding is usually carried out at 150 °C to minimize the tendency of cracking and



[
[&]

retention of hydrogen during welding. And hydrogen-induced cold cracking after welding in the interface

region or heat affected zone is avoided by preheating the flux to reduce the moisture content,
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3. STATEMENT OF PROBLEMS AND OBJECTIVES

From the previous discussion, it is scen that further work is required to reveal the mechanism of the
disbonding of weld overlay of corrosion resistant alloys. First, the hydrogen distribution should be
cvaluated during operation and shut-down of the pressure vessel under different structural conditions in
consideration of the trapping effect. Next, the effect of residual stresses on the disbonding needs to be
investigated in consideration of the welds with and without flaws. Thirdly, very importantly, it is
necessary to investigate the relationship between the disbonding phenomenon and the microstructure in
and ncar the interfacial region to clarify which structure is the most susceptible one to the hydrogen
related cracking and how it is produced in the cladding. Finally, the role of welding procedures in the
formation of crack-susceptible structure needs to be investigated too. The composition of welding flux may
also be influential, but not as important as the microstructure, tensile stress and the hydrogen level. Since
the flux interaction with the weld metal has not been thoroughly assessed, only one flux should be used,

preferably a basic one with minimum potential to alter the deposit chemistry.

As for the hydrogen distribution, several models have been established to evaluated the concentration
of hydrogen at the interface between the overlay of austenitic structure and the base steel of ferritic
structure without consideration of the trapping effect. It is therefore necessary to set up a model to take the
Type 11 grain boundary into consideration, since the most cracking-susceptible microstructure is the Type
I1 grain boundary, which serves as a trapping site. This is located in the weld metal instead of the
interface between the overlay and base steel. An increase of the overlay thickness would decrease the
accumulation of hydrogen at the interface region. But, clearly, from the viewpoint of pressure vessel
design, the cconomics of a thicker overlay must be weighed against the risk of disbonding. As mentioned
in the previous section, the most susceptible structure to disbonding is the so-called Type II grain
boundary. The mechanism responsible for the formation of this kind of microstructure needs to be sought

out, and then measures can be taken to prevent the formation of this kind structure.

A model of stress distribution in the weld between dissimilar materials is needed to estimate the



severity of stresses on the hydrogen-related disbonding caused by the difference in microstructure and

thermal response.

For assessing the microstructure it is necessary to choose a serics of corrosion resistant alloys with
widely different compositions welded by a few welding procedures with onc flux for a systematic study,
since the structure on the interface between the overlay and base steel is under the influence of both
composition and welding procedure. It needs to be clear if the cxistence of martensite in the teansition
zone between the overlay and the base steel is a benefit to the resistance to disbonding. Both the welding
procedure and the electrode chemistry will be involved in achieving the required microstructure. A wide
range of electrode chemistry will allow the investigation of alloys which solidify as primary ferrite,
primary austenite, or a mixture of the two. Some encroachment or islands of base stecl intruding into the
overlay formed during welding were observed by some rescarchers!® and these structures would interfere
with the potential cracking path, effectively acting to stop the propagation of a crack as scen in Figure 15.
The mechanism of the formation of such structures, however, is not clear, and it might be related to the
dynamics of the welding arc and the pool. Arc mobility on s' - electrodes is somewhat unstable. which
may lead to localized dilution variations. Overall, the integration of differing clectrode compositions and

welding procedure variation should offer a reasonable way to assess microstructural cffects.

The objective of this project is therefore to model the hydrogen and stress distribution ncar the
interface, then integrate this knowledge with a microstructural assessment of the incidence of Type 1
grain boundaries. A variety of corrosion resistant alloys will be used to provide a wide range of

microstructures to determine the source of Type II grain boundaries.
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4. THEORY

4.1 Diffusion and Trapping of Hydrogen

The theory on the hydrogen diffusion and trapping is mainly based on Yurioka Modell6, Based on

this theory the hydrogen distribution before and after autoclave testing was calculated nimerically.

4.1.1 General Equation for the Diffusion of Mass

In accordance to the principle of mass conservation, if no mass is formed or taken out from a system

by a chemical reaction the mass balance in the system can be shown as follows:

-”‘J:I%tqdv +Ij;j -fids=0 @-1)

The first term in the equation represents the mass accumulating rate in the system of a volume, v, and the
second term the mass flow rate through the surface of the system, s. T in the equation is the mass flux

vector. From the divergence theorem, Eq.(4-1) can be rewritten as:

ac =
[[[&+v-Tuv=0 4-2)
v ot
Therefore, the mass diffusion equation is generally expressed as:

% _
at

where ¢ is the concentration of diffusion mass. The flux of the diffusion mass is defined in terms of a

-V.J 4-3)

chemical potential (i) as:
Dc
J=—-—"V 4.4
RT H @

where D, R and T are diffusion coefficient. gas constant and absolute temperature respectively. The

chemical potential itself is defined as
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U=Uo+ RTIna (4-5)
where a is the activity of the diffusion mass, which is defincd as a = ¥c. v is the activity cocfficient, H, is

the standard potential,

From equations (4-3), (4-4) and (4-5), the general cquation of mass diffusion becomes

ac D Dc
—=V.(=V s v, .
5 (Y (Yo) + T (In¥%)VT) (4-6)

Under the condition that the temperature gradient is negligible, i.c., VT = 0, Eq.(4-6) simplifics to

ac D

e V. (7 \4¢'9)) @7
or & _v.0Ve)+ V- v (4-8)

ot Y

Eq.(4-7) can be rewritten in terms of the activity of diffusion mass (a = 1c) as

da _aody D
==, w.2y 4.9
ot yat+Y (y 2 @3

If the activity coefficient is independent of time (3y/t = 0), Eq.(4-9) is reduced to

da D
_ V . Va 4-10
at - ( ) ( )

If the activity coefficient is a constant, Eq.(4-10) virtually becomes Fick's sccond law of diffusion.
However, the activity coefficient may change in a heterogencous system. This situation will be discussed

in the following section.
4.1.2 Activity Coefficient of Diffusion Mass

As mentioned in the second section, the apparent diffusion coefficient and occlusible amount of

hydrogen in steel showed anomalies and the extent of the anomaly depends upon the amount of plastic
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deformation and microstructures. Usually steels contain local strain fields around cohesive inclusions,
martensite, grain boundaries, etc. Therefore, steels cannot be homogeneous media for hydrogen diffusion.
It follows that hydrogen diffusion in steel is not governed by Fick's second law but by the general mass

transfer law of Equation (4-8) or (4-10).

If the pressure, P, and the chemical potential vary locally, the diffusion flux of the mass car be

expressed as:

Dc
J==—V(PV'+y) @-11)
RT H
where V* is the partial molar volume of the diffusion mass, and the hydrostatic pressure, P, is considered
as the mean of the ncgative stresses in the triaxial directions in solids. W' is defined as the chemical

potential which is normally considered in thermodynamics. By comparing Eq.(4-11) with Eq.(4-4), the

following relation is obtained:

p=PV* +p' @-12)
Therefore, W is considered as the generalized potential of diffusing mass. The chemical potential used in

thermodynamics is expressed by rewriting Eq.(4-5) as follows:

' =, + RTIn(y,c) 4-13)

where ¥, is the activity coefficient influenced by the amount of plastic strain and the microstructure.

If the pressure effect can be written as:

Yp = exp(PV¥/RT) @4-14)

the gencralized potential turns into:

u=H,+RT ln(yp.yo.c) (4-15)
By comparing Eq.(4-15) with Eq.(4-5), the generalized activity coefficient is given as the product of T

and ¥y,



Y= %Y (4-16)
Therefore, v, and Yp can be looked as the interactivity coefficients duc to strain and microstructure, and

stress, respectively.

For the convenience of mathematical analysis, phascs a and b arc taken as the matrix and trapping

site respectively, and, consequently. the activity coefficicnt, v, does not change continuously in the whole

system but abruptly at the phase boundary.
4.1.3 Formulation of Boundary Conditions for Hydrogen Diffusion and Trapping

As a prerequisite the diffusible hydrogen is assumed to diffuse without change of its aiomic status in
the trapping phases and chemical reactions when the lattice diffusing hydrogen moves into a trapping site.
Under this assumption, two conditions have to be satisficd at the boundary between the normal lattice site
and the trapping site. The first condition is that the chemical potential of hydrogen must change smoothly
at the boundary. Since the chemical potential of hydrogen in the matrix and in the trapping phasc is

defined as
Ho = Ho + RTIn(y,C,),

Mg =M+ RT ln(yBcB). 4-17)

the continuity condition gives

YaCo = Ypp at a boundary (4-18)

and the smooth continuity provides

vy, = Vuﬁ at a boundary (4-19).
The second condition requires that the mass of hydrogen is conserved at the boundary. From this

condition, J, = JB‘ Eq.(4-4) gives
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Du«Ca DBCB
Vi = Vus 4-20
RT Ha = RT H8. (4-20)

From Equations (4-19) and (4-20), the following equation is obtained

DgCo = Dpcg at a phase boundary, 4-21)

Substituting ¢ with ¥, the relationship of diffusion and activity coefficients in the different phases is

obtained

Do Mo =D I 4-22)
From the deduction it is scen that the diffusion coefficient of hydrogen in the trapping phase depends on

the ratio of the local equilibrium concentration at each site or the inverse ratio of the activity coefficient at

cach site,
4.1.4 Finite Difference Method for the Diffusion Analysis

For a one dimensional diffusion problem a one dimensional element system can be set up along the
direction of the diffusion as shown in Figure 16. At the internal nodal point i in the system where the ith
clement with volume Vi locates between elements of (i-1) and (i+1), the principle of mass conservation

confers the following fini‘e difference equation

Dx Lidi- l(t) ax(t)+D1|+la|(t) &+1(t))

423
Yi-ti di-1i Yii+1 di,i+: ¢ )

Vilci(t+ At) —ci(t)] = At(=—=

where 5,'7_. d and A are the mean diffusion coefficient, the mean activity coefficient, the distance

hetween clements, and the interfacial area, respectively. If the activity coefficient varies from site to site

and docs not depend on time, the activity in the ith element at time t + At is obtained as

Am Dl Lidi- l(t) &(t) Dx|+l &(t) &+1(t))

4-24)
Vi 'Yi -1,i di-1i 'Y11+1 di,i+1

ai(t+At)=ai(t)+

From this equation the finite differential program can be established.



4.2 Hydrogen Induced Cracking (HIC)

If the microstructure of a material susceptible to cracking experiences a tensile stress ficld, hydrogen
induced cracking (HIC) may take place at the presence of a certain amount of hydrogen in the material.,
The cracks from hydrogen induced cracking may be transgranular or intergranular and usuatly have sharp
tips with minor branching and cleavage-like morphology of crack surfaces. Various mechanisms have
been proposed for HIC, including hydrogen pressure, surface absorption, decohesion, and enhanced plastic
flow. The hydrogen pressure theory was proposed in 1940598, In this theory hydrogen pressure has been
thought to build up internally to weaken structure at crystalline and metallurgical defects, such as
dislocations and secondary-phase interfaces, etc.. When sufficient hydrogen builds up at crystalline or
metallurgical inhomogeneities, atomic or nascent hydrogen will combine to form molecular H,.
Accumulated molecules nucleate the gas phase, which develops very high pressures sufficient to rupture
interatomic bonds, forming microscopic voids and macroscopic blisters. The blisters will embrittle the
lattice and generally degrade mechanical properties. This kind of hydrogen induced cracking is especially
prevalent in the petroleum industry because of the ubiquity of sulfides and H,S in the associated
environments. Surface absorption of hydrogen has been reported to occur on free surface in the volume
ahead of the crack tip, reducing the energy nccessary to form a brittle crack surfaced?. The decohesion
model proposed that dissolved hydrogen would weaken the interatomic bonding forceS0, Direct evidence
of bond weakening by dissolved hydrogen has not been forthcoming, but the decohesion theory has not

been ruled out entirely.

Most recently, considerable evidence has accumulated to support localized enhanced plastic flow to
account for HIC51:5253, Since Beachem first suggested this model in the 1970s%9, the mechanism of
enhanced plasticity has not been fully defined. According to this theory, the highly non-uniform
distribution of hydrogen under stresses would reduce the flow stress locally, resulting in localized
deformation which leads to highly localized failure by ductile processes, while the total macroscopic

deformation remains small. The softened structure, which would normally deform plastically, can do so to



31

only a limited extent in the microscopic volume ahead of cracks, when constrained by the surrounding
matcrial of full strength and hardness. Microstrain within the softened, yet constrained, crack tip volume
produces a triaxial stress state (plane strain condition), which suppresses plastic slip. Continued strain can
only propagaic a brittle crack. The condition at the crack tip of this model was described as like that of

soft solder joining the ends of two steel bars55,

Another important hydrogen induced cracking model is the stress induced hydride formation and
cleavage crack mechanism. Hydride embrittlement occurs only in certain metals and in a certain range of
temperature and strain rate56:5%58, Under that condition new hydrides grow at the tips of cracks which are
formed by the fracture of the hydrides. It is this stress stabilized (or say, induced) hydride which is
responsible for the propagation of brittle cracks. Hydride formation is not considered to be significant in

the alloys involved in the disbonding.
4.3 Stress Field of Bonded Dissimilar Materials

Usually an analytical simulation of the residual stress field of a weldment is quite complex, and often
impractical® duc to the difficulties involved in the determination of inconsistent strains of a weldment. In
consideration of the cladding of corrosion resistant alloy on the base metal of low alloy steel, a simplified
approach is adopted. Since no disbonding was found just after welding, it was conceptualized that the
residual stresses were significantly reduced by preheating and post weld heat treatment right before and
after welding. Also, the residual stresses of weldments would be eliminated while the pressure vessel
operated at high temperatures. Disbonding happened during and after the shut down of pressure vessels
at a high cooling rate from service at high temperature and high pressure of hydrogen. From this
phenomenon it is seen that the disbonding was promoted by the existence of tensile stresses and the
accumulation of hydrogen along the interface between the overlay and the base metal. Therefore only the

residual stress ficld formed during shut down of the pressure vessel is dealt with in this section.

The structure of the overlay is macroscopically a bond of two different materials. The shape of the
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specimen normally used in the experiment of disbonding is like a thermostat as shown in Figure 17, So
the analysis can be based on the Timoshenko theory of bi-metal thermostats$®, Under this assumption, let
a bi-metal plate of size of 2LxB, whose component strips are welded together, be uniformly cooled by the
temperature of AT. The thermal expansion coefficicnts of the overlay and the base metal arc o, and a,.
respectively. Along the longitudinal direction the displacements u(x) and ug(x) of the lowest layer of the

overlay and of the upper layer of the base metal can be expressed as

lv, !

hi ¢ ,
j QQ)d -« xq<x>~30 5 @ (4-25)

u(x) =ouATx +

fdg
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u2(x) = o2ATx -

f Q(C)dC+qu(x)+

where E, vi and Ep, v; are the elastic constants for the strip materials of the overlay and the base metal,

hj and hy are the thickness of the two strips, B is the width of the plate,

_2(1+v) h

@27
3Et B
_2(+v2) h2 (4-28)

3E2 B

are the coefficients of interfacial compliance (sce Appendix A), p(x) is the radius of curvature, q(x) is the

shearing force per unit plate length,

Q) = [q({)dg (4-29)
-L

is the force at the x cross section, and L is half of the plate length. The origin of the rectangular

coordinates x, y is in the middle of the plate on the interface.

Based on this thermostat model a detailed calculation was carried out in Appendix B. The stress ficld
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in the bonded bi-metal plate can be found as:

q(x) _ AOAT

sinh Ax (4-30)
B kxcosh kL

(x) =

is the shear stress, the maximum of which happens at the edge of the plate

AaAT AaAT

max = T(L)=———tanhiL = tanh kL 4-31

k L kx " ik n @30
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o = 1+ 4-32
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and
AOAT 3hD:

Ob(x) ™ [ D ]X(X) (4-33)

are the normat stresses parallel to the interface of the bond, and subscripts, o and b, denote the overlay and
the basc metal, respectively. The meaning of other symbols can be found in Appendix B. And the

"pecling” stresses, or the transverse normal stresses acting on the interface, are found to be

cosh kx

@
x) =—A0AT 4-34)
p( K cosh kL
the maximum of which occurs at the end cross sections of the plate as follows
®
pmax = p(L) = — A0AT = 0KT max cOth L. 4-35)
K

From the analysis above it is seen that the highest shearing stresses and the "peeling” stresses would

develop near a point where the interface met the free edge.

The cooling rate should have effects on the development of residual stresses and strains. However, it

needs more detailed modelling and theoretical research.



4.4 Morphology of Weld Overlay

The microstructure of the interface between the overlay of corrosion resistant alloys and the low alloy
steel mainly depends on the solidification of the weld metal. The weld metal solidification can be very
complex when the wide range of welding processes, solidification patterns. and cooling rates of complex
engineering alloys are put into consideration, Therefore only the submerged arc welding process is
examined here due to its advantages in the cladding for the manufacture of pressure vessels of heavy

sections as mentioned in the literature survey,

Since welding performance can often be directly related to weld structure, the critical welding
conditions leading to the development of the weld structure, the size scale of the structure, the weld
macrostructure incorporating grain orientations and morphology, the microsegregation and partitioning

on the size scale of the dendrite spacing of alloying clements and impuritics are analyzed below.
4.4.1 The Geometry of Weld Overlay

Submerged arc welding is performed under a blanket of granular flux, the arc operating within g
cavity formed in the flux. The effects of most operating parameters of submerged arc welding on
submerged arc weld bead morphology involve a substantial amount of empiricism in various combinations
of such factors as machine parameters, arc stability, flux property, physical dimensions of the weld
electrode, plate thickness and weld joint dimensions. Usually, a regression analysis is used (o evaluate

coefficients of cach of the variables in a particular experiment.

Of the several submerged arc welding parameters, current is the most important welding variable
which influences deposition rate, penetration, and overall weld size. It is the single most important
variable in controlling submerged arc weld penetration. An increase in current increases the penetration
almost proportionally, while bead width increases only slightly. Based on the work of Gunnert6162, fhe
effects of current, voltage and speed on weld penetration using round wire electrodes can be expressed as

follows
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4
d=KE—)%, (4-36)
vV

where d is the depth of penetration, I is the current, V is the voltage, and v is the welding speed. The value
of K depends on other parameters such as flux and metal composition. It is seen that the current has a
strong effect on the penetration of tiue weld bead. As for the width of the bead, there is some disagreement
on the contribution of current on the width of the bead. Apps et al.53 observed a steady increase in the
bead width with the increasing current level. Renwick and Patchett*6 noted that the bead width passed
through a maximum as current levels increased, cither decreasing or remaining constant at higher
currents. Renwick and Patchett attributed the maximum in weld width as being associated with a
transition to a mode in which plasma jets assumed a more significant role as a penetration mechanism. At
higher current levels the more powerful jets may be able to create a depression in the weld pool surface,

cnhancing penctration at the expense of bead width.

As indicated in Eq.(4-36), an increase in welding voltage results in a decrease in the penetration.
Although voltage has a modest effect on penetration, it changes the fusion zone shape by exerting a direct
influence on bead width. Higher voltages correspond to longer, and therefore broader, arcs. The
distributed heat source conduction solution predicts a wider pool for a broader arc energy distribution. But

the effect of voltage on the size of reinforcement of the weld bead is still a topic of argument46,62,

Variations in welding speed affect both penetration and bead width in the same direction. Higher
speeds produce a more narrow and more shallow bead with less filler deposition per unit length, and
hence a smaller overbead. As far as penetration alone is concerned, welding speed is second only to

current in effect.

At a given current the electrode size influences bead shape by changing both penetration and size of
the overbead. A smaller electrode will give a higher deposition rate, with less energy expended in melting
the basc metal, resuiting in a larger overbead. Rewick and Patchett46 found that the use of a smaller

electrode resulted in increased penetration and thought that it was the consequence of a more restricted
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arc. On the other hand, larger electrodes can carry higher currents so the deeper penetration is achievable
with larger electrode diameters. However, a strip electrode usually results in some uncven penctration in
the cross-section of the weld bead as a result of the erratic movement of arc at the end of the strip. The
random shifting of the arc along the end of the strip is also under the effect of the traveling speed and
current of the welding procedure. With very wide strips, 100 mm or wider, an alternating magnetic field is
used to drive the arc across the strip. This is considered unnecessary in 60 mm strip, as used for this

project.
4.4.2 The Structure of Weld Overlay

In general, the overall overlay structure depends on the welding procedure and the chemistry of the
overlay materials. In other words, the weld pool solidification structure is characterized by a
microstructure which depends on chemical composition and cooling ratc conditions, and by a
macrostructure which depends on the crystallographic orientation of grains with respect to the thermal

gradients in the weld pool.
4.4.2.1 Overlay Microstructure

The development of overlay microstructure is highly dependent on the solidification conditions,
which are a function of welding parameters and the original compositions of the overlay materials and the

base steel.

Generally the nucleation of the weld metal initiates at the solid-liquid interface by cpitaxial growth
from the base metal. Each grain forms as a continuation of one of the grains that lie along that part of the
fusion boundary. As the fusion line moves with the proceeding of the welding, grains grow in cellular or
columnar fashion. The growth mode'greatly depends on the solidification rate and the thermal gradient

across the solid/liquid boundary.

In fusion welding with wire electrodes, the increase in weld speed will change the shape of weld pool
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from roughly oval to clliptical. and will cause an increasc in the so:idification speed of the weld metal as

well. In an assumption of two-dimensional heat flow$4, the solidification rate of the weld metal at

different region along the weld pool is estimated as

R = vsing@, 4-37)
where v is the welding speed and @ is the angle between the welding direction and the tangent to the
solid/liquid interface. From Eq.(4-37) the maximum solidification rate is along the centerline of the weld

and the possiblc maximum speed of solidification is approaching the weld speed.

In contrast, the thermal gradient in the liquid turns out to be a maximum along the solid/liquid

interface and becomes a minimum at the weld centerline. The temperature gradient 9T/9x is

x odtax dt  vo

while the theoretical value of the thermal history dT/ot can be estimated from the thermal analysis.

doT _dT ot _dT vl daT (4-38)

Consequently. the temperature gradient will vary as a function of the thermal properties of the materials,
the size of the specimen and the temperature range over which the weld metal solidifies. For three

dimensional heat flow, the thermal gradient at the rear of the weld pool on the solid/liquid boundary is
1T T
G == (4-39)

where Ty, is the solidification temperature and dy is the distance from the heat source to the rear of the
weld pool. For an alloy system, the composition of the solidifying phase will differ from the composition
of the liquid at the front of the solid/liquid interface as long as the solidification process is not fast enough
to fully restrain the diffusion of atoms. As solidification proceeds, solutes will diffuse from the solid/liquid
interface and form a solute boundary layer in the liquid ahead of the interface. When the boundary layer is
fully established and reaches steady state, the composition of the solidifying phase will be C,» the nominal
composition, and the liquid composition at the interface will be C_/k, where k is the equilibrium partition

coefficient, defined as C.*/C* at temperature T*. For an alloy system whose partition coefficient is less
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than one, the equilibrium liquidus temperature increases with distance from the interface because the
lower the solute content, the higher the liquidus temperature. There is then the possibility that the real
temperaturc of the liquid immediately ahcad of the interface is below its liquidus tcmperature. It is,
thercfore, supercooled. This kind of supercooling owing to the change of the composition, not the
temperature, at the solidifying front is called constitutional supercooling. On the basis of the ternary alloy
solidification model set by Flemings®3, for a single phase alloy, the constitutional supercooling criterion

can be written as

G, . _pC,-Cy)_s(C,-Cy) @d0)
- :

D D

mm on
where p is the slope of the liquidus surface at the concentration of clement n, C,n*. in the liquid. s is the
slope of liquidus surface at the concentration of element m, Clm*. in the liquid, C, and C, arc the
nominal concentrations of solutes m and n. respectively, and D, and D, arc the on-diagonal

coefficients of the two solutes in the liquid.

As long as the actual G/R ratio at the interface is equal to or greater than the right-hand side of
E\,.(4-40), a planar front will be maintaincd. However, if the ratio is less than the right side of Eq.(4-40),
the liquid ahead of the interface will be supercooled. This supercooling can lead to interface instabilitics

and, thereby, to the development of cellular and dendritic grains.

During the initial stage of the weld solidification, where new grains just start (o grow cpitaxially from
grains along the interface in the base metal, which temperature is relatively lower than the weld pool, and
the solute boundary is being established, the amount of solute rejection at the interface is negligible, and
thus the ratio GJ/R in the liquid right ahcad of the interface is a maximum and the constitutional
supercooling condition cannot be met. Under these conditions, the solid/liquid interface is stable and
planar growth occurs. To achieve constitutional supercooling and disturb the planar solidifying front, the
left side of Eq.(40) must be less than the right side. That is, the thermal gradient should be reduced and/or

the solidification rate should be increased.
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As analyzcd above, the solidification velocity and temperature gradients are continually changing
from region to region around the weld pool solid/liquid interface. The solidification structure will then
vary according to the constitutional supercooling conditions. From Eq.(4-40), it is seen that for a given
G/R, cstablished by the welding conditions, the amount of constitutional supercooling will depend upon
the alloy system and will increase with the increase of solute content, C,,, and the decrease of the partition
ratio, k. On the other hand, for a given alloy system, welding parameters which increase R and decrease

G, will enhance the degree of the constitutional supercooling.

A simplified model to describe the relationship between the constitutional supercooling condition and
the solidification structurc was proposed by Savage et al6566.7, In this model, the solidification patterns
of welds were related to the magnitude of the square root of G/R as shown in Figure 1898, Since the
thermal gradient and the solidification velocity in the weld pool both vary as a function of distance, a
number of diffcrent solidification patterns can occur within a single weld, as the solid/liquid interface

moves forward following the arc.

In most fusion welds, a planar solidification structure present during the initial stages of solidification
becomes difficult to maintain as the boundary layer becomes further established and G decreases and R

increases as distance changes.

As solidification proceeds, the degree of constitutional supercooling increases and the actual
temperatire 1« the liquid starts to fall below the effective liquidus temperature. The extent to which the
actual liquid temperature falls below the effective liquidus temperature determines the degree of
constitutional supercooling. For small amounts of supercooling, instabilities in the interface will promote
the formation of cellular grains. As the amount of supercooling increases and the interface turns more
unstable, secondary arms may arise from the primary arms, indicating a transition between cellular and
cellular-dendritic structures, the predominant structure in most welds. If constitutional supercooling

extends, approximately, over the magnitude of a grain diameter, columnar dendrites can form.
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Theoretically, the effect of constitutional supercooling on the transition from a ptanar solidification
front to cellular and dendritic growth can be predicted using lincar perturbation theory. Based on this
theory, Trivedi®® estimated that a critical solidification rate at which the ccllular growth to dendritic
transition occurs is given by Rk ~ 0.78 mm/s for middle range solidification velocity. Due o the
difficulties in examining the actual thermal gradient and grain growth rate in fusion welds, however, less

attempt has been made to apply this theory to actual weld structures,

Macroscopically, the size of grains when grown from the base metal depends upon the size of the base
metal grains at the solid/liquid interface. As solidification procceds, growth of the grains in the weld pool
occurs roughly perpendicular to the fusion zone. The rate of growth depends strongly upon the steepness
of the thermal gradients and the orientation of the crystals. Those crystals aligned with the preferred
crystallographic growth directions most nearly parallel to the steepest thermal aradients will tend 1o grow
most efficiently. As the direction of the stecpest thermal gradient changes, some grains continue to grow
as others terminate their growth. The transition beiween cpitaxial growth and competitive column growth
depends largely on the welding parameters, in particular welding speed. At low welding speeds (less than
2.5 mm/sec.) in carbon steels, it becomes possible for favorably oriented grains at the trailing cdge of the
weld pool to grow parallel to the weld direction, forming an axial grain structure. The increase cither in
welding speed or in constitutional supercooling will break down and cven climinate the growth of the
axial grains. As the speed continues to increase, the weld pool elongates and the competitive columnar
grains oriented in the preferred crystallographic direction appear to bend along the direction of the
steepest thermal gradients. As the solidification rate reaches a maximum limit for a given weld pool
geomelry, a distinct centerline arises again. At this point, the columnar grains grow almost
perpendicularly from the fusion zone boundary to the weld centerline. Changes in welding speed can also
Cause a disruption of the epitaxial growth mechanism?®%71,72, High welding speed, small grains in the basc
metal, and narrow weld bead all tend to favor non-epitaxial growth. Unlike the epitaxial growth, where
the grains in the weld metal are an extension of the partially melted base metal grains, in non-cpitaxial

growth a metallurgical (high angle) grain boundary separates the partially melted heat affected zone
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grains from the fusion zonc grains. Metallographically, the fusion zone consists of single crystals of the
same orientation separated by numcrous low angle subgrain boundaries, rather than columnar grain
boundarics. Since the single crystals tend to orient themselves perpendicular to the weld direction, growth
occurs only from favorably oriented base metal grains, in comparison to epitaxial growth, where growth

occurs initially from almost every base metal grain.

With a planar strip as the electrode, conditions are somewhat different and not well researched up to
now. There is a planar front ahcad of the solidifying pool, and growth tends to be from the plate surface
of the base stcel towards the free interface with the molten slag, rather than towards the weld centerline as
that in a weld pool of a wire electrode. Also the erratic arc at the end of the strip electrode makes the
fusion linc jagged between the base steel and the weld metal. The temperature distribution becomes more
complicated than that in a weld pool obtained by a wire electrode. The magnitude of dilution of the weld
pool with the base stecl varies along the fusion line microscopically. This will significantly affect the

nucleation and growth of the weld metal.

4.4.2.2 Microsegregation of Solutes

Another important phenomenon accompanying the solidification of the weld metal is
microscgregation. It occurs over distances of the order of the dendritic spacing and can lead to large
variations in alloy or impurity composition between the solidification cell core and the cell boundary. As a
result, phase equilibrium and microstructures of the weld materials can be considerably different from
those of base material of the same composition. There are three models proposed to describe the
microsegregation in solidification of alloys. These models assume that composition equilibriom is
maintained at the solid/liquid interface during solidification and that no solid state diffusion take place.
The difference in the three models lies in the degree of mixing of solute that happens in the liquid. The
first model” assumes that the complete mixing occurs in the liquid. That the mixing in the liquid takes
place only by diffusion in the liquid?® is the assumption in the second model. For the plane-front

solidification, the third model?S assumes that the mixing occurs by convection as well as by diffusion in



42

the liquid. Recently, a new treatment for microscgregation was proposed by Brooks and co-workers76:77
who combined the first model with solid-state diffusion and applicd these to weld solidification. The

following discussion is mainly based on this new model.

The solidification and solid-state transformations of ihc austenitic stainless steels are quite complex,
especially when austenitic stainless steels are welded with low alloy steels, and a variety of ferritic
morphologies can exist in a two-phase ferritic/austenitic structure, Thus. it is very difficult to verify a
solidification model using this complicated alloy system, and there still are a number of unknowns about
the whole transformation process from the liquid to the final solid state. The skeletal ferritic morphology,
which was used to verify an initial transient model, contains a ferrite core surrounded by austenite. This
structure forms as a result of peritectic solidification, schematically shown in Figure 197!, As the
schematic shows, during solidification and cooling, a large fraction of ferrite transforms to austenite by a
diffusion controlled solid-state transformation. In this case initial transient regions were assigned to the
ferrite-containing core of cells that solidified by a peritectic reaction of ferrite followed by austenite. The
large difference in Cr and Ni contents of § and 7y solidification products, and further modification of the
core region by the diffusion-controlled solid-state transformation proved the model of the complete mixing

plus diffusion in the solid,

Another important segregation of solutes in welds is solute banding that is associated with the growth
fluctuation of the solid/liquid interface of the weld pool. The fluctuation is caused by a number of factors,
including:

1) periodical heat flow associated with the extraction of the latent heat of fusion, which retards
growth until heat is dissipated and the growth front again advances;

2) periodical heat input due to power source ripples; or

3) natural oscillations of the weld pool, controlled by the surface tension or the temperature

dependence on the surface tension as the weld pool surface fluctuates with the temperature.

At the initial solidification stage a planar interface is assumed at the solid/liquid boundary. There will
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be a layer of solute ahcad of the boundary, and the thickness of this layer depends on the diffusivity of the
solutes and the solidification rate. A rapid increase of the solidification rate will result in a solute dump in
the solidifying solid, whilc a decrease in the velocity will decrease the solute content in the solidifying
front until a sicady-state condition is again established at the interface. The effects of changing
solidification velocity on the solute content of the solidifying solid is shown schematically in Figure 20.72

This mechanism is more pronounced for interfaces that exhibit more planar features.

In practice. the solidification structure is, therefore, usually rather complex. The solidification
structure of a particular alloy system can depend greatly upon welding process and welding parameters,
which can both affect the shape of the solidifying weld pool and morphology of the solidifying structure.
The development and interactions of the thermal stresses within the solidifying structure are also related
in a complex manner to the conditions of welding. So a detailed model, incorporating coupled
thermal/solidification and microsegregation codes that could accurately predict the solidification and the
defects behavior, would be extremely complex. The only cladding materials, which solidify in a relatively
simple way, are those which are strongly ferritic or strongly austenitic. Most industrial applications for
cladding are the intermediate type, such as 309 + 347, which may invelve both ferritic and austenitic
solidifications. This project therefore selected a variety of cladding alloys to cover this spectrum as

completely as possible in order to observe the overall pattern,
4.5 Effect of Flux on the Structure of Welds

The most complex factor relating to the macrostructure and microstructure of submerged arc welding
is the cffect of iux composition. Although the flux is an important factor in controlling welding bead
morphology and arc stability, a clear understanding capable of correlating data generated for a wide
variety of flux compositions and welding conditions has not yet been developed. As it is seen, small or
cven minute amounts of certain elements can have dramatic effects on any arc welding process, acting via
changes in surface tension propertiez or changes in the total arc energy or the distribution of that

energy*S. Furthermore, it is obvious that there may be more than one mechanism by which fluxes may
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interact with the welding system and this makes it difficult to unambiguously establish relationships
between physical properties of the various fluxes and their welding characteristics. To date there arc three
general mechanisms proposed to explain the link between weld bead and physical propertics of the fluxcs.

They may be classified as arc effects, surface tension effects, and flux viscosity effects.

The stability of arc is the necessary condition to achieve an cvenly penctrating weld bead. Some flux
components produce an erratic arc which does not efficiently transmit encrgy to the weld pool. Fluxes
which produce the most stable arc operation and deepest penctration were considered 10 be the fluxes
which provide the most easily ionized atoms to the arc. Also, slag compositions with higher oxygen
activity contribute greater amounts of oxygen and produce more stable and morc deeply penctrating
arcs’8, Surface tension forces between the flux and the atmosphere and between the flux and the weld pool
may be one of the factors controlling the bead shape by controlling the spreading of the weld pool.
Another factor controlling spreading may be the viscosity of the molten pool. Since the molien weld metal
overbead must push the flux aside as it spreads, a flux which can resist this force for the brief duration of
the molten state may be able to contribute to confining the weld overbead and, thereby, limit the

distribution of energy to a smaller region”%:80,

The chemistry of weld metal is also under the influence of flux composition8!. The influcnce of fluxes
on the weld metal structure does not rest only with the bulk chemistry of the weld metal but also with the
nucleation of new solid grains through the presence of inclusions. This could be the result of incomplete
separation of the slags or of the inclusions formed in the welding process, from the molten weld pool.
These inclusions relate not only to the major flux composition but also to the minor elements in the flux.
Proper selection and control of flux composition is mostly in the control of consumable manufacturers,
who recommend certain fluxes for particular applications. In consideration of the complexity of the flux

composition, it was decided to use only one flux in this experiment to climinate variability due to flux

type.
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5. EXPERIMENTAL EQUIPMENT, MATERIALS AND PROCEDURES

5.1 Equipment

To clad corrosion resistant alloys on the plate of Cr - Mo low alloy steel, the submerged arc welding
machine used in this cxperiment is the A6 system made by ESAB R & D Department of Sweden. The

maximum allowable current is 1500 amp. The set-up of this machine for cladding is schematically shown

in Figure 21.

To relcase the residual stresses of the weld specimen developed during welding, post weld heat
treatment was performed in a furnace with heating and cooling control. A specified heat treatment

schedule agreed to represent typical fabrication practice was used.

To examinc the occurrence and the extent of disbonding of the overlay, ultrasonic tests in C-scan
mode were carricd out on a set of Sonatest and TSI Ultrasonic Immersion Programmable Scanner. The

sct-up of this equipment for the ultrasonic test on the specimen is shown in Figure 22.

To promote the disbonding of the overlay from the plate of the base steel, autoclave tests in conditions
of high pressure of hydrogen and high temperatures were carried out in a stainless steel vessel, with the

heating and piping system as shown in Figure 23.

To observe the microstructure of the interface between the overlay and the base steel and analyze the
chemistry profile across the interface, metallographic observations were carried out on an optical
microscope made by Zeiss, on electron transmission microscopes EM300, Hitachi 700 and JEOL 2000
with accclerating voltages of 100 kV, 125 kV and 200 kV, respectively, and on a scanning electron

microscope, Hitachi Model 2001.

To cxamine the hardness of the microstructures across the interface, a microhardness tester made by
Shimadzu was employed. The Knoop scale was used to check the microhardness across the interface of

the specimens. The diamond pyramid indentor was loaded with a weight of 25 grams.
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To evaluate the thermal expansion coefficients of overlay materials and the base steel for the purpose
of estimating residual stresses, a NETZSCH dilatometer made by Geratebau GmbH was utilized to
measure the variation of the specimens in length with temperature. The set-up of this dilatometer for the

experiment is shown in Figure 24,

Due to the variations in chemical composition across the interface. special chemical ctching and
thinning techniques must be performed to reveal the structure along the interface. Therefore, an
electrolytic polishing apparatus was used to preparc the specimen for metallographic observation and an

ion mill with a cold stage made by Gatan was employed to thin the specimens for TEM.
5.2 Materials
5.2.1 Welding Flux

The granular flux used in this experiment was supplied by Sandvik with the designation 34SF. The
nominal chemical composition of this flux was provided by the company as presented in Table 3. The
property of the flux can be estimated from its basicity which is derived from the concept of the slag in
steel making. According to the formula of International Institute of Welding (1IW) in the determination of

the Basicity of flux below,

B.I. = (Z basic oxides + 1/25(FeO + MnO) + CaF,) / (= acid oxides +

1/23(Zr, AL Ti oxides)), (5-1)

the basicity of the flux used in this test can be calculated as:

Na:0+CaO+ MgO+Can+K20+-;—(MnO+ FeO)
(5-2)

B.l= i
SiO:z + E(A1203+ Cr203)

in this particular case. Based on this formula, it is determined that the basicity index of the flux used in

this experiment was 0.81. Since B.1. is less than 1, the flux is considered as acidic.
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5.2.2 Steel Plate

1.25%Cr - 0.5% Mo low alloy steel was used as the base steel which was made into a plate 600 x 110
% 65 mm. The amount of chemical components of the base steel is listed in Table 1. This type of Cr - Mo

low alloy stecl is typical of steels used for the clad vessels.

5.2.3 Strips of Corrosion Resistant Alloys

Eight commercial alloys possessing corrosion resistance 1o most corrosive environments were used as
the overlay materials in this experiment, and they were made into a strip 60 x 0.5 mm, which was the
clectrode in the submerged arc welding. The chemical compositions of the eight alioys are presented in
Table 2. The alloys were selected to span the range from totally ferritic to strongly austenitic, and to
contain a variety of carbide stabilizing elements. For the alloy of 309L series, two more alloys with
carbide-stabilizer molybdenum (309LMo) and niobium (309LNb) were chosen to investigate the influence
of carbide precipitation on disbonding. Some of these materials were made for this project (C-22), others

were fabricated from sheet materials as no strip was commercially available ( 2205, 254SMO ).
5.3 Experimental Procedure

5.3.1 Welding Procedure

The cight strips of corrosion resistant alloys mentioned above were clad on plates of Cr - Mo low
alloy steel by the Submerged Arc Welding process. The main parameters of the welding procedure

employed in the strip cladding are listed in Table 4. If the linear heat input, qs. is taken as

- 60nIiv

J/mm (5-3)

gs

where 1) is the arc efficiency coefficient, 0.95 for submerged arc welding32, I is the welding current in
amp, V is the welding potential in volts. and v is the welding speed in mm/min., the nominal heat input

for the two procedures will be the same level as 8.55 kJ/mm. The current is doubled and speed is also
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doubled for the second procedure. This technique has been shown to be effective in minimizing

disbonding”. However, the fundamental reasons remained obscure,

The flux used in the cladding was first baked at 260 °C for 2 hours, and then the flux was placed in a

holding oven at 45 °C before immediate welding. The flux was not recycled.

After the welded specimens cooled down, the ultrasonic test was carried out to check if there were any

cracks in the welds,
5.3.2 Ultrasonic Examination

Specimens were examined by ultrasonic test in C-scan mode in conditions of as-wclded. post-weld
heat treatment and after-autoclave to examine disbonding in every cxperimental step. The specimens
were immersed in water, and the ultrasonic probe was set about 40 mm above the back surface of the
specimen to be tested. The scanning step was set at 2.5 mm. The frequency used for the ultrasonic test

was in the range of 2.5 to 5.0 MHz.
5.3.3 Post Weld Heat Treatment (PWHT)

The welded specimens were put into a furnace for post weld heat treatment. The purpose of PWHT
was 1o stabilize the structure of the welds and to release the residual stresses developed during welding.
Therefore, the welded specimens were heated and cooled uniformly at a rate of 50 °C per hour to
minimize the risk of developing transient thermal stresses in the specimen. Specimens were heated up 0

690°C and kept at that temperature for 24 hours, and then slowly cooled down to room temperature.

After PWHT specimens were put - sonic test again to examine if cracking happened
during PWHT by the transient stresses i\ *.ng and cooling.
5.3.4 Autoclave Tesi

The purpose of the autoclave test was to increase the hydrogen concentration in the welds and then to
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cxamine the susceptibility of these overlays to disbonding.

After the specimens were post-weld heat treated, they were pat into a pressure chamber to carry out
the autoclave test. First, nitrogen gas of high pressure was used to inspect for any leakage in the system.
Then hydrogen gas was introduced into the chamber to replace the nitrogen gas until the pressure of
hydrogen reached 10 MPa. Afterwards, the specimens were heated at a rate of 100 °C per hour up to 450
°C. The pressure of hydrogen in the chamber was increased by heating but was maintained at 15 MPa by a
release valve connected to the chamber. After being held at the temperature of 450 °C and at the hydrogen
pressure of 15 MPa for 48 hours, the specimens were cooled down to room temperature (~ 22 °C) at a
cooling rate of 222 °C per hour by controlled nitrogen blow down. The high cooling rate was supposed to
promotc the hydrogen-induced disbonding since the faster cooling would result in more severe
disbonding83, The faster cooling rate also simulated the practical emergency situation in which a faster
cooling down is a necessity. After the temperature of the specimens reached room temperature and held at
that temperature for about 8 to 10 hours, the specimens were examined by ultrasonic test again to find out

if disbonding happened.
5.3.5 Microhardness

The coupons for microhardness testing were cut from specimens in the as-weldeded and the PWHT
conditions. Microhardness was assessed with a load of 25 grams for 15 seconds in the scale of Knoop.

Measurements were made across the interface.
§.3.6 Dilatometric Examination

The coupons for the dilatometric test were cut directly from the welded overlay where the dilution had
happened to some extent. It was expected that the results would more accurately reflect the difference in
thermal expansion between the overlay material and the base steel. The coupons were made into
specimens Smm in diameter and 50 mm in length. Two coupons of ecah alloy were cut, one from the

specimen by Procedure I and another from the specimen by Procedure II. The measurements were
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calibrated to a standard sample of nickel. The heating rate was set at 180 °C per hour and cooling rate at
300 °C per hour owing to the limitation of this apparatus. The thermal expansion test was carricd out in
the temperature range between 180 to 500 °C. During the test, the coupons were protected from oxidation

by helium gas.
5.3.7 Optical Metallographic Observation

The specimens for the optical metallographic observation were cut from welds in conditions of as-
weldeded, PWHT and autoclave tested. respectively. The profiles of observation werc made available both

for the direction along the weld direction and for the direction transverse to the weld direction,

After the surfaces of specimens were abraded and polished, the specimens were put into a solution of
0.1% chromic acid for electrolytic etching. The voltage was set at about 8 to 12 volts, and the current was
set in the range between 20 to 200 mA according to the size and the composition of the specimen o be
prepared. After etching for 5 to 10 seconds in the chromic acid solution, the specimens were put into
another solution of 1% nital for another 3 to 5 seconds before cleansing and drying. The first electrolytic
etching was for the corrosion resistant alloy overlay and the second etching by nital solution was for the

base steel.

The interface area, the weld metal and the heat affected zone in the base steel were then viewed under
the optical microscope. The macrostructure and microstructure of the weld overlays were measured or

observed.
§.3.8 Measurement of Dilution

The area of the whole weld metal in the cross-section vertical to the welding direction, F, and the area
of weld metal in the base steel side only, F,, were measured on an image analysis system of Bioscan. The

ratio of F, to F was then taken as a measurement of the dilution effect.

Also the effects of welding procedures on the geometry of weld bead in the cladding were examined
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by measuring the width of the weld bead, the penctration of the weld metal and the height of weld bead

crown, i.c., the part of the weld metal above the surface level of the base stcel.

5.3.9 Observations with Scanning Electron Microscope

The specimens prepared for the observation on the SEM were made in the same manner as those for
optical metallographic observation, but these specimens were etched in the etching solutions for a

relatively longer time to achicve a better contrast.
The chemistry profile across the interface of specimens was also scrutinized by EDX on SEM.
5.3.10 Observations with Transmission Electron Microscope

The specimens for the TEM were chosen from the specimens prepared for optical metalk:g..ipic
obscrvation. The specimens were cut into chips on a diamond saw with the section vertical to the interface
between the overlay and the base stecl and then ground to a thickness of about 30 um A perforating
punch was uscd to cut the specimens into discs 3 mm in diameter with the interface across the center.
Initially, thinning was attempted with an clectrolytic process, but the differir:g corrosion resistance across
the interface between the Cr-Mo low alloy steel and the cladding alloy made it impossible to thin the
cladding cvenly. An ion mill was then tried. The uneven thinning persisted, although the situation was
improved. A cold sample stage was added in order to improve the thinning behavior. Finally, a low angle

ion beam was used. which increased thinning time considerably. but produced acceptable results.



6. EXPERIMENTAL RESULTS

6.1 Effect of Welding Procedures on Dilution

The result of the measurements on the dilution effect is presented in Table 5. From the result, it is
seen that the main parameters of the welding procedure have a significant influence on the dilution of
weld metal. In general, the high current welding procedure produced higher dilution, deeper peactration
and a thicker deposit, although the nominal hcat input was the same for both procedures. The higher the
dilution, the more the base stecl was dissolved into the weld metal. The composition of the weld metal
would be affected, and the microstructure. The cross-section of overlaid specimens also showed that the
dilution varied along the interface as penetration varied. This is due to the erratic motion of arc across the
strip electrode during welding which produces variable time of residence for the arc in different places.
However, this effect is unpredictable in the absence of a driving magnetic ficld to control arc movement,

The dilution variation is also typical of deposits made in real fabrications.

6.2 Thermal Expansion Coefficients

The result of the measurements on the thermal expansion test is shown in Table 6. The thermal
expansion coefficients shown here are the average value of two coupons cut from specimens by Procedure
I and Procedure II, respectively, for each alloy. There is no obvious diffenrence between the specimens by
the two procedurs. Since the coupons used in this test were directly cut from the overlay which had been
affected by the dilution from the base steel. the result shoule show some differences from the data
provided by the alloy producers. The thermal expansion cocfficients were calculated based on the cooling
curves in the range from 500 °C to 180 °C at a cooling rate of 5 °C per minutc. A part of the experimental

curves in the thermal expansion test were shown in Figures 25 to 31.

A large difference in thermal expansion cocfficient between the base steel and the overlay matcrials
would develop a high level of tensile residual stresses in the overlay during cooling down from high

temperatures if the overlay material possesses a higher thermal expansion coefficient. The overlay would
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tend to contract more than the base steel during cooling down and the materials would tend to be stronger
as the temperature dropped, so the stresses could not be released as occurs during heating up. Since the
largest difference in thermal expansion occurs between the base steel and the overlay of 254SMO, it is
cxpected that the high level of tensile residual stresses in this cladding would make the disbonding more
severe. The magnitude of the residual stresses can be estimated based on the theory mentioned in Section
4.3. If the following duta arc selected for the calculation: E, = 220 GPa, E, =200 GPa, v, = 0.32, v, =
0.3, 0, =20 x 10°6, oy, = 14 x 10°6, AT = 300°C, h, = 10 mm, hy, = 60 mm and the width of plate b = 60
mm, the maximum shearing stress is found to be 142 MPa, the maximum tensile stress along the interface
305 MPa, and the maximum “pecling force", or the stress vertical to the interface, 37 MPa. These
estimated maximum "peeling stresses” are shown for each cladding alloy in Table 6. The estimated
tensile stress is lowest for the 2205 alloy, rises through the 309 series to peak at the the 254SMO alloys,
then decreases through the 904L allov to the high Ni alloys C22 and 5923 alloys. it is seen that the
residual tensile stress along the interface is close to the yield strength of the overlay 254SMO, 300 MPa,
In this case, plastic deformation is expected near the interface. Furthermore. the accumulation of
hydrogen will be clevated in the strained region under the tensile stresses. This makes the disbonding

cven worse.
6.3 Microhardness across the Interface

The results of the Knoop microhardness measurements for specimens in as-welded condition are
sitown in Figures from 32 to 36, and those for specimens after PWHT are shown in Figures from 37 to 41.

In all of the figures the base metal side was designated as the negative distance from the interface.

From the measurcments of specimens in the as-welded condition, there exists a considerable spike of
hardu:ss just across the interface in the weld metal side in specimens of 2205, 309L and 254SMO.
Specimens of 904L and C-22 showed jast a smal! rise in hardness at the interface and the level was below
HK 600. Thesc phenomens, indicater! .hat there was martensite or bainite formed along the interface in

specimens of 2205, 309L zrd 234SMO but aot in specimens of 904L and C-22. The hard band was
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remarkably wider in the specimen 2205 than that in other specimens. In most cases the greatest hardness

was produced by the high current welding procedure, where dilution was higher.

After PWHT the spike of hardness in the specimen of 2205 disappeared although the hardness was
still higher than HK 600, as is seen in Figurc 37. And it was noted that there was a valley of hardness at
the weld metal side about 300 um away from the interface. The high hardness may be maintained by the
precipitation of carbides along the interface. There was a band of austenite ahead of the precipitation
zone, as seen in the next section on the optical structure, which was softer than the ferrite. The hardness
spike remained visible (Figures 38 and 39) in specimens of 309L and 254SMO. showing the occurrence of
carbide precipitation. The most interesting thing was that an increase in hardness along the interface in
specimens of 904L and C-22 was obscrved after PWHT as shown in Figures 40 and 41. This indicated the
precipitation of carbides at the interface. After PWHT, the hardness of the weld metal and the base stect
tended. in general, to be the same level in specimens of 309L, 254SMO and 904L. While the hardness of
weld metal of 2205 and C-22 remained almost the same before and after PWHT despite the fact that the
hardness of the base stecl decreased after heat treatment. This showed that the structures of the weld metal

in specimens of 2205 and C-22 were relatively stable after solidification.

Right under the interface in the base steel side there was a plunge in hardness. This might be the
result of depletion of carbon that moved into the overlay to form carbides duc o the existence of strong
carbide forming elements such as chromium and molybdenum in the overlay, and the coarsening of grains
in the HAZ of the base steel. The sharp change in hardness in a narrow distance from one side to the other
side of the interface may reduce the mechanical propertics, especially fracture toughness, along the
interface regic The hardness of the heat-affected zone in the base steel was remarkably reduced by
PWHT from above HK 400 in the as-welded condition to HK 300 after PWHT, showing the incidence of

recrystallization of ferrite and the coarsening of carbides and grains.
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6.4 Ultrasonic Examination of Disbonding

No disbonding along the interface was revealed in any specimens in the as-weldeded and after PWHT

conditions by the ultrasonic C-scan test,

The results of the ultrasonic examination on the disbonding of specimens after autoclave testing are
given in Table 7. The extent of disbonding is expressed as the ratio in percentage of disbonding area to the
whole clad arca on the surface of the base stecl plate. A part of the records in the ultrasonic C-scan are
presented in Figures 42 and 43, It is scen that the disbonding is more severe in specimens 309L and
254SMO prepared by Procedure I than those prepared by Procedure II. The disbonding areas locate near

the center of the whole cladded area.

From Table 7 it is scen that there was no disbonding found in specimens of 2205 by either welding
procedure. A few disbonding areas showed up in specimens of C-22. The disbonding phenomena in the
309L scrics were obviously affected by the welding procedures. More disbonding took place along the
interface by the low current welding procedure. The tendency was also shown in specimens of 254SMO in
which disbonding appeared more severe. The result for 904L showed quite large scatter. In some
specimens more disbonding showed up while in others there was less disbonding. For the nickel based

alloy 5923, disbonding became worse if high dilution occurred.
6.5 Optical Metallographic Observation
6.5.1 Optical Microstructures in As-welded Condition

The optical microstructures of specimens cut transverse to the welding direction from the weld
overlay in the as-welded condition are presented in Figures from 44 10 59. There was a shining band
adjacent to the fusion linc at the overlay side in specimens in as-welded condition, indicating that the
transition zone was not casily affected either by the etchant for the overlay or by the etchant for the base

stecl. In this transition zone the base steel and the overiay materials were partially blended together due to
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the quasi-static layer near the fusion line, since the Loreniz force ( the clectrical magnetic forces produced
by the clectric arc during welding ) was not strong enough to homogenize the layer adjacent to the solid
heat affected zone as uniformly as those in the rest of the weld metal zone. Also the width of the "shining
band" varied among spccimens indicating the difference in dilution and the composition cffect. By
adjusting the composition of etchants and the current for the clectrolytic etching, some details could be
revealed along the fusion line in some specimens. The results in both conditions arc shown togeiher to sce

the difference.

In general there were three microstructural zones across the interface from the base steel to the
overlay. Below the interface is the heat affected zone in the basc steel, above the interface is the dendritic
structure of weld metal, and between these zones is the most interesting transition zone that includes the

interface.

In the heat affected zone, the microstructures showed normal patterns occurring in most stecl welds.
As-weldeded, some subzones with different microstructures could be recognized in the HAZ. Adjacent 10
the fusion line there is usually a coarse grain zone with martensite or bainite structures. The coarse grains
were produced by the keating of the area to just under Tm during the welding. Next o the coarse grain
zone, a fine grain zone appeared as a result of fast solid transformation during heating and cooling in the
welding. Downwards was the intercritical zone where the grains showed a littic bit of growth by the
heating in the welding. Further down was the unaffected zone where grains remained in the normal

structure before welding.

Cellular dendritic grains stretching from the interface toward the surface of the weld overlay
exhibited the typical weld metal structure in all specimens. But a difference in morphology existed among
these specimens. In the specimen of 2205, the cellular dendrites of weld metal showed a vermicular
structure in Figures 44 aud 45, reflecting the result of the § - ¥ sond transformation during which the
vermicular delta ferrite was formed between the longish austenitic grains formed along the interdendrites

of original cellular delta ferrite. In the specimens of 309L series, the fine residual ferrite is only barcly
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visible as a bright skeleton-like region or isolated spots in the interdendritic zones in the austenite. With
the increase of nickel content the cellular dendrites appeared relatively coarser in the specimens of
254SMO, 904L, 5923 and C-22. There was less chance for the precipitation of ferrite in the weld metal.

The size of cellular dendrites turned finer as the welding speed increased.

Along the fusion line at the side of overlay, there was the transition zone. In most fusion welds, the
initial solidification takes place cpitaxially from the base steel and assumes the planar grain growth mode
duc to the highest thermal gradient and the low growth rate at the initial stage of solidification. The
transition zonc consisted of the planar grains along the fusion line between the base steel and the overlay.
The state of the stagnant layer makes the convection in the weld pool not uniform so the composition is
non-uniform . There is a sharp composition change across the transition zone. In the transition zone
martensite, or bainite, or acicular ferrite formed during the cooling down of the welds, depending on the
local composition and cooling rate. In general, the width of the transition zone increased with the welding
current as a result of higher dilution cffects. The appearance of an interface between the base steel and
overlays of C-22 and 5923 was the sharpest among these specimens, showing the strong effect of nickel on
ihe transition in a dissimilar material weld. At the end of the transition zune, the planar grain boundary
became difficult to maintain as the thermal gradient decreased and the growth rate increased along the

preferred growth direction. The planar grain growth mode turned to cellular grain growth,
Nevertheless. the change in growth mode showed differently among these specimens.

In specimens of 2205 the cellular grains could directly grow from the planar grains without the
formation of grain boundaries between the planar grains and the cellular grains, since the whole
solidification process was dominated by & - ferrite during cladding. as seen obviously in Figures 44 and
45. The two welding procedures could not make a significant difference for the appearance at the end of

the transition zone. Only a thicker transition zone showed up in the high current welding.

In specimens of 309L series. the transition from the planar grain growth to cellular grain growth was
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affected by the welding current. In the low current welding, the planar grains could only grow o a short
distance from the fusion line, and the cellular grains grew from the grain boundaries of the planar grains
in son.2 regions, showing a grain boundary parallel and adjacent t¢ the fusion line, the so-called Type 11
grain boundary. In the high current welding. the transition zone became wider. More martensite, bainite
and acicular ferrite formed in this zone, with some strands of ferrite stretching upwards at the root of
cellular grains. Type II grain boundaries still turned out in some places along the interface, the evidence
of the inhomogeneity in a fusion welding with a strip electrode. The chance of finding a Type 11 grain

boundary was reduced in the high current welding.

In specimens of 254SMO, more Type II grain boundarics showed up in both welding procedures.
From Figure 53 it was seen that the staggered shape of Type II grain boundarics at the end of the
transition zone gave evidence that there was a competition between the growth of ferrite and the growth of
austenite. Due to the higher content of nickel in the alloy the transition from the initial § - ferritc growth
from the base steel to the y - austenite growth of the weld metal took place shortly after the immediate

epitaxial solidification from the stagnant layer right on the base steel.

In specimens of 904L, more nickel in the alloy made the initial solidification be y - austenite. But the
growth of y - austenite would reject impurities dissolved in by mixing from the base steel during welding.
When the amount of impurities rejected at the solidification front reached a certain level, the continuity of
the y - austenite growth would be disturbed by the scgregation of these impurities. Then a layer of such
segregation appeared between the initial grains and the ccllular grains formed later. This gave the

emergence ¢ " Type II grain boundaries in the overlay of 904L alloy as shown in Figures 54 and 55.

In the specimens of C-22 and 5923, the sharp appearance of the fusion line indicated that the growth
of ferrite was totally stopped due to the very high nickel content in these alloys. There was still a planar
grain growth stage at the initial solidification. The cellular grains of y - austenite grew from the planar
grains of y - austenite without new nucleation and then without the Type II grain boundary. However, the

mixing with th« base steel also produced changes in the weld metal, especially where there was a high
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dilution cffect. As seen from Figures 57 and 59, segregates showed up along the grain boundaries in the

specimens prepared by the high current welding.
6.5.2 Optical Microstructures in PWHT Condition

The precipitation of carbides along the interface between the base steel and the overlay and the
recrystallization of ferrite in the basc steel occurred in this region. The optical microstructures of

specimens after PWHT were presented in Figures from 60 to 75.

At the basc steel side, the lath-like structure of ferrite disappeared and the ferritic grains became
cquiaxed and larger after recrystallization and growth during PWHT. There was a non-precipitation

region right under the interface at the base steel side, showing a distinct difference from the dark layer

right on the interface.

The transition zone between the base steel and the overlay became more obvious after PWHT, since
the precipitation of carbides and the decomposition of martensite or bainite made the microstructure more
casily etched. The enrichment in carbon content along the fusion line gave an appearance of a dark layer
at the interface and the acicular structures showed a gray band above the dark layer. Type II grain
boundaries, if they cxisted in the as-weldeded condition, became more pronounced as the cellular

dendrites readjusted their orientation with the planar grains during PWHT.

In PWHT condition the difference in width of the transition zone became noticeable. Usually the
"band” was narrower in low current welding than that obtained by high current welding. Although the
nominal lincar heat input was the same for both welding procedures, the stronger arc force in the high
current welding would stir up more base sicel into ihc weld pool than the low current welding, resulting in

deeper penetration and a thicker transition zone.

The compositions of overlays gave their contribution to the morphology of the interface. in the

specimens of 2205, the planar grain boundaries were not found after PWHT. The thickness of the
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transition zone could only be estimated by the extent of the dark and gray bands. In the dark layer it was
the tempered martensite with dense precipitated carbides. The colonics of lath ferrite growing from the
martensite layer appeared gray because of less carbide precipitation. In low current welding, the thickness
of the dark and gray band was in the range of about 20 pm, while the band increased to 200 pm in the
high current welding procedure. The lath of ferrite extended much longer from the fusion line toward the
weld metal in the high current welding than that in the low current welding. After PWHT there was

virtually no change in the microstructural features in the weld metal.

The appearances of specimens of the 309L series after PWHT were quite similar to each other, On the
interface, there was a dark layer of tempered martensite with precipitated carbides like that in specimens
of 2205. Clusters of acicular ferrite grew directly from the dark layer, showing the vestige of the original
strand of austenite. The cellular dendritic grains turned gradually into equiaxed grains in the weld
overlay, though the traces of dendrites were still faintly visible. Nevertheless, in some of the specimens
Type 1I grain boundaries emerged as the border between the dendritic grains and the planar grains,
especially in the specimens made by the low current welding. Type 11 grain boundarics in some cases were
some distance away from the tips of the clusters of ferrite, and sometimes cut through the tips of the
ferritic clusters. The addition of carbide-stabilizers, molybdenum and niobium, made no obvious

difference in microstructure among these overlays of the 309L scries.

In the specimens of 254SMO, Type II grain boundarics became more obvious. The ccllular grains
retained their original solidification pattern because of their high content of alloying elements. The
precipitation layer of carbides on the fusion line appearcd not as dark as that in the overlays mentioned
above. It may be the influence®? of nickel and molybdenum which promoted the formation of bainitc and
hence retarded the formation of martensite. In these specimens Type II grain boundaries in most locations
were at a distance away from the tips of the clusters of acicular structure, and in some locations they

extended into the acicular structure.

The microstructures in the specimens of 904L were similar to those in specimens of 254SMO. The
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cellular structure in overlays of 904L was retained after PWHT. The precipitation layer showed almost the

same appcarance as those in specimens of 254SMO. Only the layer was narrower, reflecting the effect of

nicke! on the dilution.

The strong retardation cffect®S of nickel on the dilution and on the diffusion of carbon made the
transition zonc in the specimens of C-22 much narrower than those in other specimens. The dark layer on
the fusion line only appeared like a string on which fine acicular structures extended merely a short
distance from the fusion linc. From the appearance of the faintly visible grain boundaries, cellular grains
also tended to become granular after PWHT. These grain boundaries might reveal the traces of the planar
grain boundarics formed during solidification. No obvious Type II grain boundary was found in specimens

of C-22.

The higher dilution in the overlay of 5923 as compared to C-22 produced a thicker transition zone.
The precipitation took place along the fusion line in a relatively larger scale. More inclusions from the
basc stecl becausc of the high dilution increased the chance of segregation of impurities on grain
boundaries. As a result, the grain boundaries were much more visible in the overlay 5923 as compared to

specimens of C-22. In some locations this kind of grain boundary appeared like Type II grain boundaries.

6.5.3 Disbonding Phenomena

After the autoclave test disbonding of the overlay from the base steel happened in some of the
specimens as mentioned in the results of ultrasonic examination. Observation with the optical microscope

revealed the cracking paths details.

The disbonding in the specimen of 309LMo is shown in Figure 76. The crack traveled along Type I1
grain boundary. More cracks were found in specimens of 254SMO as seen in Figures from 77 to 80. All
the cracks extended along Type II grain boundaries and sometimes wandered through the acicular
structure. Seldom did the crack go through the dark layer of tempered martensitic structure, right on the

fusion line. Disbonding in the specimens of 904L also took place along Type II grain boundaries as shown
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in Figures 81 and 82. The extension of cracks might be retarded by the grain boundarics with tortuous
shapes in that the crack was stopped at the turning point of the grain boundary. The cracks extended more
easily along paths parallel or near parallel to the interface than along paths tilted at an angle, especially

high angles. to the interface.

No disbonding was observed extending in the heat affected zone in the base steel although it was

reported®586 that the heat affected zonc possessed the lowest fracture toughness.

No disbonding was observed in overlays of 2205 in which no Type II grain boundarics formed. Since
the disbonding was related to Type II grain boundary, more Type 1l grain boundaries were found in the
specimens of 309L series by the low current welding thus morc disbonding happened after autoclave test.
The specimens of 254SMO showed a similar tendency. Type II grain boundarics in overlays of 904L
developed almost to the same extent in both welding procedures anf 5 wed not 10 be significantly
affected by the welding procedures. Thus disbondir. ... displayed t the s ne extent by both procesures.
For high nickel alloys of C-22 and 5923. the higher dilutioi by the nigh current welding procedure caused
more Type II grain boundarics with the segregation of inclusions on the planar grain boundarics, hence,
the tendency toward disbonding increased. This phenomenon was just opposite to that occurring in
specimens of 309L series, indicating a different mechanism for the formation of Type 1 grain boundary.
The observations in the microscope were fully consistent with the results of ultrasonic examination on

disbonding.

From the characteristics of disbonding along the Type II grain boundaries, the mechanism of the
hydrogen induced cracking in this case is mostly possible under the control of hydrogen pressure theory.
The relatively loose crystal strcuture in the grain boundaries may make it easy for hydrogen atoms to

gather and turn to hydrogen molecules.
6.6 Observation on SEM and TEM

Some of the specimens were observed on the scanning electron microscope and transmission clectro.
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microscope in order to reveal the detail microstructure formed during the whole experimental process.

The most interesting portions of overlays were the microstructures right on the interface and Type II grain

boundary.

The microstructure on the interface in the specimen of 2205 prepared by low current welding as
observed on the SEM showed ( Figure 83 ) that the cellular dendrites grew from the transition zone where
lath martensitic structures of random oricntation served as the structural pattern transition from the
cquiaxed grains in the base steel to the cellular grains in the weld metal. Further detailed observation on
thc TEM revealed a skeletal ferritic network structure in the transition zone as seen in Figure 84, Lathes
of martensite were enveloped in the network of 8 - ferrite adjacent 4 the fusion line, While the § - ferritic
network extended towards the upper part of the weld metal, the enveloped turned out to be retained 7 -
austenite. The orientation relationship between the 8 - ferrite and the y - austenite was Kurdjumov - Sachs
relation: (11 1, // (110),, and [Oll]? // {001,. After PWHT, the microstructures in the overlay appeared
more complex. Carbides precipitated in the ex-martensite region and Mo - rich particles, 7 - phase, turned
up in the skelctal - ferritic network as seen in Figure 85. The precipitation process in this kind of high
alloy duplex steel is believed to be rather complicated8”. Further work is required to reveal the detail of

the precipitation process in the overlay.

At the root of the interface between the base steel and the overlay of 254SMO, there was no obvious
distinct line between them, as seen on SEM ( Figure 86 ). The appearance of Type II grain boundary in
Figure 87 showed the traces of growth mode change from planar grain growth to cellular grain growth.
No precipitation was found in the as-weldeded condition. The observation by TEM as seen in Figure 88
found that there was a layer of fine martensite right on the interface. Above this fine martensite layer, a
relatively coarse bainite ferrite structure developed within an extension about 30 pm (Figure 89). The
extended acicular ferrite directly intruded into the austenite and dense dislocations wrapped the cluster of
needle-like ferrite. No defined relationship in orientation was found between the ferrite and the austenite.

After PWHT. carbides precipitated between the lathes of tempered martensite adjacent to the fusion line.
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Fewer carbides were observed in the base steel nearby due to the strong attraction of molybdenum and
chromium to carbon atoms which migrated from the base steel into the overlay. In Figure 90, EDX
analysis on the SEM on a specimen of 254SMO, which was electrolytically etched for about half an hour,
manifested that there was a spike of nickei content right across Type 11 grain boupdary, where the

structure was less affect~d by the etching than the arca right under Type Il grain boundary,

Observation ai the root of the interface in the specimen 309LMo revealed fathes of martensitic
structure extending from the fusion line towards the top of the weld metal as scen in Figure 91, The
chemical composition analysis along these lathes by EDX on the TEM is presented ogether with this
picture. The calculation of the EDX results was based on the non-standard sample method®®, From this
microstructure and the chemical composition analysis it was conceived that the first solidifying phasc was
very likely to be 3 - ferrite epitaxially growing from the stagnant zonc. It was Seen from Figure 69 that
after PWHT carbides precipitated mostly along the interlathes, especially in (he upper part of the feritic

lathes,

Observing the interface of the base steel and the overlay C-22 in the as-weldeded condigion ynder
high magnifications on the SEM revealed that there was a narrow layer of planar grains right on the
fusion line as seen in Figure 92. In the planar grain layer subgrains with smajl anglcs between each other
also showed up. Looking closely at the planar grain boundary as seen in Figure 93, the planar grain
boundary was not flat as seen under an optical microscope, and some of the cellular grains could directly
grow from the planar grains but some could not. EDX analysis on the grain boundary showed thyt the
content of iron was higher than normal in the planar grain as shown in Figure 94. Duc to equipment
limitations, the carbon content on the boundary could not be determined. Observations of the Same area on
the TEM revealed that there was a layer of very fine martensite spanning the lattice paticrn transjtion
from the BCC to the FCC just on the interface as seen in Figure 95. This layer of Tine Martensite was only
about 3 or 4 um wide. At one side of this layer there were relatively coarser lathes of feriic grains. Ag the

other side there were large austenitic grains. Dense dislocations tangled around the tips of hese fine
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martensitic xnnes. On the planar grain boundary a layer of carbide of M,,Cg type with the combination of

chromium, iron and molybdiien was found during the obscrvation on the TEM ( Figer# 96 ).

After PWHT the precipitmion took place along the interfacial region in the overlay C-22. The
microstructures {utied out to be more intricate in the presence of high contents of nickel, chromium,
saclyixicnum gad fungsicn. *. ¢ amounts of carbides precipitated along the interface between the base
steei and the overlay, as seen in Figure 97. However, the carbides were different in the base steel side from
those in the overlay. Coarse but sparse carbides of M,C type precipitated under the interface in the base
steel. Densc necdle-like carbides of Mo,C type showed up in the ex-martensite region in the overlay. As
scen in Figere 98, less precipitation was found in the specimen C-22 by the low current welding procedure
since less base steel was melted into the welc pool. Due to the large difference in composition across the

interface it vaas extremely difficult to thin this layer to obtain a good image of this arca on the TEM.



7. DISCUSSION

7.1 Introduction

&s seen {rom the experimental results, all the three factors: accumulation of hydrogen, residual
tensiie siresses and the cracking-susceptible microstructure, have played their roles in the hydrogen
induced disbording. Before the hydrogen-charged autociave test, there were no signs of disbonding among
these specimens. For specimens with less difference in thermal expansion between the base steel and the
overlay, the tendency of disbonding was less than those specimens with a large difference in thermal
expansion between the overlay and the base steel. From the observation on disbonding phenomena in
these specimens. cracks, if there are any, almost always take place along Type 1 grain boundaries. in
specimens that have no or few Type II grain boundarics, the chance of disbonding diminishes and may
even disappear. Thescfore it is necessary to examinc the three factors individually and sec how they are

rclated to promote the disbonding of the overlay from the base stecl.

In the following discussions, the theorics mentioned in Chapter 4 and the experimental results
ebtained ‘rn Chapter 6 are to be combined together to explain the role of cach fuctor in the hydrogen

related disbor-ding and to discover how they can be controlled to reduce the disbonding.

7.2 Hydrogen Accumulation in Type II Grain Boundaries

As it is seen from the experimental results in this investigation and others mentioned in the chapter of
literature review, the hydrogen related disbonding of the overlay from the base steel in most cases takes
placc along the so-called Type II grain boundary within the overlay. The weld metals in the overlays of
corrosion resistant alloys can grow, mostly epitaxially, from the stagnant layer on the top of the base steel
without a distinct border microscopically. Martensitic, bainitic or acicular ferritic structures formed
afterwards in the overlay during cooling <Jown of the weld pool along the interface produce the transi. on
zone. There are coarse grains in the heat affected zone in the base steel adjacent to the interfare, and these

are often martensitic grains due to the experience of high temperature and cooling rate. Normally, it is
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belicved”8%9¢ that thesc kinds of structures are susceptible to hydrogen-induced cracking as this occuss in
most high strength stecls with martensite or bainite, Hydrogen accumulates in or near these structures due
to the residual stress field developed by the solid transformation of these structures. However, in this case,
hydrogen induced cracking does not occur in these structures but along the Type II grain boundary inside
the overlay. In the literature survey, hydrogen was supposed to uccumulate at the interface tatween the
basc steel and the overlay. The role of Type II grain boundary in the accumulation of hydrogen is to be
cvaluated by a modification on the original model mentioned in the review which gave the result of

highest concentration of hydrogen at the interface. This modified model is based on the theory set up in

Section 4.1

In the modificd model to evaluate the distribution of hydrogen in the overlay system, the trapping
effect of crystalline imperfections on the hydrogen diffusion is taken into account in addition to the
difference in crystal structure between the basc stecl and the overlay. Here only the grain boundary,

particularly Type 11 grain boundary, which is parallel to the interface, is considered.

According 1o the trapping theory in Section 4.1, the diffusible hydrogen treated here is assumed
withe::* change of its atomic form and without chemical reactions during the diffusion and trapping
process Ry satisfying the continuities of chemical potential and mass flux at the boundary between the
trapping. , .asc and the matrix. the relation of the diffusion coefficients between the trapping phase and

the matrix can be expressed as

Dirap Mieap = Um M (4-22)
where Yirap ANd Y, are the activity ¢ . 5icizotz of hydrogen in the trapping site and in the matrix,
respectively. If the trapping sitcs are whwa a- nhases containing a certain amount of pores, the following

relation®192 can be esiablished:

Yol Yeap =1+ 1.228X 10 7 exp(6733/RT) 7D

where V.. ** the volume percentage of pores in the trapping site, ¥ is the gas constant (Cal./mole-K) and
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T is the temperature in Kelvin,

By assuming the volume of pores in Type 11 grain boundary to be 0.5%! and Y URNLY in the matrix, a
computer program of finite difterence method was writlen to solve the hydrogen distribution in the after-
shut-down condition across the interface between the base steel and the overlay with austenitic structure,
The computer program is attached in Appendix C. The initial and boundary conditions were determined
from the steady-state operation of pressure vesscls at the temperature of 450 °C and the hydrogen pressure

of 15 MPa.

The result of this simul:ition is presented in Figure 57. It is scen that the highest concentration of
hydrogen is now shifted to the position of the Type 11 grain boundary at a level of about 120 ppm after 30
hours of shut-down of the pressure vessel. Although this concentration is not as high as that +..4sined by
the model without the consideration of the trapping effect. the hydrogen concentration at Type I grain
boundary is much higher than that in normal welds. and is high enough to suggest disbonding of the
overlay from the base steel with the cexibination of the residual tensile stresses. From the phenomenon of
hydroy, "\ induced disbonding. this modificd model is better able to explain the accumulation of hydrogen

in the overlay system.

For the overlay 2205, the accumuiziion of hydrogen may be not as scvere as that in an overlay of
almost fully austenitic structure since there is about 40% femite in the overlay by reference 1o the
Schaeffler diagram?3. The similar diffusivity and solubility of hydrogen in the overlay 2205 1o those in the
base steel will reduce the accumulation of hydrogen. As there are no Type ! rain boundarics in the

overlay, the hydrogen will uniformly distributc ac:0ss the whole scction wall.

Along the interface of specimens of £-22 and 5923 there may be accumulation of hydrogen to some
extent. However, less Type 11 grain boundaries, cspecially i the overlay C-22, serve as the trapping sites
of hydrogen, hence the chance of disbondiay is reduced. These might be some chance for the nickel o

form hydrides in the existence of high concentration of hydrczen®* Sut ihis ¥in o hydride is unstable
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unde normal conditions. Such hydrides can not been detected by the normal test techniques in this

investigation. For the intermediate alloys such as 309L series, the chance of forming hydrides would be

cven smaller.

The evidence in this project shows that the disbonding phenomenon depends on the presence of Type
Il grain boundarics and that the actual bond rupture occurs intergranularly along these Type II
boundaries, except for the rare occurrence of an extension of ihe crack into a local area of bainitic
structure at the tip of the crack. Therefore the Hydrogen Pressure theory involving the formation of
molccular hydrogen at a trapping site is consistent with the observed disbonding behaviour. The Beacham
theory of localized plastic-flow induced rupture, which is more likely to apply to transgranular fracture. is
less consistent with the observed featires.  The comments on the Beacham theory also apply to the
decohesion theory. Therefore, the Hydrogen Pressure theory is the most probable cause of disbonding.

although no dircct proof is possible from this work.,
7.3 Residual Stresses in Overlay

For :he hydrogen induced disbonding, residual tensile stresses are required ‘0 promote the cracking
along the interface. or along Type 1i grain boundary. The results of dilatometric test demonstrated (seen in
Table 6) that there was a large difference in thermal expansion coefficients between the overlays and the
base steel. especially overlays 254SMO and 904L. This is one of the reasons why there are many

disbondings in these specimens.

During heating up. the therm: cxpansion of the overlay will be restrained by the base steel, since the
overlay expands faster than the b<c steel due to its larger thermal exnzision cocfficient. So it is expected
that there are compression stresses in the overlay, and that no disbonding will occur under such a
compressive stress ficld. While the specimens are kept at high temperatures for a quite long time, the
stresses in the overlays will be lowered by the diffusion process of atoms, for example, creep in the

specimens. While cooling down the overlays shrink faster than the base steel. Tensile stresses will thus
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develop in the overlay. These stresses cannot be relcased at low temperatures. Conscquently, there are

residual tensile stresses in the overlay and compressive stresses in the base steel.

The magnitude of t'« residual stresses is alse affected by the cooling rates in addition to the
difference in thermal ~xpansion. Further work is required 1o analyze the detail of the cooling process to

precisely determine the residual stresses,

Disbonding of the overlay does not take place in the heat afected zone in the base steel cven though
this zone comains 4 lot of coarse grains, and is predicted to possess the lowest fracture toughness across
the whole section. It is the residual compressive stresses in this zone that makes this region withstand the

hydregen induced cracking.

Although lots of martensitic structures exist along the interface between the overlay 2205 and the
base steel, the residual stresses in the overlay 2205 are expected to be small without any significant
influence on the binding strength of the overlay 1o the base steel since there is only a small difference in
thermal expansion coefficient between these two materials, and the thermal contraction of the overlay
2205 is even less than the base steel during cooling down. According 1o the bi-metal thermostat model,
there are small compressive residual stresscs, the maximum of which is approximately 40 0 50 MPa, in

the overlay near the fusion line.

The low level of residual stresses in the overlays of C-22 reduces the chance of disbonding. Since the
level of residual stress is proportional to the difference of the thermal expansion cocfficicnt, the residual
stresses in the overlay of C-22 are about one third of that in the overlay of 254SMO. The lesser amounts of

martensite and Type II grain boundaries along the interfacial zone also lessen the severity of disbonding,

As for overlays of 309L series, 254SMO and 904L therc are relatively high residual stresses along the
interface, and these tensile stresses promote hydrogen diffusion int" the interfacial region, cspecially in
Type II govin boundaries where less dense structures could trap more hydrogen. The accumulation of

hydrogen in Type Il grain boundaries combined with the tensile stresses along the interface may greatly
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reduce the binding strength of the overlay. As a result, large amounts of disbonding areas are produced in

these specimens.
7.4 Microstructures in the Overlays
7.4.1 General Consideration of the Formation of the Interface Microstructure

For the welding of dissimilar materials, the solidification of the weld metal can be nucleated or grow
cpitaxially from the base metal since there is always a partially melted zone where the existing solid
grains serve as the nuclei. Evidently, the observation on TEM shows that there is always a layer of
martensite on the fusion line in all specimens. However, the continuous variation of the alloying elements
in the transition zone from the fusion line towards the liquid weld metal will influence the growth of the

weld metal, and. thereafter, the solid state transformation as well.

In normal fusion welding, the highest thermal gradient occurs at the edge of the fusion line and then
the thermal gradient turns to decrease towards the centerline®. Therefore, the critical constitutional
supercooling condition cannot happen until the thermal gradient decreases to a certain level and the solute
spike forms at the solidifying front. As a result, a planar grain growth takes place first during the initial
transicnt build-up of solute. Until sufficient constitutional supercooling exists, the planar interface
between the solid and the liquid will break down into the cellular growth mode. The microstructure along
the interface of the specimens in this investigation is not excluded from the general model. Although the
strip clectrode and weld pool shape are different from the = yrmal wire electrode, the fundamental process
remains the same. It is seen from the observations on optical, electron scanning and electron transmission
microscopes that there is always a planar grain zone just above the fusion lLine in all specimens.
Nevertheless, the break-down of the planar interface into the cellular grain growth showed remarkable
differences among these specimens. In some specimens, the cellular grains can grow directly from the
plarar grains in a preferred orientation without the formation of a border between the cellular grains and

the planar grains, as seen in the specimens of 2205 by both welding procedures and C-22 by the low
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current welding (Figures 42, 43, 49, 54 and 56). Yet. in some other specimens, the cellular grains could
not grow directly from the planar grains. as scen in specimens of 309L, 254SMO and 904L (Figurcs 44,
46. 50 and 53). and a so-called Type Il grain boundary turned up between the planar grains and the
cellular grains. Afterwards, the cellular dendritic grains will grow along the preferred orientation to the
end of the solidifi~ation since the decreasc in the thermal gradient towards the centerline of the weld pool
makes them easy to be maintained in the constitutional supercooled condition. These effects, since the
weld pool configuration and heat flow conditions are virtually identical, arc the results of solidification

mode alternations caused by deposit compositional variations.

Due to the continuous change in the content of alloying clements, particularly the increase in the
content of nickel, the strong austenite forming clement, in the transition zone, and duc to the continuous
change in the cooling rate and the temperature gradient from the cdge of the fusion linc towards the
molten area of the weld pool, a region of mixed microstructures will develop in the transition zonce. At the
root of the interface, a martensitic structure will form in the stagnant laycr as a consequence of the fastest
cooling rate and the mixing of the base steel with the overlay material. While the sharp increase in the
nickel content and the successive decrease in the cooling rate at locations some distance away from the
fusion line will progressively benefit the formation of other structures such as bainite, acicular ferrite and
austenite according to the composition change and the cooling rate at that location. The extent of this
mixed structure region is also dependent upon the welding procedure, as will be discussed below. Finally,
in most of the specimens, the continuous increase in the alloying clements ahead of the solidifying front
will stop the growth of non-austenitic structures and austenite turns out to be the prevailing phase towards

the end of the solidification.

7.4.2 Formatic=: of Type Il Grain Boundaries

The observation on the disbonding phenomena in this investigation agrees well with the observations
of other research groups®!!:14: Disbonding in most cases takes places along Type I grain boundarics

Close ~ "~ ~"%#! ta the fusion line at the overlay sice. Therefore, it is vital to seck out the mechanisms
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responsibic for the formation of Type II grain boundaries in order to prevent the occurrence of disbonding.
Since Type 11 grain boundaries locate in the overlay side adjacent to the fusion line, it is logical to assume

that this structure must be connected to the solidification processes, i.e., the nucleation and growth of the

weld metal, during welding.

Generally, the microstructures of the weld metal can be understood by consideration of the general
theory of nucleation and growth behaviors of crystals in the Fe-Cr-Ni ternary system in a special welding
process. There are two aspects affecting the formation of weld metals. One is the composition of the
overlay and the base steel, and another is the welding procedure. In the case of welding dissimilar
matcerials, welding procedure plays a more important part in the nucleation anid growth during welding

than that in similar materials welding.
7.4.2.1 Effect of Overlay Chemistry

The first step of the formation of the overlay of corrosion resistant alluys is the nucleation of the weld
metai, ard the nucleation of weld inetal can be realized either by epitaxiz! growth from the base metal or
by heterogencous nucleation on the pre-existing surface of the base metal. 1t has been known that® the
roughness of the pre-existing surface of the base me*al, the chemical affinity between the base metal and
the solidifying phase. and the crystal lattice disregish;, are three important factors affecting the nucleation
efficiency during welding. In a fusion weld the surface roughness depends upon the grain size of the base
metal and the welding procedures. In consideration of the chemical affinity, nickel and ~hromium, which
arc the main contents of the overlay materials. have good chemical affinity to iron, the main part of the
basc steel, since they can be combined together o form uniform solid solutions. Nevertheless, the body-
centered cubic (BCC) structure of the base steel, which shouid be retained fully or partially at the high
tempcrature as a hypoperitectic ferrite due to the presence of ferrite-stabilizing elements, chromium and
molybdenum, and the low carbon level, may make it casy for the weld metals with a BCC structure as
primary Solidifying phase (o nucleate or grow epitaxially from the base steel. As for the weld metals with

different crystal structures from that of the base steel, it might not be so easy for them to grow epitaxially
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from the surface of the base steel. There must be a transition to adjust the disregistry between these two
dissimilar crystal structures. So a distinctive interface between the base steel and the weld overlay appears,

showing the change of lattice patterns across the fusion linc.

By referring to the Fe-Cr-Ni temary phase diagram® as shown in Figurc 58, it is scen that the
compositions of the materials chosen for the cladding locate around the 20% chromium line or an
equivalent of about 24% Cr in this diagram. With the increase of nickel content the primary solid phasc or
phases in the specimens during solidification vary from 8, § + Y. to y only. Other clements also have some

. influence on the primary solidifying mode. According to Lancaster™. the ratio of the cquivalent amount of
chromium to the equivalent amount of nickel will affect the solidification mode. If Cryy MNiy, < 1.48, the
primary solidifying phase would be ¥; if the ratio is between 1.5 10 1.9, § and Y would precipitate together
from the liquid. basically by the peritectic reaction: and if the ratio is larger than 1.9, the primary
solidifying phase must be 3, though it may transform fully or partially to y during cooling down thereafter.
Based on this assumption, the equivalent amounts of chromium and nickel of these specimens in this
investigation are calculated, and the result is shown in Table 8. Accordingly, 8 - ferrite was expected to be
the primary solidification phase in the specimen 2205; 5 + Y in specimens of 309L serics, and ¥ - austenite
in specimens of 254SMO, 904L, C-22 and 5923. This prediction is consistent with the alloys either of
high nickel content, i.c., small Crm= /Nie‘l ratio, or of high chromium content, i.c., high Cr,_,(I /Nia, ratio.
However, it may not be true for alloys with ce::positions ciose to the critical value, since this calculation
is based on an equilibrium condition in the alloying system without the consideration of dilution eifect in
welding. Beside the existence of alloying clements in the weld metal, the dilution of the weld metal with
the base steel will also influence the process during primary solidification. Therefore, these influences

must also be considered in order to predict the primary solidification.

With the help of the Schaeffler diagram shown in Figure 5997, it is possible to roughly predict the
structure of a weld metal from the chemical compositions of the weld metal and the specific dilution effect

in welding. Then, from the structure of the weld metal, the priwary solidifying phase can be figured out.
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By combining the effects of composition and dilution, the structures in each specimen can be estimated.
In the weld metal of 2205 the microstructures locate in the region of A + M + F. The increase in dilution
by the high current welding procedure will decrease the amount of austenite according to the diagram.
The structures of weld metals in 309L series locate in the region including the boundary intersection of
four structure zones: Austenite, A + F * + M + F (8) and A + M. The amount of martensite will increase
with the dilution. In a low dilution, the weld metal structure in 254SMO is expected to be austenite only.
The high dilution cffect as a result of high current welding may give rise to the formation of martensite in
the weld metal after cooling. There would be austenitic structure only in the weld metals of specimens
904L, C-22 and 5923 duc to their high nickel content. But, as is known, the Schaeffler diagram is not an
equilibrium diagram. Therefore, variations in cooling rate during welding are not taken into account for
the microstructures. Particularly, the structures in the transition zone where a stagnant layer exists cannot
be predicted by Schaeffler diagram. The Schaeffler diagram only gives the final possible structures but not
the initial %ransient structure during welding. Also the morphology of the weld metal cannot be
determined from the diagram although it is a valuable practical aid for the estimation of the weld melal
structures. However. according to this diagram from wiich the final microstructus« . could be estimated,

the initial prim.. v soiigifying phase or phases can be visualized.

Correspuending to the discussion above, the first solidifying phase or phases is & - ferrite in overlays of
2205, & + y in overlays of 309L series and possibly in overlays of 254SMO, and 7y - austenite only in
overlays of 904L, C-22 and 5923. Consequently, the nucleation of weld metal of 2205 would be epitaxial
without a distinct border between the base steel and the overlay. While the appearance of the border would
be sharp between the overlay of C-22 and 5923, since the high nickel content in the overlay would stop
quickly the possible growth of § - ferrite from the stagnant layer and form new austenitic nuclei on the
heterogeneous sites in the stagnant layer. The nucleation of weld metals of overlay 309L series and
254SMO may happen partially by growing epitaxially from the base steel and partially by forming new
nuclei of austenite onio the surface of the half melted base steel. The content of nickel in the overlay 904L

is not high enough to curb the growth of 3- ferrite as fast as those in the overlays of C-22 and 5923. So the
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fusion line appeared a little bit wider than those in specimens of C-22 and 5923,

The lattice patterns of the primary solidifying phase are crucial for the formation of Type 1l grain
boundaries with regard to the phase change of the solidifying phasc at the solidifying front during
solidification. For the overlay 2205, its content of chromium is so high that only § - fervite will form in the
whole solidification process. y - austenite can only be obtained in a following solid state transformation.
The morphology of vermicular ferrite in the final structurcs is the evidesice of such 8.- ¥ transformation®S,
The primary solidifying phase in C-22 and 5923 will be Y - austenite and it dominates the whole
solidification process. The primary solidifying phascs may be & - ferrite in some locations and Y -austenite
in other locations depending upon the extent of mixing of the overlay with the base steel and the local
dilution level during welding. In the high current welding the diluted layer between the base steel and the
liquid weld metal turns to be thicker due to the higher penctration of the stronger arc force. In this case
the probability for the formation of § - ferritc would increase since the higher dilution of weld metal with
the base steel increases the chance for the crystals in the stagnant layer to assume \he structure of the base
steel. In consideration of the composition of 254SMO, which is close to the zone of I+ v+ 38 cutectic
reaction in the to.nary pha.: diagram, the dilution of weld metal with the base steel yiclds the chance for
& - ferrite to precipitate as the primary solidifying phase since the & - ferrite may casily grow cpitaxially
from the stagnant layer on the base steel as compared (o the y - austenitc which has to adjust its
orientation to fit the transition of lattice pattern. The higher the dilution with the base steel, the higher the
chance to form § - ferrite at the initial transient stage of solidification. Although the initial solidifying
phase will be ; - austenite in the specimen 9C4L, the content of nickel in the stagnant layer might not be
high enough to fully halt the growth of 5 - ferrite from the base stecl. So the martensite layer right on the

fusion line in this specimen was a little bit thicker than those in specimens of C-22 and 5923,

The growth mode of the solidifying phase directly determines the emergence of Type H grain

boundaries. Two possibilities exist to explain the phenomenon of Type II grain boundary,

For alloys, as is krown in the chapter of Theory, the growth mode of solidifyine phase mainly
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depends on the chemical composition of the weld metal, the cooling rate and the thermal gradient at the
front of solidifying phase in the liquid metal. That is, the growth mode is governed by the constitutional
supercooling condition. In dissimilar materials welding, the initial solids in the weld metal pool took the
crystal pattern of the basc steel and grew in the planar grain growth mode at the initial stage of
solidification due to the dilution of weld metal with the base stecl and the stcepest thermal gradient at the
edge of fusion line. The high thermal gradient also retards the growth of the initial crystals. So there is
always a layer of planar grains extending some distance from the interface due to the high thermal
gradient at the fusion line between the base steel and the liquid weld metal and the relatively slow growth
ratc. But the sharp variation in chemical composition from the base steel to the weld pool may ~~mpel the
solidifying phase to change to another solidifying phase with a different lattice pattern £~ *tal
crystals. The solute rejection in the alloy solidification process also makes the solute pile-up - st of
the solidifying phase as discussed in Chapter 4. In specimens of 309L series and 254SMO, the stowly
growing & - ferrite at the initial stage of solidification rejected nickel to the planar solidifying front. The
original high content of nickel in the alloys plus the rejected nickel from the solidifying & - ferritic crystals
makes the content of solute promptly reach the critical level for the change of solidifying phase. Once the
level of nickel conicnt reaches a certain magnitude, the solidifying phase would be thermodynamically
forced to shift into another phase which was more thermodynamically stable. The original content of
nickel will influence the extending distance of the § - ferrite from the base steel. § - ferrite will extend a
shorter distance in the specimen of higher nickel content, showing a narrower transition zone. In this
investigation, for alloys of 309L series and 254SMO, the first growing solid, & - ferrite, is forced to
change (o the another solid, y - austenite as the rejected nickel at the front of the initial 8 - ferrite planar
grains accumulates high enough to cause the phase change. As seen from the vertical profile of Fe-Cr-Ni
ternary phasc diagram%5 in Figure 60, the temperature gap between the liquidus and solidus of 7y -
austenite is larger than that of 6 - ferrite. It means that the solidification of vy - austenite easily meets the
constitutional supercooling condition as presented in Equation (4-40 ). Consequently, the soliditying

phase change also increases the chance of the growth mode change from the planar grain growth to
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cellular grain growth. The result of EDX examination on the specimen 254SMO as shown in Figure 68
gives the evidence of this phenomenon. This phenomenon was also reported by Lippold et at%8, 1t is the
changes in the solidifying phase and the growth mode that give rise to the formation of Type H xrain
boundary. Hence, Type II grain boundaries emerge as the result of the mismatch of BCC and FCC
structures during solidification. The following solid transformation turns the primary 8 - ferrite into Y-
austenite, and then the austenite transforms into martensite, bainite or is retained without chinge as the
temperature drops. The formation of martensite and bainitc depends on the local composition and cooling
rate. The precipitation of carbides from the ex-martensite or ex-bainite might increasc the siength
difference between the overlay and the base steel, but it does not directly relate to the formation of Type 1l

grain boundaries.

In the specimen 2205, § - ferrite is the only solidifying phasc without a phase change during
solidification due to its high content of chromium. With the decrease of temperature, the 8 - ferrite turns
partially into austenite which may transform into martensite or is retained in the skelctal network of § -
ferrite as seen in the chapter of Results. Since there is no solidifying phasc change i‘n the overlay 2205, the
cellular dendritic grains of the same crystal structure as the initial § - ferritic crystals can grow directly
from the planar érains along the preferred orientation without any-signs of Type Il grain boundary

between the cellular grains and the planar grains.

Since the solidifying phase at the initial stage of solidification of specimens of 309L series may be
either 8 - ferrite or y - austenite, the growth mode of the solids in the weld metal appeared differently at
various positions along the fusion line. As there are 8- ferritic grains retained in the partially melted layer
on the fusion line, 8 - ferritic grains will be expected to gre / epitaxiaily from the existing § - ferritic
grains ini'ially, and assume the pianar grain growth mode duc to the high thermal gradieni. At locations
where the compasition is preferential for the grownh of § - ferrite in addition to (he suitable thermal
gradient, coltular grains can grow epitaxially from the planar grains without the appearance of Type Il

grain boundary. The cellular grains usually grow faster than the planar grains as they can proceed along
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the preferred growth direction. As the temperature gradient gradually decreases towards the centerline of
the weld pool, the cellular dendrites intrude into the liquid weld metal even faster until the enriched solute
reaches the critical level. Consequently, the solidifying front breaks down from planar growth into
staggered cellular growth, Thercafter, the y - austenitic grains and the 8 - ferritic grains grow altematively
as the rejected solutes gradually pile up at the front of the solidifying front until the end of solidification.
The subsequent solid transformation of austenite at the interface will result in a mixed structure of
martensite, bainitc and acicular ferritc duc to the continuous variation in chemical composition and
cooling rate across the interface. The final structures show no distinctive boundary between the planar
grains and the cellular dendrites at these locations. But, if the thermal gradicnt and the composition are
not favorable for the ccllular grain growth of & - ferrite at the planar solidifying front. the low growing
ratc of the planar grains will increasc the chance for the formation of Type I grain boundary. The slow
growth rate of planar grains offers more time for the rejection of solutes at the solidifying front, and the
pile-up of solutes at the planar solidifying front may stop the planar gcowth of the initial 8 - ferritic grains
once the solutes gather to the critical concentration for the formation of y - austenite. The newly formed y
- austenite may retain the planar grain growth mode for a while, but the large temperature gap between
the liquidus and the solidus for y phase and the decreasc of thermal gradient at a distance away from the
fusion line give the 7y -austenite more chance to grow in the cellular dendrite mode. Accordingly, Type 11
grain boundaries come into view as the borders between the planar § - ferritic grains and the cellular
dendritic y - austenite. The initial & - ferritc turns into austenite, and the austenite transforms into
martensite, bainite or acicular ferritc as the temperature drops and time clapses. From the viewpoint of
composition cffect, this mechanism of forming Type II grain boundary is mainly responsible for overlays
with chemical compositions in and close to the scctor of peritectic and cutectic reaction in Fe - Cr - Ni

ternary system.,

The second possibility for the formation of Type II grain boundary is the pilc-up of minor precipitates
as a result of segregation to the solidifying front of the initial ¥ - austenite. The high content of nickel in

specimens of C-22 and 5923 could stop the growth of 8 - ferrite immediatcly on the fusion line, and there
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was only a very narrow layer of transition zone which turned into martensite after cooling down to
regulate the mismatch of the lattice patterns aside the interface as observed on the TEM. Like the other
welds, the highest thermal gradient at the fusion line will give rise to planar grain growth at the initial
stage of solidification in the cladding of high nickel alloys. But, the planar grains in this case are vy -
austenite. Cellular dendritic grains of austenite can also grow epitaxially from the planar grains of vy -
austenite without the transition of lattice patterns. In this case, there is no chance for the formation of
Type 1I grain boundary. However, as is known%%190_austenite has a much lower solubility for impuritics
such as oxygen, sulfur, phosphorus, and for ferrite-stabilizers such as silicon, molybdenum, tungsten than
does the ferritic crystal structure. Some ferrite stabilizers are strong carbide formers (Mo, Cr. Cb, W) or
inclusion formers (Si). These impuritics and ferrite-stabilizers have a much stronger tendency towards
segregation with austenitic solidification than they do with ferritic crystallization. The involvement of
such clecments in the weld metal can be caused by dilution with the base steel and the reaction with the
flux. These clements may be rejected at the front of the solidifying phase, forming a film of some
sccondary phasc as observed in Figure 54. These precipitates may be carbides, sulfides, oxides, etc..
depending on specific dilution effect and local cooling rate. These nickel-bearing alloys have a remarkably
low content of impuritics due to their high quality and the diffusivity of such inclusion elements in the
austenite is very low, so the segregation of the impuritics may take place at a very low content101:102 Byt
this film of precipitates ahead of the solidifying front of the planar austenitic grains could possibly disturb
the epitaxial growth of the cellular dendritic grains from the planar grains. Consequently, Type II grain
boundarics may form as the precipitates disturb the transition from planar to cellular growth of austenite
very close to the interface. Therefore, the appearance of Type Il grain boundaries in the high nickel
overlay is diffcrent from those formed by the first proposed mechanism. Type II grain boundaries formed
by the first mechanism appear relatively flat and parallel to the interface, while Type II grain boundary in
the high nickel overlay shows more curves since the cellular dendrites of austenite should be easy to grow
from the planar grains of the same structure, and the tendency to form cellular dendrites is high for vy -

austenite. According to this mechanism, the more the impurities in the weld metal the more the Type 1I
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grain boundaries there would be. The experimental results showed that the high dilution of weld metal
with the basc steel gave risc to more Type 11 grain boundaries, thus more severe disbonding after the
hydrogen autoclave test. After cladding, a segregation zone was introduced adjacent to the fusion line, and
this scgregation layer acts as the trapping sites for the accumulation of hydrogen in the autoclave test. In
addition, the initially formed Typce Il grain boundarics also provide sites for the precipitation of carbides
and other inclusions during PWHT. Thus hydrogen induced disbonding takes place along these segregated
boundaries. The higher extent of dilution in the specimen 5923 by the high current welding gave more
chances for the formation of an impurity filni ncar the fusion line. appearing as a Type 11 grain boundary,

as observed in Figure 53. Subsequently, mor nding was revealed in this specimen.

In the overlay 254SMO., Type I1 grain boundaries may develop on the basis of the first mechanism, lts
nickel content was not high crough to curb the 8 - ferrite growth at the initial stage of the solidification in
consideration of dilution with the basc stecl. The planar grains of & - ferrite would form on the fusion line.
A sharp increase in the content of nickel at the edge of the planar solidifying front increased the chance
for the formation of Type II grain boundary as compared with specimens of 309L serics. On the other
hand, its chromium content is not high cnough to promote ccllular dendrites growing dircctly from the
planar § - ferritic grains. The content of molybdenum in the alloy 254SMO increases the chance to form
bainite in the transition zone when the alloy was mixed with the base stcel during welding. The coarse
bainitic structure found by observation at the transition zone of the overlay 254SMO on the TEM showed
the effect of the existence of molybdenum in the overlay. The observation on Type 1 grain boundary in the
specimen 254SMO showed no significant segregation on Type 11 grain boundary as scen in Figures 85,
86. 87 and 88. However, the microstructure apart from the Type I} grain boundarics has some differences.

In the planar grain side, the grains appeared coarser than those in the cellular grain side.

As for the 904L alloy, the formation of Type II grain boundary may be attributed to both mechanisms.

Its nickel conterit is not as high as C-22 and 5923 and 904L thus cannot stop the growth of & - ferrs ught

on the fusion line. But, its nickel content is high enough to reducc significantly the chance for extensive



growth of 8 - ferritc as ccllular grains in the liquid weld metal directly from the planar 6 - fedritic grains
at the interface. Therefore, the transition zone in this overlay was wider than those in specimens C-22 and
5923, but narrower than those in specimens 309L scrics and 254SMO. From the phenomena of the
formation of Type II grain boundary in these specimens, it is scen that high current welding will reduce
the chance for the formation of Type 11 grain boundary under the first mechanism but increase the chance
for the formation of Type 11 grain boundary under the sccond mechanism as comparing the specimens
309L serics with the specimens C-22 and 5923. That the disbonding appears to be almost the same by
both welding procedures for the specimen 904L is the result of the first mechanism playing a major role in

the low current welding and the second mechanism having more influences in high current welding.

In addition to the functions of chromium and nickel. the major compositions of the overlays, other
alloying clements also played some role in the formation of Type II grain boundary. Among them the
amount of carbon takes a major role. Less carbon in the base steel makes it possible for the base steel to
retain BCC structure at high temperatures for a longer time as the temperature drops at the initial stage of
solidification. Less involvement of carbon in the weld pool may reduce the formation of Type II grain
boundary by increasing the chance to form cellular § - ferritic grains from the planar grains and by
reducing the precipitation of carbides on the planar grain boundary. Molybdenum is a ferrite-forming
clement in ferrous alloys. The existence of molybdenum in the overlays increases the chance for the
precipitation of 8 - ferrite from the liquid weld metal. This may be used to explain why there is a larger
transition zone in the overlay 5923 than that in the overlay C-22. Molybdenum can form some complex
metallic compounds too such as x and n phases in the Fe - Cr - Ni temary system. But their effects on the
formation of Type Il grain boundary and disbonding may not be as pronounced as the effects of chromium
and nickel. As secn from the observation of the specimen of 2205, n-phase locates in the ferritic network.
The relatively high contents of phosphorus and sulfur in alloys 254SMQ and 904L also increase the
possibility for the formation of Type I1 grain boundary and disbonding as well. Manganese is a weaker
austenite former as compared to nickel and it can increase the hot cracking resistance by forming sulfide

with sulfur. When Mn is combined with the low alloy steel. the hardenability may be increased. i.e., more
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mariensite forms in the transition zone. The addition of strong carbide-forming clements such as
molybdenum or niobium in 309L stainless steel does not significantly influence the formation of Type |l
grain boundaries. From the observation on the disbonding. the precipitation of carbides on the Type 1
boundary was not a major cause for cracking. In other words, the addition of carbide-forming clements

does not measurably alter the incidence of the disbonding in 309L alloys.

In addition to the influcnce of overlay chemistry on the formation of Type 11 grain boundary, the
occurrence of Type 1! grain boundary is strongly dependent upon the supercooling conditions in the
overlays. The difference in disbonding phenomena among the specimens by different welding procedures
is the evidence of this effect. The extent of constitutional supercooling condition is also determined by the

welding condition.
7.4.2.2 Effect of Welding Procedure

Welding procedurcs influence the solidification process of the weld metal by adjusting the magnitude
of dilution, hence the chemical composition in the weld pool, by controlling the dynamic thermal ficld in
welds and by regulating the cooling rates of the weld metal. Thercfore the nucleation and growth of the

crystals in the weld metal will also depend to a large cxtent upon the welding procedures.

In the case of high current and high speed welding. more base stecl in volume is mixed into the weld
pool with the overlay materials due to the decper penctration effect under the more fieree are force. The
thickness of the diluted layer would also be increased as scen in the microhardness test and under the
metallographic observation. The chance for the formation of & - ferrite as the initial solidifying phasc
increases as a result of the chemical composition in the stagnant layer being close to that of the base stecl
and new & - ferritic grains are easy to grow from the stagnant zonc with the similar composition and the
same crystal structure. This effect is particularly obvious in specimens with compositions in and close to
the 1 + & + ¥ sector in the Fe - Cr - Ni ternary phase diagram, because the solidifying phases, dandy, in

these alloys will compete with cach other during growth. In a high dilution of the weld metal with the
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hase steel, the growth of y - austenite may be delayed as a consequence of the favorable condition for the
growth of 8 - ferritc at the initial stage of solidification. Morcover, the high current and high speed
welding will result in high rates of hecating-up and cooling-down. The nucleation rate or the epitaxial
growth rate of crystals in the weld metal increascs as a result of the two high rates. Thus the configuration
of grain structures in the specimens obtained by the high current and high speed welding appears finer
than that in the specimens obtained by the low current and low speed welding despite of the same linear

heat input in the overlays.

As mentioned above, the growth behavior of crystals in the weld metal during solidification is vital
for the formation of Type I1 grain boundary. As is known%3, the possible growing modes of crystals in
weld meial can be classified as planar growth, cellular growth, columnar dendritic growth and equiaxial
dendritic growth, In an alloy system the growth mode of crystals in the weld metal is mainly determined
by the extent of constitutional supercooling condition as expressed in Equation ( 4 - 40 ). By assuming
that the slope of the liquidus curve at the concentration points of specimens is linear in the Fe - Cr - Ni

ternary system, this expression can be simplified as103

Gl ATu (7-2)

—_ K=
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where ATo is the temperature interval between the liquidus and the solidus at the nominal concentration
of the overlay material, and D is the average diffusion coefficient of solutes in the liquid weld metal
since - pAC = AT. According (o the thermal analysis!®4, the steepest temperature gradient occurs at the
surface of the basc steel while the liquid metal from the electrode just drops on it. Consequently, the
crystals nucleating on the suriace of the base steel can only grow along the surface of the base steel in the
planar mode as schematically shown in Figure 61. Due to the high temperature gradient ahead of the
solidifying front the growing rate of the crystals is slow near the interface region. So the initially formed

crystals almost always grow., more or less. in the planar growth mode.

The welding procedures may influence the time for planar grain growth. The temperature and the



]S

temperaturc gradient at the edge of the interface between the base steel ana the weld metal in the weld
pool in the high current and high speed welding would decline in a shorter time than those in the low
speed weiding, since the heating source moves at a higher speed and the cooling rate is high. The decline
of the temperaturc gradient makes it possible for the liquid metal ahead of the solidifying front to meet the
constitutional sipercooling condition, and thus lcads to the break down of planar growth. If the planar
grain growth breaks down a short time after the heginning of ﬂw solidification, the pile-up of solutes at
the solidifying front may be not high cnough to turn the initial crystals into another kind of crystal due to
the chemical composition. On the other hand. the low current and fow speed welding will allow tie planar
growth to develop for a longer time because the slow moving heating source makes the temperature
gradicnt take longer time to decline. Then the austenite stabilizing solutes will not be trapped into the
solidifying crystals and can accumulate at the solidifying front duc to the slow growing rate of the planar
grains, This phenomenon has been discussed in the chapter of Theory on the formation of solute "band” in
welds as shown in Figure 20. Therefore the tendency of the formation of Type ! grain boundary increases
with the decrease of welding speed if the heat input is kept at the sume Ievel. This phenomenon is
particularly apparcent in specimens 309L scries and 254SMO since their initial crystals growing from the
half melted and half solid zone in the solidification process is possibly 8 - ferrite and this 8 - ferrile
growth is going to be replaced by the ¥ - austenite growth after the accumulation of solutes, especially
nickel, reaches the critical level for this change. As discussed above, the shifting of the solidifying phase
from the 8 - ferrite to the y - austenite at the planar grain boandary will give risc to the emergence of Type

11 grain boundaries.

While the crystals grow towards the top of the overlay and the centerline of the weld pool, the
temperature gradient in the liquid ahcad of the solidifying front will decrease hecause of the moving away
of the heating source and the release of the Jatent heat as a result of the formation of solid phases. The
growth rate will increase as a consequence of the drop in thermal gradicnt and the readjustment of
preferred growth orientation. The growth direction of crystals is opposite to the heat flow dircction. Thus

the upper part of the weld metal shows the structures of cellular dendrites and columnar dendrites which
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bend towards the welding dircction.

For the overlay 2205, the primary solidifying phase will be 8 - ferrite only through the whole
solidification process and the transformation of 1 — 8 cannot be affected by the welding procedure since
the ratio of chromium to nickel is so high in this alloy that no austenite will directly precipitate from the
liquid metal. Furthermore, the narrow temperaturce interval between the liquidus and solidus of 1 + 8 zone
in Fc - Cr - Ni ternary system as scen in Figure 60 shortens the solidification time so that nickel content
cannot accumulate high enough at the solidifying front in a short time to shift the solidifying crystals to
the austenitic structure. From the observation on microscopes, the border between the base steel and the
overlay is noi as sharp as that in other specimens. The same crystal structure of the overlay and the base
steel during the solidification makes the transition smooth. The skeletal § - ferritic network enveloping
martensite and austenite in it in the interfacial region at the room temperature shows the cvidence of
transformation during cooling. High penctration in high current welding results in a thicker transition
zonc in the overlay. As a consequence. there is a thicker layer of martensite lying on the interface. This
transition zone also shows the trace of planar growth at the initial stage of solidification without
cxception. However, the cellular grains growing cpitaxially from the planar grains leave no signs of
border between the planar grains and the cellular grains. The welding speed increases the cooling rate of
the weld metal so that finer grain structures are expected. The subsequent solid transformation. 8 — v, in

the weld metal gives the appearance of vermicular ferrite,

The microstructures in the 309L series are obviously affected by the welding procedares. In the high
current welding. the high dilution of the weld metal with the base steel increases the chance for the § -
ferrite to grow as the first solidifying crystals. since the composition in the partially melted zone is close to
that of the base steel as a result of more base steel dilution. The fast cooling rate and the fast decline of the
temperature gradicnt at the edge of the solidifying front in high speed welding yiclds more chances for the
liquid weld metal in the weld pool to meet the constitutional supercooling criterion. The accumulation of

solutes at the solidifying front is also reduced by the high cooling rate. Therefore, the planar growth mode
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will break down more casily in the high current and high speed welding procedure without the formation
of Type 11 grain boundarics as compared 1o low current and low speed welding. On the other hand,  the
dilution of weld metal with the base steel will be low ind the cooling rate of the weld metatl will be low as
well if the overlay is clad by the low current and low speed welding procedure, The low dilution means
that the chemical composition in the weld pool is close to the original alloy, whose high nickel content
will favor y - austenite as the first solidifying crystals. The low cooling rate causcs less trapping of the
austenite stabilizing elements in the growing ferrite, thus allowing the solutes to diffuse to and accumulate
at the solidification front. Accordingly, the accumulation of nickel at the front of the slowly growing
planar 8 - ferritic grains would stop the growth of the 8 - ferritc and cause the change of the solidifying
phase. Thus, Type II grain boundarics come into view as the cvidence of such change in the solidifying
phase. The newly formed austenite may retain the planar growth for a while and then turns into cellular
growth mode as the temperature gradient decreases at the edge of the solidifying front. The initial & -
ferrite adjacent to the fusion linc changes imo austenite and the austenite transforms to martensite, bainite
or is retained without change as the tempetature drops to ambicent. Due to the continuous variation in
chemical composition across the interface, the microstructures show different configurations with the
distance away from the fusion linc. Right on the fusion linc there is a layer of finc martensitic structure
which turns a dark color after PWHT and ctching. Adjacent to the finc martensite is the coarsc bainitic
structure with an appearance of bunches of acicular ferrite. Since the content of nickel becomes higher
and higher towards the top of the overlay, at some locations a retained austenitic layer lics between the
tips of acicular ferritic bunches and Type II grain boundary. The acicular ferrite can cven show up across
Type II grain boundary at some locations where the cooling rate may be high. Howcever, Type 11 grain
boundaries, once formed. stay between the planar grains and the cellular grains. Type 11 grain boundarics
subsequently serve as the trapping sites for the accumulation of hydrogen, and become the most
susceptible structure to disbonding. The high current and high speed welding can improve the resistance
of the overlays of 309L series to the hydrogen induced disbonding but it cannot get rid of this disbonding,

since there are still some Type 1l grain boundaries in the overlays produced by high current and high
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speed welding. The appearance of such Type Il grain boundaries may be the result of the temperature
distribution being non-uniform and the temperature gradicnt in the center being not as high as it is at the

cdge of the weld pool as discussed in the chapter on Theory.

For the overlay 254SMO, the higher content of nickel in this alloy than that in alloys 309L series
makes it more difficult for the 8 - ferrite to grow cellularly from the initial planar 8 - ferritic grains. On
the other hand. the content of nickel in this alloy is not high enough 10 stop the growth of § - ferrite at the
initial stage. The high current and high speed welding may reduce the chance for the formation of Type
Il grain boundary by stirring up more basc steel into the weld pool. But the result will not be as obvious as

that in the 309L scrics duc to its high nickel content.

The even higher content of nickel in alloys C-22 and 5923 makes the cpitaxial growth of d - ferrite
grains from the initial planar 8 - ferritic grains totally impossible. The high content of nickel in these
alloys can causc y - austenitc to grow dircctly from the base steel. But the dilution of the weld metal with
the base steel makes this growth occur uncvenly along the interface. Since the austenitic grains grow from
the partially melicd zonc on the fusion line. clements from the base steel may be rejected by the solidifying
austenitic crystals. These segregates produced in the weld pool owing to dilution may appear at the
solidifying front duc to the low solubility of some elements in austenite. These rejected elements at the
solidifying front may disturb the continuity of the austenitic growth and a boundary comes out to show ithe
discontinuity of the austenitic growth. The observation and EDX analysis on the boundary showed M;;C¢
type carbide of the combination of chromium, molybdenum and iron. The initial growth of austenitic
grains has 10 be kept in the planar growth mode duc to the high temperature gradient at the edge of the
fusion line. As a result the boundaries formed by the disturbing of impurities usually become visible near
the fusion line. In high current welding more impurities from the base stecl are expected to be involved
into the weld pool. so more boundaries would appear near the interface. This kind of boundary may
behave like the Type 11 grain boundary mentioned above. That is, they can trap hydrogen during service in

an cnvironment of high pressure of hydrogen. Therefore, the formation of Type II grain boundaries in
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high nickel alloys is caused by the disturbing cffect of segregates on the growth continuity of austenite.

The formation of Type I1 grain boundarics in the specimen 904L may happen by both mechanisms,
Its high nickel content can fully curb the growth of § - ferrite from the planar grain but not high enough 1o
initiate y - austenitic cpitaxial growth dircctly from the halt melted and half solid zone in the whole range
of weld pool. Which mechanism plays the major role  responsible for the formation of Type H grain
boundary needs more work. The first mechanism may have more influence in the low current welding
while the high current welding may cause more Type 11 grair boundarics under the control of the second
mechanism. The chemical composiiion of this alloy may just locate in the critical range, so the
experimental results on the disbonding scem quite scattered. Varying dilution due to change in arc

residence time across the width of the overlay makes this scater cven more pronounced.

1.5 Disbonding of Overlay

From the discussion above. it is scen that the concentration of hydrogen can reach as high as 120 ppm
at Type II grain boundarics if the overlay is assumed to be an austenitic structure. This concentration is
much higher than the critical concentration in a normal welding environment which is usually less than
10 ppm!95. Under a tensile stress field this concentration may be even higher. In this situation it is very
likely for hydrogen to accumulate in the less dense zone such as Type IF grain boundary to form hydrogen

gas with high pressures. Consequently, cracking takes place by the "blister” effect of hydrogen.

Hydrogen induced cracking takes place only in a tensile stress condition. Without the tensile stresses,
the coarse grain zone in HAZ under the interface shows no sign of cracking although it is reported to have
the lowest fracture toughness.3¢ In the overlay system, the residual tensile stresses may be reduced by a
very slow cooling rate from the working temperature. But it usually cannot be realized in practice.
Sometimes a high cooling rate is necessary, such as in an emergency. This will result in higher residual
tensile stresses in the overlay. Another possible solution for this problem is to choose a clad material with

a thermal expansion coefficient similar to the base steel. However, this kind of material may not be able to
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meet the criterion for the corrosion resistance.

The microstructures along the interface are another controllable factor to prevent the hydrogen related
disbonding. As scen from the disbonding phenomena, cracking in most cases takes place along the Type I1
grain boundary, and sometimes cxtends into the bainitic structure region. Seldom do the cracks penetrate
the dense martensite layer in the base steel. After PWHT, there is usually a dense precipitation of carbides
in the original martensite region of the transition zone. During PWHT carbon atoms move from the base
steel towards the overlay since most of the overlay alloys contain chromium and molybdenum, stronger
carbide-forming clements than iron, and austenite posscsses a higher solubility for carbon than ferrite
docs. This results in a spike of hardness in the precipitation region in the transition zone located below
Type 11 grain boundary and a valley of hardness in the heat affected zone adjacent to the fusion line. The
sharp change in the mechanical propertics across the interfacial region from the base steel to the weld
metal may also have some influence on the formation and propagation of the disbonding. Thesc
precipitates in the transition zonc may scrve as trapping sites for the hydrogen too. Since they distribute
uniformly in this zone. the possible highest concentration of hydrogen in a certain site is reduced. The
coarse grains and carbides in the heat affected zone in the base steel adjacent to the fusion line also have
low fracture toughness. Cracks may happen in this region if they are under tension as reported by
Gittos38. Howcver. cracking docs not take place in this rcgion in this test owing to thc compressive
stresses in this region. Therefore, the most susceptible microstructure to the isydrogen induced disbonding
is the Type 1 grain boundary. The bainitic structure near Type 11 grain boundary possesses low resistance
to the disbonding as it is scen that cracks sometimes wander into this structure. Ferrite has relatively high
resistance to disbonding since the crack stops at the intrusion of base steel at the interface. This may

reflect the effect of surface roughness of the base steel on the disbonding.

The occurrence of disbonding. if any. in most coupons takes place near the middle of the cladded
surface not at the edge as predicated by the thermostat model. There are a few possibilities here. There are

probably more Type 11 grain boundaries in the central region of the coupons (also the central area during
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cladding) due to a slower cooling rate than cxists at the edges. In addition. if hydrogen molecules
accumulate on the Type Il boundarics. the gas  pressure would increase tensile stresses in the central
region. Few Type 11 boundarics and less accumulation of hydrogen near the edges of the specimens duc to
a faster cooling rate and duc to the relcase of hydrogen to the atmosphere make the bonding strength

higher at the edges than that in the middic of the cladded arca.

Eliminating the emergence of Type II grain boundary is the most effective method to minimize the
hydrogen induced disbonding. This can be achieved in two ways. One is o selcet suitable materials such
as the duplex steel 2205. It was reported! that applying a butter cladding of extra-low carbon steel before
the overlaying of stainless stecl on the basc steel would reduce the chance for the formation of Type U
grain boundary. The explanation to this phenomenon should be that the low carbon steel will solidify as 8
- ferrite first, the same crystal structure as the base steel. The chance for the formation of 8-ferrite as the
primary crystal will be increased for the sccond stainless steel layer of 309L. Another way is to choose a
well tuned welding procedure. The welding parameters should be chosen on the basis of the chemistry of
the overlay materials and the basc metal. Since there are large variations in the chemisiry of corrosion

resistant alloys. it is obvious that more rescarch is nceded on the effect of welding for a specific problem.

The higher sensitivity of the 5923 alloy in comparison to the C-22 alloy and the fact that cven the C-
22 alloy is not immune to some disbonding induced by dilution give a sufficient notice that welding
procedural variations are critical. Only the 2205 alloy appears immunc, at lcast, for the parameters used in

this study.
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8. SUMMARY AND CONCLUSIONS

8.1 Summary

From the experimental results and the discussion above, it is clear that there arc three major factors
contributing to the hydrogen induced disbonding of the overlay of corrosion resistant alloys from the base
Cr - Mo low alloy sicel. Firstly, due to the differences in solubility and diffusivity of hydrogen between the
austenitic structure of the overlay and the ferritic structure of the basc steel and the trapping effect of
imperfections in weldment, the hydrogen accumulation in Type II grain boundaries parallel and close to
the fusion linc between the base steel and the overlay is a necessary condition for the occurrence of
disbonding. Next, disbonding propagation nceds a tensile stress field. The highest residual tensile stresses
develop in the overlay during cooling down from high temperatures to ambient temperature due to the
difference in thermal expansion coefficient between the base steel and the overlay. Compressive stresses
develop in the HAZ of the basc steel, protecting otherwise susceptible, low toughness microstructures from
disbonding. Finally, the most susceptible microstructure to hydrogen induced disbonding, Type Il grain
boundary in this specific environment, may appear as a result of either a phase change during
solidification of the weld metal due to the solute "banding™ effect in an alloy system or the disturbing
efivct of precipitates on the growth continuity of solidifying phase due to the dilution of weld metal with

the base steel. This grain boundary is also parallel to the interface and is in the tensile stress field.

The controllable determinant for the prevention of disbonding is the microstructure in the interfacial
region between the base steel and the overlay. The microstructures developed in this region are
determined by the composition of overlays and the welding procedures. If the primary solidifying crystal
of the overlay is & - ferrite, the same as that of the primary solidifying crystals in the base steel, the chance
of forming a Type 11 grain boundary is almost totally eliminated. This occurs in the specimens of 2205. If
the content of nickel in the overlay is high enoughi to curb the growth of § - ferrite at the initial stage of
solidification, the low current welding procedure may reduce the chance for the emergence of Type II

grain boundary. This happens in the specimens of C-22 and 5923. For alloys in which the primary
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solidifying crystals are 8 and y together, or § followed by Y. the welding procedure of high current and
high speed will increasc the chance for the § - ferritic grains to grow cellularly from the planar ferritic
grains. Hence the chance for the formation of Type Il grain boundary is minimized and so is the
disbonding. But the tendency to form Type 11 grain boundary is still there due to the chemical composition
of these alloys. The local variation in dilution due to arc wander also influences the formation of the Type

IT grain boundary.

Disbonding in most cases takes place along Type 11 grain boundarics. Sometimes cracking wanders
into the bainitic structure which locates above the martensitic structure, scldom stretches farther into
tempered martensitic structure adjacent to the fusion linc and stops at a ferritic structure. Without Type 11

grain boundarices in the overlay, no disbonding is found.

8.2 Conclusions

Based on the experimental results and the discussions above, several conclusions can be drawn:

1. Disbonding of the overlay of corrosion resistant alloys from the base Cr - Mo low alloy steel takes
place only in the co-existence of three factors: hydrogen accumulation to a certain level in the overlay,

residual tensile stresses and a crack-susceptible microstructure.

2. Analysis of the effect of Type II grain boundarics on hydrogen diffusion demonstrates that
hydrogen will concentrate to the highest Ievel in the Type I boundaries, not at the cladding-base mctal

interface, as proposed by other investigators.

3. The most probable mechanism of disbonding at the Type I grain boundarics is hydrogen pressure
developed by the conversion of atomic hydrogen to molecular hydrogen in the boundary. Theories
involving decohesion, hydride formation and localized plastic flow arc less consistent with the observed
intergranular nature of the disbonding phenomenon, with any transgranular cracking restricted to

occasional extension of intergranular Type II boundary disbonding into bainitic regions adjacent to the
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primary disbonding arcas.

4. Tensile residual stresses will develop in the overlays which have a larger thermal expansion
coefficicnt than the base stecl during cooling down from high temperatures to ambient temperature, while
compressive stresses occur in the base steel adjacent to the interface. These residual tensile stresses in both
dircctions parallel to and perpendicular to the interface promote hydrogen diffusion to the interfacial
region of the overlay and accumulation in the Type II grain boundary. As a result, the bonding strength of
the overlay to the base steel. is severely reduced. Analysis of the state of stress in the clad joint based on
experimental thermal measurements of actual interface material has shown that there is substantial tensile
stress near and perpendicular to the interface. The magnitude varies with the chemistry of the cladding

alloy and correlates very well with the amount of disbonding observed.

5. The standard industrial cladding of type 309 stainless steel has been shown to be very prone 10
disbonding, duc to thc mixed o - y solidification mode, which is inclined to form Type II boundaries.

Modification of the chemistry by the addition of molybdenum or niobium has no discemable effects.

6. Alloys 254SMO and 904L arc even more prone to disbonding, due io the large amount of Type II
grain boundarics produced by their higher nickel chemistry and to the larger difference in thermal

cxpansion cocfficient from the base steel.

7. High uickel alloys, C-22 and 5923, minimize Type II boundary formation due to an early forced

change to a fully y solidification mode. Minor amounts of Type II boundary are formed in the presence of

segregates, notably carbides.

8. Duplex stainless stecl cladding of 2205 eliminates Type II grain boundaries and disbonding due to

a fully ferritic epitaxial solidification mode.

9. The so-called Type II grain boundary, paratlel to and close to the fusion line between the base steel

and the overlay, is confirmed as the microstructural feature most susceptible to hydrogen induced
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disbonding. In addition, the coarse acicular bainitic structure between Type 11 grain boundary and the fine
tempered martensitic structure on the fusion line has low resistance 10 the propagation of cracking, The
fine tempered martensitic structurc on the fusion line is relatively less sensitive to hydrogen induced
disbonding. Carbide precipitation is not directly related to the formation of Type H grain boundarics and
does not obviously influence the bonding strength, at least for low carbon levels. Low toughness structures
in the base steel, even the coarse-grained heat affected zone, arc free from cracking duc to the compressive
stress state in this region. The unstable austenitic structurc ncar the interface duc to the dilution with the
base steel forms bainitic structures which can extend cracks initiated in Type il grain boundarics, but this

microstructure is unlikely to initiate disbonding.

10. There are two mechanisms responsible for the formation of Type Il grain boundary. One is the
solidifying crystal change from & - ferrite to ¥ - austenite during the solidification as a result of solute
accumulation at the solidifying front. Another is the disturbing effect of segregates on the growth
continuity of the solidifying crystals, which appecar in the weld pool duc to dilution with the base steel and

by rejection from primary austenitc .

11. The welding procedure of high current and high speed will reduce the chance to form Type Il
grain boundary in overlays with primary solidifying crystals as 8 + v, but will increase the chance to form
Type 11 grain boundary in overlays with higher nickel contents. No Type Il grain boundary forms in the
overlay 2205 by either welding procedure duc to its primary solidifying crystals being the same as those of

the base steel. Less Type 11 grain boundaries means less disbonding in the overlay.
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9. SUGGESTIONS FOR FURTHER WORK

[t is clear that the bonding strength of the weld overlay with the base steel is strongly affected by the
microstructure along the interfacial region. As scen above, there are two ways (o improve this property.
Onc is to apply a nickel based alloy such as C-22 with a suitable welding procedure. The welding
procedure needs to be fine tuned to achicve an optimum result. Corrosion tests and hydrogen induced
cracking asscssment arc nceded to investigate whether a single pass cladding is possible to replace the
double-pass cladding of 309L+347 alloys, the mostly employed cladding process. There is an economic
balance between the high nickel alloy of high priceand a single cladding pass and a relatively cheaper

stainless steel but two passes. The real cost may be reduced by applying a single pass of high nickel alloy.

Another way is to apply duplex stainless stecl such as 2205 as the cladding material. The producer of
this alloy (Sandvik) claims!% that this alloy has a high corrosion resistance to hydrogen sulphide and
chloride-bearing corrosive media. However, further work is required to investigate if the duplex stainless

steel can stand the vicious cnvironments encountered in the petrochemical industries.

Duc to their high content of alloying clements, these alloys may result in the possibility for the
formation of some special metallic compounds after service at high temperatures for a long time. This

kind of effect on the bonding strength of overlay needs to be clarified.
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Table 1 Chemical composition of base steel, wt. %

C Si_ |{Mn P S Cr | Ni [Mo |Cu \4 Ti | Fe
0.125 | 0.547 | 0.51 0.005 § 0.014 | 1£.279 | 0.206 | 049 ] 0.171 j 0.005 | 0.001 | bal
Table 2 Chemical compositions of alloys used as cladding materials, wt. %
element 2205 309L | 309LMo | 309LNb | 254sMO 904L C22 §923

C 0.015 0.009 0.012 0.017 0.014 0.016 0.006 0.007
Si 0.35 0.51 0.20 0.34 0.39 0.48 <0.02 0.04
Mn 1.61 1.79 1.69 1.93 0.48 1.75 0.31 0.15
P 0.029 0.015 0.013 0.012 0.026 0.018 0.01 0.002
S 0.003 0.003 0.001 0.001 0.001 0.003 <0.003 0.003

Cr 21.77 23.75 20.33 23.74 20.1 19.92 21.22 22.50

Ni 5.70 12.88 13.52 12.37 17.9 24.95 56.97 60.90

Mo 2,99 0.06 2.86 0.03 6.13 443 13.43 15.50

Co 0.035 0.038 0.02 0.84 0.02

Cu 0.037 0.07 0.02 0.74 1.46

Al 0.31

N 0.16 0.045 0.029 0.031 0.192

Nb 0.70

w 329

\Y/ 0.14

Ti 0.03

Fe balance | balance | balance | balance | balance | balance | 3.70 0.54

Table 3 Chemical composition of weld flux, wt. %

Na20 | MgO | AQ3 | SiO2 | K20 Ca0 | MnQ | FeO Zr(2 | CaF2 | Cr20n
0.29 0.26 25.06 | 30.89 I 3.06 20.57 | 142 1.87 0.0 11.36 | 542
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Table 4 Cladding conditions in Submerged Arc Welding
Procedure Current, amp Voltage, volts Travel speed, mm/min
1 750 28 140
I 1500 28 280
Electrical stick-out 35 mm

Polarity
Preheat
Electrode angle

Direct current, electrode positive

150°C

90° to the plate of welding

Overlap thickness ~ 6mm
Table 5 Dilution of welding procedures

[ " omm | FFmm | D, % | W,mm | Pmm [ C,mm
Procedure 1
2205 53.6 236.3 22.7 5717 2.4 3.27
309L 539 242.6 22.2 59.0 1.65 3.50
309LMo 99.8 319.3 313 65.1 2.66 4.39
309LNb 86.1 289.3 29.8 63.7 1.92 3.32
254SMO 81.2 289.7 28.0 60.9 2.30 3.75
904L 63.7 274.6 23.2 59.0 1.65 3.50
C22 52.9 249.9 21.1 61.5 1.60 3.62
5923 142.1 419.0 33.9 65.6 3.10 5.20
Procedure 11
2205 86.3 2679 32.0 61.0 1.90 4.6
L 147.6 340.9 43.3 60.3 3.20 3.7
309L.Mo 145.3 376.2 38.6 64.6 3.62 4.2
309LNDb 131.5 358.8 36.6 65.7 3.34 4.3
254SMO 119.2 337.8 35.0 64.9 345 4.1
904L 84.5 274.2 31.0 58.9 3.04 3.5
C22 93.4 320.2 29.0 60.0 2.26 4.2
5923 165.7 423.8 39.1 73.3 2.48 5.2

where F: the arca of the whole weld metal in a cross section vertical to the welding direction,
Fy: the arca of the weld metal in the base metal side only,
D: the dilution effect which is defined as the ratio of F5 to F and expressed in percentage.
W: the width of the weld bead,
P: the penetration of the weld metal into the base steel, and

C: the height of the weld metal above the surface level of the base steel.

Table 6 Thermal expansion coefficients of alloys, x 10:¢°C1
and possible residual stresses at interface, MPa
alloy base steel 2205 309L 254SMO 904L C22
a 14.14 13.46 19.61 20.18 19.15 15.96
difference -5% 2% 43% 35% 13.0%
o, MPa -40 270 305 250 120
1, MPa -18 125 140 110 55
"peeling" -4 33 37 30 15




Table 7 Disbonding analysis by ultrasonic C - scan, %
specimen 1 [ 2 [ 3 1 [ 2 3
Procedure 1 Procedure 11
2205 0.0 0.0 0.0 0.9 0.0 0.0
3L 1.5 7.6 3.9 0.0 0.7 R
309LMo 3.1 24 4.2 2.0 1.8 1.1
309LNDb 10.3 8.2 3.2 7.3 1.3 2.1
254SMO 28.5 17.8 14.2 114 17.8 10.7
904L 0.1 23.1 28 19.6 2.1 8.2
C22 0.0 0.1 0.0 0.1 0.0 0.1
5923 4.2 3.8 1.3 6.1 9.5 4.8
Table 8 Equivalents of Chromium and Nickel of overlays, wt. %
Schaeffler Schneider Hammar Thieleman Schoefer
Ni,, |Cr, [Ni, |Cr, |Niy Cr.. | Ni., Cr, |Ni, |Cr,
2205 6.95 | 25.29 | 10.96 | 26.96 | 9.61 26.39 15.23 | 13.37 | 2149
309L 14.05 | 24.58 | 15.22 | 24.86 | 15.20 | 24.62 -15.96 | 17.47 | 19.61
309LMo 14.73 | 23.49 | 15.51 | 25.02 | 16.64 | 24.55 1000 ] 17.73 | 19.64
309LNDb 13.85 | 24.98 | 14.65 | 25.69 | 14.77 | 25.69 -12.89 | 16.9C | 20.00
254SMO 18.56 | 26.82 { 23.57 | 30.08 } 22.06 | 29.22 -8.00 | 25.80 | 24.28
904L 26.31 | 25.07 | 26.74 | 27.53 | 28.18 | 26.71 -39.43 1 29.08 | 21.85
C-22 57.31 | 34.65 | 58.14 | 43.95 | 57.35 | 39.71 -85.48 | 60.08 | 35.03
5923 61.19 | 38.06 | 61.30 | 47.54 | 61.18 | 43.80 -91.75 | 63.96 | 39.27

* Formulas used for the calculation of equivalents of nickel and chromium are bascd on:
1. Schaeffler!: Nieq = %Ni + 30%C + 0.5%Mn

2. Schneider and Delong2-3:

3. Hammar and Svenson?:

Creq = %Cr + %Mo + 1.5%Si + 0.5%Nb

Nieq = %Ni + 22%C + 14.2%N + 0.81%Mn + %Cu
Creq = %Cr + 1.37%Mo + 1.5%Si + 2%Cb + 3%Ti
4. Thieleman formula is a complex Cr equivalent combined with the effects of Crand Ni:
Creq = %Cr + 5.2%Si + 4.2%Mo + 11%V + 12%Al + 4.5%Cb + 7.2%Ti +

Nieq = %Ni + %Co + 0.3%Cu + 0.5%Mn + 25%N + 3-%C
Creq = %Cr + 2%Si + 1.5%Mo + 5%V + 5.5%Al + 1.75%Cb + 1.5%Ti + 0.75%W

+2.1%W + 2.8%Ta - 40%C - 3%Ni - 2%Mn - 1%Cu
5. Schoefer formula used in the foundry industry:

Nieq = %Ni + 30%C + 26(%N - 0.02) + 0.5%Mn + 2.77
Creq = %Cr + 1.4%Mo + 1.5%Si + %Cb - 4.99

1A Schaeffler, "Constitutional Diagram for Stainless Steel Weld Metal”, Metal Progress, 56 (5), 1949, p680

2 Y. Schneider, Foundry Trade Journal, 108, 1960, p562

3wT. Delong, “Ferrite in Austenitic Stainless Steel Weld Metal”, Welding Joumal, 53 (7). 1974, 273s

4_JF. Lancaster, Metallurgy of Welding, 4th Edition, Allen & Unwin, London, 1987
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Stainless Steel
Weld Overlsy Cr - Mo Low Alloy Steel

7

cl

A

A\

AN

N\

c2

A\

N

4=0

C1: hylrogen concentration at the swface of stainless steel overlay,
C2: hydrogen concentration in stainless steel overlay at the interface,
C3: hydrogen concentration in the Dase steel at the interface, and
C4: hydrogen concentration at the swiace of base steel.

unit in ¢m3 Hiem3 Fe

Xd and Xs: thickness of Dase stee] and overlay, respectively, in em.

Fig. 1 Schematic of steady - state hydrogen concentration profile across the wall of
pressure vessel (Ref. 6).
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70t 2a6ppm 400°C
JL {Pr2=150kg/cm?2)
730ppm 20°C/Hr
~ 60}k (PH2=150kg/cm?2)
g
& ur oHr
T S0 |~ 7.5 8 190
&
g 40 St /34ppm Weld Base
(%) 33.2ppm Metal Melal
c € 3l
g g ° N
§. | sHr ; 2r T:Hr
T 20} = r
] [
0 5 o]
1o} / X {mm)
oHr
»”
0 C/ L 1
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Distance from interface between weld metal and base metal, X

Fig. 2 Through - wall profile of hydrogen concentration for steady - state operation and shut -
down coolin process (Ref. 6).
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& as welded, strain gauge,
% center of bead

Q0 — ;Xdirection

- ~@ =~ Yy direction -
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\ v

Fig. 5 Variation in surface starin due to slicing. Location of strain gauge:

center of bead, as-welded (Ref. 22).
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Fig. 8 Cracks running along the Type II grain boundaries of specimen E309L by
welding of low travel speed after autoclave testing, X200 Mag. (Ref. 12)
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Grain Boundary
Overlaid Weld Metal ( Austenite )

N Martensit
oty

TypeD
HAZ Base Steel, Cr - Mo low alloy pe

Fig. 9 Illustration of four types of disbonding (Ref. 6).



Welding Current, amp

(a) Effects of Welding Current and Travel Speed On Disbonding (Ref.20);

Nieq. =~ %Ni-30 ~» XC-0.5 1 ¥Mn

Tp 309 single pass bead, Voltage
27V

PWHT: 680 C, 16 h, F.C.

& 150 kgflem2

©Q No Disbonding

@ Light Disbonding
@ Disbonding
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Travel Speed, cm/min
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Tp. 309 single pass bead, PWHT:680 C, 16h, F.C.
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(b) Effcet of Microstructure on Disbonding (Ref.20).

Fig. 10 Disbonding related to welding current, travel speed and microstructure.
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DILUTION = F/(F + Fp)

Fig. 11 Cross - section through a strip clad specimen showing the relative contribution
of electrode (F) and base metal (Fo) to the deposit chemistry (Ref. 25).
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(a) Schematic showing the appearance of solid -
liquid interface during planar growth mode of
solidification.

Fig. 12 Schematic representation of microstructure for various growth modes (Ref. 26).
(Continuing to the next page)
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(b) Schematic showing the appearance of solid - liquid interface
during cellular growth mode of solidification.

Fig. 12 (Continued) Schematic representation of microstructure for various growth
mode (Ref.26). (Continuing to the next page.)
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Fig. 12 (Continued) Schematic presentation of microstructure for various growth modes.
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13 Effect of PWHT conditions on hydrogen induced disbonding (Ref. 30).
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Fig. 14 Element profile close to the interface between weld overlay and 2.25Cr-

1 Mo base steeel after PWHT (Ref. 30).
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Fig. 17 Plate of the overlay system and the possible forces in it.
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Fig. 18 Schematic plot describing solidification structure as a function of percent
solute and GYRYV2(Ref, 26).
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WELD FERRITE MORPHOLOGIES.
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increasing Ci/Ni

Liquid Ferrite Austenite

(b) B

Fig. 19 (a) Schematic of an Fe - Cr - Ni pseudo-binary.

(b) Schematic of stainless steel weld structures for
primary austenite and primary ferrite solidification.
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Composition Profile for solute Banding

COMPOSITION, C

R1>Rz

DISTANCE

Fig. 20 Solute banding resulting from the change of solidification velocity, R ( Ref.34)
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Fig. 21 Schematic of set-up of operation for the cladding.
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2205 as-welded
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Figure 32 Microhardness of 2205 across interface, as-welded.
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Figure 33 Microhardness of 309L across interface, as-welded.
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254SMO as-welded
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Figure 34 Microhardness of 254SMO across interface, as-welded.
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Figure 35 Microhardness of 904L across interface, as-welded
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Figure 36 Microhardness of C-22 across interface, as-welded
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Figure 37 Microhardness of 2205 across interface, after PWHT.
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Figure 38 Microhardness of 309L across interface, after PWHT.
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Hardness. HK

254SMO after PWHT
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Figure 39 Microhardness of 254SMO across interface, after PWHT
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904L after PWHT

900

800 -

—p—  HP1

700 -

58—

600 -

500 -

400

300 -

200 -

100 G~ Ty

6 5 4 3 -2 A1 0 1 2 3 4 5 6

distance from interface, mm

Figure 40 Microhardness of 904L across interface, after PWHT.

141



Hardness, HK

C-22 after PWHT

900

800 -
——p— HP1

700 -

600 -

500 -

400 -

300 -

200 4

100 T T T T

6 5 4 3 -2 - 0 1 2 3 4 5 6
distance from interface, mm

Figure 41 Microhardness of C-22 across interface, after PWHT.
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60 mm

60 mm

'l”m (i

a) 309L by Procedure I b) 309L by Procedurc 11

Fig. 42 C-Scan plot revealing disbonding in Overlay 309L after autoclave test.

60 mm

|| g

60mm__"1

a)  254SMO by Procedure I b) 254SMO by Procedure 11
Fig. 43 C-Scan plot revealing disbonding in Overlay 254SMO after autoclave test.



Fig. 44 Optical microstructure of Specimen 2205 by Procedure I, as-welded.

Fig. 45 Optical microstructure of Specimen 2205 by Procedure I, as-welded
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Fig. 49 Optical microstructure of Specimen 309LMo by Procedure I, as-welded.



147

Fig. 51 Optical microstructure of Specimen 309LNb by Procedure II, as-welded.
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Fig. 53 Optical microstructure of Specimen 254SMO by Procedure 11, as-welded.
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Fig. 55 Optical microstructure of Specimen 904L by Procedure II, as-welided.
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Fig. 56 Optical microstruciure of Specimen C-22 by Procedure I, as-welded.

Fig. 57 Optical microstructure of Specimen C-22 by Procedure II, as-wel..ed.



Fig. 59 Optical microstructure of Specimen 5923 by Procedure II, as-welded.
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Fig. 61 Optical microstructure of Specimen 2205 by Procedure II, aficr PWHT.
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Fig. 63 Optical microstructure of Specimen 309L by Pracedure I, after PWHT.



Fig. 65 Optical microstructure of Specimen 309LMo by Procedure II, after PWHT.
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Fig. 67 Optical microstructure of Specimen 309LNb by Procedure 11, after PWHT.
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Fig. 68 Optical microstructure of Specimen 254SMO by Procedure I, after PWHT.

Fig. 69 Optical microstructure of Specimen 254SMO by Procedure I, after PWHT.
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Hpn

Fig. 71 Optical microstructure of Specimen 904L by Procedure 11, after PWHT.
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Fig. 73 Optical microstructure of Specimen C-22 by Procedure I, after PWHT.



Fig. 75 Optical microstructure of Specimen 5923 by Procedure I, after PWHT.
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Fig. 77 Disbonding along Type II grain boundary in Overlay 254SMO.
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Fig. 79 Disbonding extending from Type II grain boundary to the bainite region.
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Fig. 80 Disvonding running along Type II grain and though bainite region in Overlay
254SMO.

Fig. 81 Disbonding along Type I grain boundary in Overlay 904L.
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Fig. 83 Microstructure along fusion line in Overlay 2205.



(a) Skeletal ferritic network and enveloped martensite and austenite

[
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(b) Diffraction pattern of the observes” 1, i.  (c) Indexing of the diffraction pattern,

showing the K - S relation between
d - ferrite and 1y - austenite:

(111)y// (110)s, (101]y// [001]s.
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Fig. 84 Skeletal ferrite and envel..» ¢ martensite, austenite in the transition zone of Overlay

2205 as-welded.
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(a) Precipitation in the skeletal ferrite and in the tempered martensite.
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(b) Diffraction pattern of observed area. (c) Indexing of the diffraction pattern.

Fig. 85 Precipitation in skeletal ferrite and tompered martensite in Overlay 2205
after PWHT.
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Fig. 86 Microstructure along fusion line between the base steel and the Overlay 254SMO.

- a—c-b

Fig. 87 Type II grain boundary in Overlay 254SMO observed on SEM.
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Fig. 88 Fine martensite right on the interface between the base steel and Overlay
254SMO as-welded.
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(b) Coarse bainitic structure intruding into the austenite at the end of the transition zone in
Overlay 254SMO.

Fig. 89 Coarse bainitic structure in the transition zone from the base steel to Overlay
254SMO as-welded.
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EDX analysis on SEM
|Position Fe €t Ni Mo

68.05 16.77 1146 3,72

71.33 15.38 10.65 2.64
7344 12,68 11.17 2.71

77.81 8.00 13.350.84
81.38 7.30 10.89 0.43

8541 7.50 493 216
84.07 9.00 445 0.6l

96.63 2.10 0.66 0.61
97.39 1.50 049 0.62

Fig. 90 Microstructure and EDX analysis around Type II grain boundary in Overlay

254SMO after PWHT on SEM.
_Position 1 2 3 4 —
Fe 94.18 93.62 84.56 69.82
Cr 3.31 4.01 7.29 18.09
Ni 2.51 2.39 7.50 8.14
Mo 1.00 3.95 2.83

Fig. 91 Lathes of tempered martensite and precipitates at the root of the interface between
the base steel and Overlay 309LMo after PWHT.



Fig. 92 A narrow planar grain boundary in Overlay C-22 as-welded.

Fig. 93 A close look at the planar grain boundary in Overlay C-22, showing
the trace of segregation on the boundary in as-welded condition.
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(a) A narrow band of martensite along the interface between the base steel and Overlay
C-22 to adjust the transition of crystal structures aside the interface.

Pl

(b) A close look at the above area, showing dense dislocations at the ends of martensite.

Fig. 95 A narrow band of martensite appears along the interface between the base steel
and Overlay C-22 as-welded.
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(b) Diffraction pattern of the segregate. (c) Indexing of the diffraction pattern.

Fig. 96 Segregation on the planar grain boundary in Overlay C-22 as-welded.
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(al) Coarse carbides precipitated in the base steel side under the interface between the base
steel and Gverlay C-22.
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+.2) Diffraction pattern of the observed area. (a3) Indexing of diffraction pattern, showing
the precipitation of M3C type carbide.

Fig. 97 (a) Precipitation in the base steel side under the interface between the base steel and
Overlay C-22, after PWHT. (Continuing to the next page)
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(b2) Diffraction pattern of observed area. (b3) Indexing of diffraction pattern,
the needle-like carbide showing
M2C type carbide.

Fig. 97 (b) Precipitation in the transition zone between the base steel and Overlay C-22,
after PWHT. (continui"g to the next page)
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(c1) Precipitation of carbides on the planar grain boundary in Overlay C-22 after PWHT.
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(0%2)Ni

(220),
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(c2) Diffraction pattern of observed area.  (c3) Indexing of diffraction pattern, showing
the carbides being M23Cq type.

Fug. 97 (c) Precipitation of carbides on the planar grain boundary in Overlay C-22
after PWHT.
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Fig. 98 Less precipitation occurs in Overlay C-22 by low current welding procedure,
after PWHT.
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Fig. 102 Concentration profile in the ternary Fe-Cr-Ni constitutional diagram at
24%Cr (Ref. 96), showing the possible solidification processes of

alloys used in this experiment.
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strip electrode

slag

cellular
grains

planar
grains base steel

Fig. 103 Schematic illustration of the formation of planar grain boundary
in the cladding by submerged arc welding.
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APPENDICES

Appendix A

Coefficients of Compiiance for the Plate Components

The following formula for the displacement at the edge y = 0 can be obtained by employing the

Ribicre solution for a long and narrow strip:

Uo(x) =-1— Zyk[(3—v—(l+v)ukcothuk )cothu, +(1+V)u, Isina, X, (A1)
k=1,3,5....

kn b 2 ] .
where G = =0o,h NEER and 7y, =EI£to(x)sm o, xdx.

— uk
2(1+v)

In order to obtain a formula for the compliance coefficient the equation (25) in the main text is used:

1-v?
EhB

Uo = —

[Q©dg+xq(x),
0

where the cffects of the unrestricted thermal expansion and bending are not taken into account. Utilizing

the cxpansion

q(x) =Bt (x)= BZakyk sin Ol X,
k

it yiclds

1-v* . .
u, z;yi‘—sm o, X+ KBZakyk sin O X.
k Uk k

E

Comparing this formula with the formula (A1). it is found that

Y v, K(u, )sin o, x
k

L e~ IaEEE— A2
EBZ“kYk sin o, X 2
k

where
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2(l-v)

u,

K(u,)= }—%X[O— v—(1+V)u, cothu, )cothu, +(1+V)u, -

For sufficient small h/L ratios (say. less than 1), the hyperbolic function can be as:

and K(u,) =-23-(1+v)uk =§(1+v)akh.

Then the expression (A2) reduces to the following simplc formula for the compliance coefficient:

K_2(1+v)_11_ h
3E B 3GB’
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Appendix B

Analysis of Stress Field of Bonded Dissimilar Materials

The first terms in Egs. (4 - 25) and (4 - 26) are the unrestricted thermal expansions of the strips. The
sccond terms due to the force Q(x) and are calculated under assumption that these forces are uniformly
disdributed over the strip thickness and that there are no significant displacements in the direction of the
plate width. The third terms account for the actual nonuniferm distribution of the force Q(x) and reflect
an assumption that the corresponding corrections are directly proportional 1o the shearing force in the
given cross section and arc not affccted by the shearing forces in other cross sections. The last terms are
due to bending. On the interface the condition uj (x) = up (x) of the displacement compatibility yields

- 2
kg0~ VZ)jQ(C)C ‘:‘é) BAGATX @1

where h=h, + hy, Ao =@, - ;. and
k= B(x] + K2) (B2)

The equation of equilibrium for a portion of the plate is as follows (refer to Figurel7):

Mx(x)+Mz(x)—%q(x)=0 (B3)
BD:
where Mi(x) = M2(x) =—— (B4)
( ) p(x)
arc bending moments for the strips, and
3 3
Di= Eih; D:= Ezh; ®5)

12(1-v; 2y’ 12(1—v§)
are flexural rigiditics. From the equations (B3) and (B4), it gives

L - P Q).D=Di+D: (B6)

p(x) 2BD
By substituting this formula in Eq. (B1) the following integral equation is obtained for the unknown

shearing force function g(x):
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AaAT
(B7)
x 1 hi 3k’
h k? ==, +—>+ B
where m 12(D D, ) (BR)

Equation (B7) has the following solution!, which satisfies the boundary conditions 4(0) = 0, Q(L) = 0

BAaAT
= ————sinh AXx. BY
() kxcosh kL S fx 9

And this force causes the following shearing stress:

q( ) AOCAT
" kkcosh kL

(x)= sinh kx. (B1()

The maximum shear stress occurs at the edge of the plate:

AaAT AaAT

Tom = T(L)=———tanhkL = tanh AL (B11)
(L) kx JAx
After substituting (B9) into (4-29) and integrating it yiclds
BAGAT
Q(x)=- x xX(x), (B12)
where the function
cosh kx
X)=1- (B13)
1) cosh kL

characterizes the distribution of the forces Q(x) and the resulting normal stresses along the plate.

Using Eq.(B12) the formula for the plate curvature, Eq.(B6), is rewritten as

1 __hdAT B14)
p(x)  2AD '
Then Egs.(B4) for the bending moments yield:
BhAQAT
M = —=——-2D R BI15
1(x) 2D 1(x) (BI5)
BhAaAT
d M = —=——D . B16
an 2(x) 27D 2X(x) (B16)

1 E, Suhir, "Stresses in Bi-metal Thermostats", Journal of App. Mech., V.53, Sept. 1986, 657 - 660
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The normal stresses due to the combined action of the forces Q(x) and moments are maximum on the

interface, where they are as follows:

ACAT 3hD:
o = 1 B17
Co(x) Ah [ * hiD ]x(x) B17)
and
AcAT 3hD2
- 18
obv(Xx) ™ [1+ 5 ]x(x) (B13)

The transverse normal, or "peeling”, stresses p(x) acting on the interface can be found on the basis of the

cquilibrium cquations written down for the portion of the plite as shown in Firgure 17(c):

g
(x+LNo= B[, [p€)CAL =M1~ Q0 = -Mx(0)+ Q1) =0Q(0).  ®B19)
-L

h2D1—-hiD2 . (B20)
2D

where @ =

By diffcrentiating Eq.(B19) it gives

N(x)=B j p(©)dt = No—wq(x) = No— BoT(x), ®21)
-L
()} cosh ix
=—A0AT . B22
px) K cosh kL (B22)

Since the equilibrium requires that N(L) = 0, then
Ng =Boty,,. (B23)

The "pecling" stresses are maximum at the end of the cross sections:

Prax = p(L) = —(E-AaAT = KT mx COth AL (B24)



APPENDIX C

A Computer Program to Simulate the Hydrogen Accumulativn in Type 1I Grain Boundary

THIS PROGRAM IS TO SOLVE THE DIFFUSION OF HYDROGEN
IN THE WELD OVERLAY WITH TRAPPING SITES

DXO. DYO ARE DIFFUSION COEFFICIENTS IN OVERLAY.
DXB. DYB ARE DIFFUSION COEFFICIENTS IN BASE STEEL.
SLO AND SLB ARE SOLUBILITY COEFFICIENTS.

CONHO AND CONHB ARE HYDROGEN CONCENTRATION.
COOLRT IS THE COOLING RATE. C/HOUR.

'oXeXKeXeXe e KknXoKD!

REAL COOLRT.PRESS.FPRES . DELTAT.TEMPI
REAL TEMP.CONHB(50).,CONHO(50)
REAL AO(50),BAO(50).X(2)
REAL SK1.BK1,SD,BD,sk,bk.DS.DB.SDO(40).SDB(100)
REAL TRANS(50). TRANSB(50).R 1(50).R 1 B(50).SIZE(50).SIZEB(50)
INTEGER NEO,NONODO,NEB ,NONODB,NN(2)
COMMON ICONNO(50.2).ICONNB(50.2),XNODO(100).XNODB(100)
CHARACTER*30 INFILE.OUTFLE
C
C  OPEN INPUT AND OUTPUT FILES TO RECORD CONDITONS

WRITE(*,100)

100 FORMAT( ENTER INPUT FILE NAME (MAX.30 CHARACTERS))
READ(*,110) INFILE

110 FORMAT(A30)
WRITE(*,120)

120 FORMAT( ENTER OUTPUT FILE NAME (MAX.30 CHARACTERS))

READ(*,130) OUTFLE
130 FORMAT(A30)

OPEN(S, FILE = INFILE)

OPEN(6, FILE = OUTFLE)

1. INPUT AND OUTPUT OF THE PROBLEM DATA

1.1 INPUT AND OUTPUT GLOBAL PARAMETERS

QN0

READ(5,*) NONODO,NEO,NONODB,NEB
WRITE(6.200)
200 FORMAT(/10X, ' INPUT AND OUTPUT OF PROBLEM DATA’)
WRITE(6.210)
210 FORMAT(//10X,'l.] GLOBAL PARAMETERS))
WRITE(6,220) NONODO,NEO,NONODB,NEB
220 FORMAT(//10X, 'THE NUMBER OF NODES IN OVERLAY="I5,
1 //10X.'THE NUMBER OF ELEMENTS IN OVERLAY=", 5,
2 //10X, THE NUMBER OF NODES IN BASE METAL="I5,
3 //10X ".THE NUMBER OF ELEMENTS IN BASE METAL="5)
C e
C 12 INPUT AND OUTPUT OF NODAL COORDINATES
C —

200



201

WRITE(6.,230)
230 FORMAT(///10X,'1.2 NODAL COORDINATES',
! //10X,'NODE NUMBER IN OVERLAY'8X,X in cm")
DO 280 1= 1, NONODO
READ(5,*) XNODO(I)
WRITE(6,250) 1, XNODO(I)
250 FORMAT(10X.15,24X,G12.5)
280 CONTINUE
WRITE(6.290)
290 FORMAT(/10X,NODE NUMBER IN BASE METAL'8X,'’X in cm')
DO 295 1=1,NONODB

READ(5,*) XNODB(I)

WRITE(6,292) L,XNODB(I)
292 FORMAT(10X,15,24X . G12.5)
295 CONTINUE

C -
C L3 INPUT AND OUTPUT OF ELEMENT/ NODE CONNECTIVE DATA
C e e s e e
WRITE(6.300)
300 FORMAT(///10X, '1.3 ELEMENT/NODE CONNECTIVE DATA',
1 //10X, '1.3.1 ELEMENT IN OVERLAY", 10X.NODES'")
DO 3601=1, NEO
IELO =1
DO320J=1.2
ICONNO(IELOJ) = J + IELO - 1
320 CONTINUE
WRITE(6.330) IELO (ICONNO(IELO.J).J=1,2)
330 FORMAT(/10X,15,20X,217)
360 CONTINUE
WRITE(6.365)
365 FORMAT(//10X.'1.3.2 ELEMENT IN BASE METAL', 10X,'NODES")
DO 3801 =1,NEB

IELB =1
DO370)=1.2
ICONNB(ELBJ)=J+IELB - |
370 CONTINUE
WRITE(6.375) IELB,(ICONNB(IELB J).J=1,2)
375 FORMAT(/10X.15.20X.217)

380 CONTINUE

C
C 1.4 PRESCRIBING THE INITIAL CONDITIONS

C TEMPI = INITIAL TEMPERATURE (STEADY-STATE)
C COOLRT = COLLING RATE

C PRESS = INITIAL HY DROGEN PRESSURE KG/CM2

C

WRITE(6.440)
440 FORMATY(///10X.'1.4 INITIAL CONDITIONS OF THE PROBLEM)
WRITE(6.441)
441 FORMAT(//10X,INITIAL TEMPERATURE C')
READ(S.*) TEMPI
WRITE(6.442) TEMPI
442 FORMAT(/10X.G10.5)
WRITE(6.443)
443 FORMAT(/19X.'INITIAL PRESSURE IN kg/cm2')



READ(5,*) PRESS
WRITE(6,444) PRESS
444 FORMAT(/10X.G12.5)
FPRES = PRESS
WRITE(6.450)
450 FORMAT(//10X,COOLING RATE, C/H'8X.' TIME INTERVAL min.")
READ(5,*) COOLRT.DELTAT
WRITE(6,460) COOLRT,.DELTAT
460 FORMAT(/10X.G12.5,15X,G12.5)

1.5 COEFFICIENT FUNCTIONS

KB = SOLUBILITY OF HYDROGEN IN BASE METAL

KS = SOLUBILITY OF HYDROGEN IN OVERLAY

DB = DIFFUSIVITY OF HYDROGEN IN BASE METAL

DS = DIFFUSIVITY OF HYDROGEN IN OVERLAY

ALPHA = KS/KB

BECAUSE THESE FUNCTIONS DEPEND ON TEMPERATURE,

THEY WILL BE PUT IN MATRICES AT THE PROPER TIME.

2. STEADY-STATE DISTRIBUTION OF HYDROGEN
TEMPI = TEMPI + 273.15
SKl1= 7.6*EXP(-630./TEMP1)
BK1=23.4*EXP(-3257./TEMP1)
SD = .04266*EXP(-4555./TEMP1)
BD = .144*EXP(-2132./TEMPI)
ALPHA = SK1/BKI
CONHO(1) = SK1*SQRT(PRESS)
BTHICK = XNODB(NONODB) - XNODB(1)
OTHICK = XNODO(NONODOQ) - XNODO(1)
CONHB(1) = SD*CONHO(1)*BTHICK/(BD*OTHICK + ALPHA*SD*BTHICK)
CONHO(NONODO) = ALPHA*CONHB(1)
WRITE(6,800)
800 FORMAT(//12X, STEADY-STATE HYDROGEN DISTRIBUTION IN OVERLAY",
1 //10X,DISTANCE FROM SURFACE,cm',8X,/CON. OF HYDROGEN,ppm')
DO 820 I= 1,NONODO
XT = XMNODO(I)- XNODO(1)
CONHO(I)=(CONHO(NONODO)-CONHO(1))*XT/OTHICK+CONHO(1)
AJ(I) = CONHO()
WRITE(6,810) XT,CONHO(I)
810 FORMAT(10X, G12.5,15X,G12.5)
820 CONTINUE
WRITE(6,840)
840 FORMAT(//12X,' STEADY-STATE HYDROGEN DISTRIBUTION IN BASE METAL',
1 //10X,'DISTANCE FROM INTERFACE,cm' 8X,/CON.OF HYDROGEN,ppm')
DO 8801 = 1,NONODB
BT = XNODB(I) - XNODB(1)
CONHB(I) = -CONHB(1)*BT/BTHICK + CONHB(1)
BAO(I) = CONHB(I)
WRITE(6,860) BT, CONHB(I)

oNoXoXoNoloRoRoXoRo Ko Xe)

860 FORMAT(10X,G12.5,15X,G12.5)
880 CONTINUE
C“ ¢ 3 e oferk %

C 3. OUTPUT THE CALCULATION

202



A LONG DO-LOOP TO SETUP THE GLOBAL MATRIX
THE END OF THE LOOP AT 3000

[oNoEokXe!

C******#*****t***#***

TIME =0.0
C  SET UP THE TOTAL TIME = NUN*DELTAT
C  WHERE NUM IS THE TIMES TO RUN
C+++++
READ(5,*) NUM
WRITE(6.500) NUM
500 FORMAT(/2X, THE CALCULATING TIMES, NUM ='I5)
DO 3000 NO = 1,NUM

TIME = TIME + DELTAT/60.

TEMP = -COOLRT*TIME + TEMPI + 273.15
IF(TEMP .GT. 423.15 .AND. TEMP .LE. 573.15) GOTO 530
IF(TEMP .GT. 293.15 .AND. TEMP .LE. 423.15) GOTO 540
IF(TEMP .LE. 293.15) GOTO 545

GOTO 550

530 bk = 1.8*EXP(-1789./TEMP)
sk = 7.6*EXP(-630./TEMP)
DS = .36*EXP(-5781./TEMP)
DB = .144*EXP(-2132./TEMP)
GOTO 560

540 bk = 1.8*EXP(-1789./TEMP)
sk = 7.6*EXP(-630./TEMP)
DS = .36*EXP(-5781./TEMP)
DB = .0258*EXP(-3358./TEMP)
GOTO 560

545 TEMP =293.15
bk = 1.8*EXP(-1789./TEMP)
sk = 7.6*EXP(-630./TEMP)
DS = .36¥*EXP(-5781./TEMP)
DB = .0258*EXP(-3358./TEMP)
GOTO 560

550 sk 7.6*EXP(-630./TEMP)
bk = 22.4*EXP(-3257 /TEMP)
DS = .04266*EXP(-4555./TEMP)
DB = .144*EXP(-2132./TEMP)

560 ALPHA = sk/bk
FPRES = FPRES/10.
AO(1) = sk*SQRT(FPRES)
CONHO(1) = AO(1)
DO 608 1 = 1,NEO

608 SDO(I) = DS
DO 609 1=1,NEB
09 SDB(I)=DB

WHICH IS GIVEN BY 1 + .001228*Vpore*EXP(6733/RT)
FOR THE SECONDARY BOUNDARY Vpore = .5%
SO THE RATIO CAN BE CALCULATED AS

anNnOoannnag

THE INCREAMENT IS THE TIME INTERVAL(DELTAT)

CALCULATING HYDROGEN DISTRIBUTION IN OVERLAY

RATIO OF ACTIVITY COEFFICIENTS GAMRAT = GAMAA/GAMAG

203




204

VPORE = 0.5
RATGAM = 1.+ .001228*VPORE*EXP(6733./(2.*TEMP))
DO 900 I = 1.NEO-1

IEL =1

NN(1) = ICONNO(IEL. )

NN(2) = ICONNO(IEL.2)

X(1) = XNODO(NN(1))

X(2) = XNODO(NN(2))

SIZE(IEL) = X(2) - X(1)

IF(IEL .EQ. NEO-1) SDO(IEL) = SDO(IELYRATGAM

TRANS(IEL) = SDO(IEL)*DELTAT

RI(IEL) = TRANS(IEL)/(SIZE(IEL)*SIZE(IEL))
IF(NO .EQ. 2) THEN
write(6,719) IEL.R1(IEL)

719 format(/2x,'the r parameter OF ELEMENT '.2X, 15,5x,G12.5)

C

ENDIF
CHIJ = AO(NN(2))
CHI = AO(NN(1))
CHK = AO(NN(2)+1)
AO(NN(2)) = CHJ + RI(IELy*(CHK + CHI - 2.*CHJ))
STORE UP THE RESULT AT THE END OF TIME BEING
CONHO(NN(2)) = AO(NN(2))

900 CONTINUE

C
C
C

CALCULATING THE CONC. AT THE BOUNDARY

CALPHA1= 2, *CONHO(NONODO-2)/(1.+ RATGAM)

CBETAl= 2.*CONHO(NONODO-2)/(1.+1./RATGAM)

CALPHA2 = 2. *CONHO(NONODO-1)/(1.+RATGAM)

CBETA2 = 2.*CONHO(NONODO-1)/(1.+1./RATGAM)
CONHO(NONODO-2) = CONHO(NONODO-2) +

+ 2*R1(NEO-2)*(CONHO(NONODO-3) - CALPHA1) +
+ 2.*R1(NEO-1)*(CONHO(NONODO-1)-CBETA1)

CONHO(NONODO-1) = CONHO(NONODO-1) +

+ 2.*R1(NEO-1)*(CONHO(NONODO-2) -CBETA2) +
+ 2*R1(NEO-2)*(CONHO(NONODO-1) -CALPHA2)

DELS = XNODO(NONODO) - XNODO(NONODO-1)

DELB = XNODB(2)-XNODB(1)

CONH = DS*CONHO(NONODO-1)/DELS + DB*CONHB(2)/DELB
AO(NONODO) = CONH/(DS/DELS + DB/(ALPHA*DELB))
CONHO(NONODO) = AO(NONODO)

CALCULATING HYDROGEN DISTRIBUTION IN BASE METAL

C __________

CONHB(1) = CONHO(NONODO)/ALPHA
DO 1900 I = 1,NEB-1

IEL=1

NN(1) = ICONNB(IEL.1)

NN(2) = ICONNB(IEL,2)

X(1) = XNODB(NN(1))

X(2) = XNODB(NN(2))

SIZEB(IEL) = X(2) - X(1)



TRANSB(IEL) = SDB(IEL)*DELTAT
RI1B(IEL) = TRANSB(IEL)/(SIZEB(IEL)*SIZEB(IEL))
IF(NO .EQ. 1) THEN
write(6,2061) IEL.R1B(IEL)
2061 format(2x,'R parameter of BM ELEMENT',2x, 15.8x,G12.5)
ENDIF
CHJ = BAO(NN(2))
CHI = BAO(NN(1))
CHK = BAO(NN(2)+1)
BAO(NN(2))= CHJ + RIB(IEL)*(CHK + CHI - 2.*CHJ)
CONHB(NN(2)) = BAO(NN(2))
1900 CONTINUE
BAO(NONODB) = 0.0
CONHB(NONODB) = BAO(NONODB)
C
C  WRITE OUT THE RESULT
C
IF(NO .LT. NUM) GO TO 3000
WRITE(6,2000) TIME
2000 FORMAT(/ 25X, AT TIME',2X,G8.3,2X,'HOURS',
1 //8X,'DISTANCE FROM SURFACE,cm',5X,
2 '‘HYDROGEN CONCENTRATION, ppm')
DO 2050 1 = 1,NONODO
WRITE(6,2030) XNODO(1),CONHO(I)
2030 FORMAT(/10X,G12.5,20X,G12.5)
2050 CONTINUE
WRITE(6.2060) CALPHA1,CBETA1,CALPHA2,CBETA2

2060 FORMAT(//2X.'CONCENTRATION AT THE SECONDARY BOUNDARIES',

1 12X,4G12.5)
WRITE(6,2100)
2100 FORMAT(//8X,DISTANCE FROM INTERFACE.cm',5X,
1 'HYDROGEN CONCENTRATION,ppm’)
DO 2600 1= |, NONODB
WRITE(6,2550) XNODB(I),CONHB(I)
2550 FORMAT(/10X,G12.5,20X,G12.5)
2600 CONTINUE
3000 CONTINUE
C
CLOSE(5)
CLOSE(6)
STOP
END

205
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Appendix D
Paper read at the 21st Metallurgists Conference of CIM, Edmonton 1992

FORMATION OF CRACK-SUSCEPTIBLE STRUCTURES OF WELD
OVERLAY OF CORROSION RESISTANT ALLOYS

Y. Wu & B.M. Patchett

Department of Mining, Metallurgical and Petroleum Engineering
The University of Alberta
Edmonton , Alberta, Canada Té6G 2Gé6

INTRODUCTION

For the manufacture of hydrogenation pressure vessels of heavy wall section,
cladding with a layer or multilayer of corrosion resistant alloys on the inside of the vessel
wall by Submerged Arc Welding of the strip electrode technology became a common
practice (1,2,3,4,5,6,7) due to its ability to combine excellent deposit properties and
controllable penetration with high deposition rate. However, the occurrence of overlay
disbonding from the base steel, usually Cr-Mo low alloy steel, has remained a major
problem confronted by this technique. Several investigations (4,5,6,7,8,9,10,11,12) have
been carried out to find the solution to this problem. It is believed that there are three major
factors attributing to the disbonding. The first is the accumulation of hydrogen at the
interface between the overlay and base steel due to the difference in solubility and
diffusivity of hydrogen in these two materials. Secondly, the susceptible microstructure
along the interface easily loses its bonding strength at the presence of hydrogen. Finally the
difference in thermal expansion between the overlay and base steel will give rise to high
residual tension stresses at the interface. Because of the working condition of the pressure
vessels, little or nothing can be done to significantly alter the distribution of hydrogen
across the vessel wall. The microstructure at the interface, which depends on the welding
procedure and the composition of overlay materials, draws the attention of investigators, It
has been found (7,13) that the so-called Type-II grain boundary, which develops parallel to
the fusion line adjacent to the interface in the overlay side, takes the major responsibility for
the hydrogen-related disbonding, not the martensite structure as thought before. Up to now
the mechanism of the formation of the Type-II grain boundary is not clear. In this paper the
formation of the Type-II grain boundary was investigated by cladding eight types of
different corrosion resistant alloys on plates of Cr-Mo low alloy steel. The alloys were
chosen to vary the final deposit microstructures from duplex ferrite-austenite to fully
austenitic (high nickel level) with solidification modes varying from fully ferritic to fully
austenitic.
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EXPERIMENTAL

Welding Proced

Eight strip electrodes (0.5 x 60 mm) of the alloys, 2205, 309L., 309LMo, 309LNb,
254SMO, 904L, 5923 and Hastelloy C-22, were submerged arc welded to 65 mm thick
plates of 1.25Cr-0.5Mo low alloy steel. The chemical composition of the alloys for the

cladding is listed in Table L
Two welding procedures were employed in the strip cladding with the same nominal

heat input of 9kJ/mm:
Procedure  Currentamp  Voltage, volts Travel speed, mm/min
I 750 28 140
II 1500 28 280
The other welding parameters were: electrical stick out 35 mm, polarity DC with electrode

positive, preheat 150°C, electrode angle 90° to the plate of welding, and overlap thickness
about 6 mm. The flux, Sandvik 34SF, was baked for 2 hours at 260 °C, and then placed
in the holding oven at 150°C before welding. The flux was considered to form acid slags
since its Basicity Index of IIW was 0.81 (< 1.0).

Table I - Chemical Compositions of Alloys Used for Cladding, wt.%

309L] 254SMO

C 0.015] 0.009 0014} 0.016] 0.006 0.012 0.017] 0.007] 0.125
Si 0.350] _0.510 0.390] 0.480] <0.020 0.200 0.340] 0.040] 0.547
Mn 1.610 1.790 0480] 1.750] 0.310 1.690 1930 0.150] 0.510
P 0.029§ 0.015 0.026] 0.018] 0.010 0.013 0.012} 0.002] 0.005
S 0.003| _0.003 0.001] 0.003] <0.003 0.001 0.001 0.003] 0.014
Cr 21.77]  23.75 20.100] 19.92] 21.220 20.330] 23.740] 22.500] 1.279
Ni 5.700 12.88 17.900] 24.95] 56.970 13.520] 12.370] 60.900] 0.206
Mo 2.990] 0.060 6.130) 4.430] 13.430 2.860 0.030! 15.500] 0.490

Co 0.035 0.840 0.038] _ 0.020] 0.020

Cu 0.037 0.74 1.460 0.070 0.067 0.171
Al

N 0.160 0.045 0.192 0.029 0.031

Nb 0.700

W 3,290

A\ 0.140 0.005

Ti 0.030 0.001

Fe bal. bal. bal. bal. 3.170 bal. bal. 0.340 bal.
Postweld Heat Treatment

Specimens for autoclave testing (54 x 54 x 65) were cut from the center of the weld
bead of the clad plates. Postweld heat treatment to standard industrial practice was done to
stabilize the structure in the welds and to reduce the residual welding stresses in the
specimens. To minimize the risk of developing transient thermal tensile stress in the
specimens, the specimens were heated uniformly at a rate of 50 °C per hour to 690 °C in a
furnace. The specimens were kept at 690°C for 24 hours then cooled down to room

temperature at S0°C per hour.
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Autoclave Test to Promote Dishonding

The specimens after PWHT were put into an autoclave and hydrogen was then
introduced into the chamber at a pressvre of 10 MPa. The autoclave was heated at a rate of
100 °C per hour up to 450 °C, at which the hydrogen pressure increased to 15 MPa. After
being held at the temperature of 450 °C and at the hydrogen pressure of 15 MPa for 48
hours, the specimens were cooled down to room temperature at a high cooling rate of 222
oC per hour in order to promote disbonding. The use of the fast cooling rate was to
simulate the practical shut-down process of pressure vessels in an emergency situation. It

had been found the faster the cooling rate the more severe the disbonding(14). Nitrogen gas
was allowed to flow through the chamber to control the cooling rate.

Ult ic Examinati

The 54 » 54 mm specimens were examined by C-scan U.T.S. in the as-welded and
after-autoclave test conditions to locate the disbonding. The probe was placed at the base
metal side. The test was carried out with a Sonatest U.T.S. machine and a TSI Ultrasonic
Immersion Programmable Scanner. Specimens were immersed in water, the probe was set
about 40 mm above the surface of the specimen and full width scanning was carried out
with a step interval of 2.5 mm. The frequency used was in the range of 2.5 to 5.0 MHz.

Metall hic Of i

The microstructures of the clad specimens were observed on an optical metallographic
microscope in the as-welded and after-autoclave test conditions respectively.

Dilution Effect of Proced

To evaluate the amount of dilution between the cladding material and the base metal in
the overlay, the area of the cross-section of the weld overlay was measured on an image
analyzing system. The total area of the cross-section of the weld metal was assigned as Fi
+ F2, where F1 was the area of the weld overlay above the original level of the base metal
surface, and F2 was the area of the overlay in the base metal side. Also the height of the
weld bead was measured as the height of crown, C, and the depth of the weld bead as
penetration, P.

EXPERIMENTAL RESULTS
Dilution Effect of Welding P i

Generally a high current welding procedure will produce a larger weld pool, hence
higher dilution. There is no exception for this test as seen in Table II. But the composition
of electrode also affects the arc stability, the penetration and the transition of overlay
materials to the pool. A significant difference in dilution between the two nickel-based
alloys, C-22 and 5923, was noted.
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Table II - Dilution Effect of Procedures

"
3
o
3

F2, mm? F1+ F2,mm?2 D,%  W,mm

— 2203 53.6 ) 22.7 511 2.04 3.27

309L 53.9 242.6 222 59.0 1.65 3.50

309LMo 99.8 319.3 31.3 65.1 2.66 4.39
Procedure | 309LNb 86.1 289.3 29.8 63.7 1.92 3.32
| 254SMO 81.2 289.7 28.0 60.9 2.30 3.75
904L 63.7 274.6 23.2 59.0 1.65 3.50

C-22 52.9 249.9 21.2 61.5 1.60 3.62

5923 142.1 419.0 33.9 65.6 3.10 5.20

[ 36. : .0 0 1.90 4.6

309L 147.6 340.9 43.3 60.3 3.20 3.7
309LMo 145.3 376.2 38.6 64.6 3.62 4.2
Procedure | 309LNb 131.5 358.8 36.6 65.7 3.34 4.3
II 254SMO 119.2 337.8 35.0 64.9 3.45 4.1
904L 84.5 274.2 31.0 58.9 3.04 3.5

C-22 93.4 320.2 29.0 60.0 2.26 4.2

5923 165.7 423.8 39.1 73.3 2.48 52

“D: the dilution effect; W: the width of weld beads.
Ultrasonic C-scan_Test

No disbonding was found immediately after welding and PWHT. Disbonding was
discovered in most of the specimens (except in deposits of 2205) after the hydrogen-
charged autoclave test, as shown in Table III. The result is presented in terms of the
disbonding area percent of the total clad area of the specimen. The degree of disbonding
was relatively severe in 254SMO and 904L specimens. However, the extent of disbonding
showed a significant statistical difference in the specimens of 309L series and 254SMO
when the two welding procedures were compared. Disbonding took place to a certain
degree in 904L and 5923 specimens, but there is no significant difference for the two
welding procedures. Less disbonding was detected in C-22 specimen.

Microstruct long the Interf | Disbonding P!

In the as-welded condition, the microstructures adjacent to the fusion line in the
overlay showed a notable difference among the specimens, despite the structure in the base
steel side being similar to each other in the typical appearance of the heat affected zone in a
weld. No obvious border was seen between the overlay and the base steel in the specimen
of 2205 (Fig.1), a duplex stainless steel.

Table 1II - Disbonding Analysis by Ultrasonic Cic_an, %

Specimen No. - 1 2 3 mean

Procedure 1
2205 0.0 0.0 0.0 0.0

0.0 0.0 0.0

309L 7.5 1.6 3.9 6.3 0.7 3.5 14
309LMo 3.1 24 42 3.2 1.8 1.1 1.6
309LND 10.3 8.2 32 7.3 1.3 2.1 3.6
254SMO 28.5 17.8 14.2 202 17.8 10.7 133

904L 0.1 23.1 2.8 8.6 2.1 8.2 10.0

C-22 0.0 0.1 0.0 0.03 0.0 0.1 0.06

5923 4,2 3.8 1.3 5.8 9.5 48 4.1




A layer of martensitic structure, the thickness of which depended on the dilution effect of
welding, formed as the transition zone from the base steel to the overlay. In the specimens
of 309L series, cellular grains of the overlay were able to develop directly from the stagnant
layer between the overlay and the base steel in some region along the fusion line. But in
other regions, planar grains grew first, and then the cellular grains formed on them. So the
Type II grain boundary appeared as the result of the growth mode change from the planar
to the cellular (Fig.2). The high current and high speed welding procedure increased the
thickness of the stagnant layer between the overlay and the base steel, in which more
martensite formed and cellular grains was able to directly stretch out from this layer toward
the overlay surface without the formation of the Type II grain boundary (Fig.3). As the
nickel-equivalent increased in the specimens of 254SMO and 904L, more Type II grain
boundaries were observed (Figs. 4 and 5). Different welding procedures did not produce a
remarkable change in this kind of microstructure. For the nickel-based alloys, C-22 and
5923, there was a sharp border between the overlay and the base steel (Fig.6), reflecting
the distinct change of the crystal growth (even at the initial nucleation stage during the
solidification) and the strong resistance of nickel to the carbon diffusion from the base steel
to the overlay. The content of nickel was so high that no visible martensite was found in the
overlay adjacent to the fusion line. High current welding might dilute more base steel into
the weld pool. The precipitation of inclusions near the interface may disturb the growth of
the cellular grains, as seen in Figure 7.

After the autoclave test, disbonding was observed in specimens of 309L series,
254SMO and 904L. The typical cracking path was along the Type II grain boundary a-
seen in Figure 8. In the region where there was no Type II grain boundary, no cracking
was detected, even if there was a lot of martensitic structure (Fig.9). This result agrees with
the observation of other researchers [4,11,15]. It is  obvious that the microstructure
susceptible to the hydrogen-related disbonding is the Type II grain boundary. The
martensitic structure may only play a minor role.

- Figure 1 - Aicrostruétilrev of 2205 afoilg interface, ‘ Fig 2 - Microstructure of 309L
showing no obvious border. along interface, showing cellular
grains growing from interface and

from Type II grain boundary.
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Figure 3 - Microstructure of 309LMo along Figure 4 - Microstructure of 254SMO

interface, a relative thicker martensite layer along interface, showing Type II

without Type Il boundary. grain boundary.

Figure 5 - Microstructure of 904L along Figure 6 - Microstructure of C-22 along

interface, showing Type II grain boundary. interface, showing sharp border and
cellular grains.
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Figure 7 - Higher dilution effect of welding Figure 8 - Disbonding in the specimen
disturbs the cellular grain growth in 5923. of 254SMO, showing the typical
cracking path was along the Type Il
grain boundary.

‘Figure 9 - Martensitic structure in 309L by
Procedure II after autoclave test, no cracking
in the thick martensite layer.
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DISCUSSION
The F i { the Type II Grain Bound

As is seen, disbonding in most cases takes place along the Type II grain boundary
adjacent to and along the fusion line in the overlay. Therefore, it is important to seek out the
factors which affect the formation of the Type II grain boundary. Since the Type II grain
boundary is located on the overlay side, it is probable that this structure is related to the
solidification processes, i.e. the nucleation and growth of the weld metal, during welding.

Generally, the microstructure of the weld metal can be understood by considering the
general theories of nucleation and growth behavior of crystals in the Fe-Cr-Ni system in the
special welding condition of the Cr-Mo low alloy steel as the substrate. The: development of
the weld metals is determined by the welding procedure and the chemical composition of

the overlay and base materials.

Effect of Overlay Chemistry

The nucleation of the weld metal at solidification can be realized either by epitaxial
growth from the base steel or by heterogeneous nucleation on the pre-existing interface
between the weld metal and the base metal. It has been shown that (16) the chemical
affinity between the base metal and the solidifying phases and also the lattice disregistry are
important factors affecting the nucleation efficiency during welding. In consideration of the
chemical affinity, nickel and chromium, which are the main composition of the overlay
materials, have good chemical affinity with iron, the main portion of the base metal. It is
therefore unlikely that cracking occurs just after welding. The Cr-Mo steel possesses a

BCC structure (3 ferrite) at temperatures close to the fusion temperature, since the carbon
level is only 0.125% and Cr and Mo are both ferrite stabilizers. Therefore, a weld metal
with a BCC lattice structure as the primary solid phase during solidification would grow
epitaxially from or nucleate on the base metal quite easily. If a weld metal solidifies with a
partially or wholly different crystal structure from the base steel as the primary solid phase,
it might be difficult for grains to grow epitaxially from the base metal. There is then the
possibility of a distinctive interface between the base metal and the overlay at some stage,
caused by the change in crystal structure.

Referring to the Fe-Cr-Ni ternary phase diagram (17), it is seen (Figure 10 ) that the
compositions of the materials chosen in this test for the overlay locate around the 20%Cr
line in the diagram. With the increase of nickel, the primary solid phases during

solidification change from & to 8+y and then to 7. Accordingly, the possible first solid
phase or phases of the solidification of the overlay alloys during welding in this test is: o-

ferrite in 2205; 8 + v in 3C9L, 309LMo, 309LNb and 254SMO; and vy in 904L, C-22 and
5923. Consequently, the nucleation of weld metal of 2205 would be epitaxial without a
distinct interface between the base metal and the overlay, while the interface would be
sharp in the specimen of C-22 and 5923 because the crystals nucleated on the surface of a
different structure of the base steel. The nucleation of weld metals of 309L, 309LMo,

309LNb and 254SMO might be partly epitaxial as &-ferrite and partly nucleated as y-

austenite.

The type of the lattice structure of the primary solid phase is crucial for the formation
of the Type II grain boundary, as there would be a phase change of the solidifying phase at
the solidifying front during solidification. For the overlay of 2205, its content of chromium

is so high that the whole solidification process would form 8-phase only. Y can only be
obtained in the following solid state transformation, showing a vermicular duplex structure
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(18). For the overlays obtained from 309L, 309LMo and 309LNb, the primary solid phase

may be d in some sites on the interface and may be y in some other sites, depending on the
extent of the mixing of the overlay and base metal during the welding. In consideration of

the composition of 904L (which lies close to the L+y+d eutectic zone), the overlay of 904L
may nucleate as & in some positions along the interface due to the dilution effect, although it

mostly forms 7y as the primary solid phase. The primary solid phase would be ¥ in
specimens of C-22 and 5923 according to the phase diagram (17).
a 2205
309L
309LMo
309LND
254SM0
904L
Cc-22
5923

[4
@ o ® ¢ O u +

Figure 10- Chemical compositions of overlay alloys in Fe-Cr-Ni ternary system.

The growth mode of the solidifying phase directly affects the formation of the Type I1
grain boundary. Here two possibilities are proposed to explain the phenomenon of the
Type II grain boundary.

For alloys, as is known, the growth of the solidifying phase mainly depends on the
composition of the overlay, the cooling rate and the thermal gradient field. In the welding
of dissimilar metals, one possible mechanism of the formation of the Type 1l grain
boundary is the solidifying phase changing from & to ¥ during solidification in welding, as
was reported by (18). Due to the dilution and the sharp variation in chemical compositions,
the growing solid phase, which might assume the lattice pattern of the base metal at the
beginning of solidification, may be thermodynamically forced to change to another
solidifying phase with a different lattice pattern from the base metal. While O-ferrite grows,
the depletion effect of nickel or other elements at the solidifying front and the sharp increase
in nickel content as the distance increases away from the stagnant layer may shift the
solidifying phase from the 8-ferrite to y-austenite. The ¥ phase would then tend to form by
newly nucleating, or by peritectic or eutectic reacticns. Hence the Type II grain boundary
emerged as the result of the mismatch of the BCC and FCC structures during
solidification.The followed solid transformation turns the primary 3-ferrite totally or

partially to y-phase as the temperature drops. Some martensite and bainite structures are
formed depending on the local composition and the cooling rate. As for 2205, the overlay
of 2205 would form &-ferrite first and then transform partially to 7 later. The y phase
formed in the solid transformation would envelop the former  ferrite. Froperly choosing

the etchant for the ferritic structure, a less affected band was revealed just above the
transition layer from the base metal to the overlay and below the dendritic grains of the
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overlay. This band may contain more
nickel since it transformed almost
fully to austenite and maintained this
status (Fig.11). Since the nucleation
of overlays of 309L, 309LMo and

309LNb may either be as  or as ¥,
the growth of the overlays appeared
differently at different positions along §
the interface. Researchers (18,19),
who studied the solidification process
of austenitic stainless steels =
with different dilution levels, .°%.-’
attempted to simulate the composition -~
effect on the solidification process of
alloys with compositions near and in 3
the peritectic and eutectic range of Fe-
Cr-Ni system. These compositions
are similar to the 309L series and
254SMO. The solidification process
for these alloys would be postulated
as follows:

Figure 11 - A band of austenitic structure between
transition zone and dendritic grains in 2205.

At positions of the interface where the nuclei are S-phase, if the thermal gradient and
growth orientation are favorable for the growth of cellular grains, the cellular grains grow
epitaxially from the base metal. These will penetrate the liquid weld metal relatively fast
until the enrichment of nickel ahead of the interface reaches the critical level which may

cause the transition from 8-ferrite to primary Yy phase as growth proceeds. Thus the cellular
growth of 8-ferrite will not necessarily result in a flat solidifying front, so there would not

be the Type II grain boundary. As the primary solid phase turned to y-phase, which also
assumes the cellular morphology extending toward to the overlay surface, the ferrite

formed afterwards by the depletion effect of Cr during the solidification of y-phase could

then form at the intercellular position of y-phase. The subsequent solid transformation of
austenite at the interface between the overlay and base metal produced a morphology of
acicular ferrite or martensitic structure depending cn the degree of dilution and the cooling
rate. There was no Type II grain boundary at these positions. But, if the thermal gradient
and the preferred orientation of HAZ grains were not favorable for the cellular growth of
ferrite, the lower growing rate of the planar grain would give a chance to form Type II
grain boundaries, since there was more time for nickel atoms to move to the solidifying
front. The planar solidifying front may result in the second possibility for the formation of
the Type II grain boundary, as described below.

The second possibility is the pile-up of minor inclusions due to segregation to the

solidifying front of the y-phase at positions where the primary solid phase was y-phase.
The segregation of impurities might produce a film of secondary phase just ahead of the
solidifying front. In the transition region, more impurities were present, due to the dilution
of base metal (which usually contained more impurities than the overlay materials). The
segregation of iron had been observed at the grain boundary adjacent to the fusion line in
the specimen of C-22 (20). However, this film was not continuous over all the solidifying
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front, due to the inhomogeneity of composition near the fusion zone. Cracking may not
occur just after welding, since only a relatively thin layer was welded on the base metal.
However, a segregated zone of the weld was induced, which acted as the trapping site for
the accumulation of hydrogen in the autoclave test and promoted the disbonding later. In
addition, the initially formed boundary provides sites for the segregation of carbides and
other inclusions during PWHT. For overlays of 904L and 254SMO, Type 1I grain
boundaries might form in accordance to the impurity-film mechanism, since there was little
or no ferrite formed to reduce the accumulation of impurities at the solidifying front. As
for the overlays of C-22, the much lower level of impurities in this alloy made the Type 11
grain boundary difficult to form. Only quite faint boundaries were observed after PWHT.
The higher level of dilution in the specimen of 5923 gave more chance for the impurity-film
to form at the solidifying frorit near the fusion line. Subsequently, more disbonding was
found in the specimen.

As well as Cr and Ni, the major alloy elements in the overlays, other elements also
played some roles in the formation of Type II grain boundary. Low carbon (and Cr-Mo
alloy elements) in the base metal made it possible for the HAZ grains at the interface to keep
the BCC structure for a longer time at the beginning of solidification. A relatively high
content of phosphorus and sulfur in alloys 254SMO and 904L increased the tendency to
Type II boundary formation by increasing impurity segregation. Also the formation of the
Type II grain boundary is affected by the constitutional supercooling condition, the extent
of which is dependent upon the welding procedure.

Effect of Welding Procedures

Welding procedures influence the formation the Type II grain boundary by affecting
the magnitude of dilution, (hence the composition of the weld pool), the dynamic thermal
field, and the cooling rate of the weld metal. Therefore the nucleation and growth mode of
the weld metal will depend, to a large extent, on the welding procedure.

In the case of high current and high speed welding, more base metal is mixed into the
overlay and the width of the quasi-stagnant zone would increase as seen from the

metallographs. The chance of the formation of §-ferrite would increase, since the
composition in the stagnant region was close to that of the base metal and new grains of
ferrite would be easier to grow from the half-melted zone. This effect was clearly seen in

overlays of alloys which solidify with & and y as primary solids. Also, high current and
high speed welding would cause high heat-up and cool-down rates. Hence, the nucleation
rate of the weld metal or the epitaxial growth rate would be increased. Therefore cellular
grains obtained by Procedure II appeared finer than those by Procedure 1.

The growth behavior of the weld metal during solidification determines the formation
of the Type II grain boundary. As is known (16), the possible growing modes of weld
metal can be classified as planar growth, cellular growth, columnar dendritic growth and
equiaxial dendritic growth. In an alloy system the growth mode of the weld metal is mainly
determined by the extent of constitutional supercooling which can be expressed as G;/R

< ATo/D;, where Gy is the temperature gradient in liquid at the front of the solidifying

phase; R is the growth rate of the solidifying front; ATo is the temperature difference
between liquidus and solidus at composition Co and Dy the solute diffusion coefficient in
liquid. According to the derived thermal model (21), in the weld pool the steep temperature
gradient occurs at the base metal surface while the liquid weld metal just drops on it.
Consequently the crystals nucleating on the surface of the base metal will grow along the
surface of the base metal in the planar mode as shown schematically in Figure 12 because
there is a high temperature gradient and low growth rate near the interface region.
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Figure 12 - Schematically showing the solidification of the overlay

The initial crystals of the weld metal are quite like the chill zone in a casting,

especially for the nuclei of the y-phase owing to the lattice disregistry. While the crystals
grow towards the top of the overlay and the centreline of the weld pool, the temperature
gradient in the liquid ahead of the solidifying front decreases because of the release of the
latent heat as a result of the formation of solid phases, and the growing rate will also
increase as a consequence of the readjustment of the preferred growth orientation, which
usually tends antiparallel to the heat flow direction.

The welding procedures may affect the retaining time for the growth of planar grain
as well. The high current and high speed welding would reduce the temperature in a short
time due to the faster cooling rate. On the other hand, the low speed and low current of
Procedure I would allow the planar grains to develop further and the segregated elements to
diffuse to the front of solidifying phase. The tendency of forming Type II grain boundary
increased in Procedure I for alloys 309Ls and 254SMO.

For the overlay of 2205, the welding procedure will not alter the solidification
process of overlay as mentioned above except for the nucleation and growth rate. For

alloys of 309L series, the high current and high speed welding would make 3 phase easier
to nucleate or to grow from the base metal than that in the low current and low speed
welding, as a result of the increase of dilution mentioned above. In the advance of solid

transformations during cooling down, y-phase would envelop the primary & phase due to
the accumulation of nickel at the front of the solidifying phase. As the solidification was not
a homogeneous process in consideration of the dilution effect and the temperature
distribution, there were still some Type II grain boundaries formed by the high welding
speed procedure. But, the tendency is remarkably reduced. The nickel content in 254SMO
was high enough that the high current and high speed welding could not produce dilution
large enough to change its nucleating and growth mode significantly. Only the cellular or
dendritic grains become finer. The disbonding, though reduced, still took place to quite an

extent. The nickel content was so high in 904L, C-22 and 5923 that no 0 phase would
grow as the primary solid phase. Therefore the formation of Type II grain boundary in
these high nickel alloys was mainly determined by their compositions. The higher dilution
effect, in these cases, may even promote the formation of the Type II grain boundary, due
to more impurities from the base metal being involved in the solidification. Other factors
such as the dilution effect of carbon and iron might also play some important parts in the
formation of the Type II grain boundary.



CONCLUSION

The formation of the Type II grain boundary is determined by the chemical
compositions of the cladding alloys and the welding procedure. If the primary solidifying

phase of the overlay is §—ferrite, the chance to form Type II grain boundary would be

minimized. If the primary solidifying phases are 8 + ¥, the high current and high speed
welding procedure will reduce the tendency to form the Type Il grain boundary. For
cladding alloys which primary solidifying phase is Y- austenite only, a low level of
dilution, corresponding to low current and low speed welding, would produce a better
microstructure with less Type II grain boundaries. Without the Type Il grain boundary
adjacent to the fusion line between the overlay and the base steel, the tendency of
disbonding is greatly reduced.
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