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Abstract

The Tekes project PERDI (Performance and ageing of dissimilar metal joints) was carried out at TKK
and VTT during the period 2006 to 2009. It was primarily driven by the needs of the nuclear power
plant (NPP) industry, but the oil refining, conventional energy production and the pulp and paper in-
dustries also benefitted from the results and expertise developed in the project. The extensive studies
carried out in the project on welding technology, microstructural characterization, non-destructive
examination (NDE) and environmentally assisted cracking (EAC) revealed a number of open research
issues regarding the dissimilar metal welds (DMW) and pure Ni-based weld metals of modern nuclear
power plants. Alloy 690 and its associated weld metals Alloy 152 and Alloy 52 are nowadays widely
used for repair and replacement of thick-section components and in the construction of new reactors
like the European Pressurized Water Reactor (EPR). Some aspects of the project were focused on the
repair welding of BWR dissimilar metal welds, where the repair method and the filler material were
chosen taking into account the residual stresses produced in the structure, possible material property
changes of the remaining materials, and the resistance of the new weld metal (Alloy 82 or 52) to EAC.
In addition to examining the materials properties and weldability of DMWs, the studies also covered
NDE inspection and residual stress measurement and modelling in DMWs.

The weldability research utilized a modern, versatile Varestraint test system for hot crack suscepti-
bility testing of the Ni-based alloys used for nuclear and oil refinery DMWSs. Weld metals and hot
cracks were examined using a modern FEG-SEM/EBSD system and by ATEM. Additionally the so-
lidification and precipitation processes were characterized by differential scanning calorimetry (DSC)
methods. It was found that hot cracking is generally associated with the segregation of Nb, Si and Mn
in the final melt of the solidifying weld. The Varestraint test technique was also used for producing
controlled amounts of hot cracking type defects in the test samples for subsequent EAC studies carried
out at VTT and at Tohoku University, Japan. A full scale DMW mock-up of a thick-wall weld was
prepared for an oil refinery application, and the whole manufacturing procedure was documented on
video film. The mock-up was then methodically characterized by both non-destructive and destructive
methods. About 2/3 of the pipe weld was then used for a NDE performance demonstration mock-up
sample, where all possible defects expected in the oil refinery conditions were present. Extensive NDE
studies were made of the mock-up sample, and the sample is now used by Neste Oil for NDE perfor-
mance demonstrations (separate report [1]).

To assess the relative EAC susceptibilities of various types of Alloy 182, 82, 52 and 152 pure weld
metals and DMW configurations with and without hot cracks, four-point bend tests were carried out in
a high-temperature steam environment that was doped with impurities to enhance crack initiation. The



results showed a relatively high susceptibility of Alloys 182 and 82 to EAC, while Alloys 152 and 52
showed no crack initiation. The hot cracks and other weld defects present in the samples did not show
any signs of extension in the doped steam test, in any of the studied materials. The cracking mecha-
nism of Alloy 182 and 82 weld metals as well as Alloy 600 was studied by FEG-SEM and discussed
based on high-temperature electrochemistry and oxidation. The dynamic strain aging (DSA) behaviour
of the weld metals was determined. In an international round robin, crack growth rate data obtained by
participants for Alloys 600 and 182 were compared. VTT results were found to be like those of the
others [2].

Through the PINC project, an international NDE round robin was held using DMW mock-ups pro-
vided by NRC, USA. The test results obtained by VTT were analysed and published in the PINC final
report (separate report [3]). The roles of the stress state and the accessibility of the DMWs in the in-
spection results were especially evaluated, and guidance was given on the detectability of various de-
fects by the ultrasonic techniques used for DMWs, as well as on the sizing techniques. The techniques
used in the international round robin were also employed for the NDE inspections of the Neste Oil
mock-up sample.

DMWs are at present a major research topic in the nuclear industry internationally, because a num-
ber of crack indications have been detected in DMWs in both BWR and PWR plants. During the
PERDI project cooperation agreements were made and joint research was performed or started with
the following international research activities:

- International Cooperative Research Project on Non-destructive Examination for Primary Wa-
ter Stress Corrosion Cracking in Nickel-base Materials and Dissimilar Metal Welds, PINC,
The United States Nuclear Regulatory Commission, 2005-2009.

- Tohoku University, Japan, MIT/CALTECH, USA, and TKK/VTT, Dissimilar Metal Weld
Project, 2005-2010 (supported by MEXT, Ministry of Education, Culture, Sports, Science and
Technology, Japan).

- EPRI Alloy 690/152/52 Expert Panel Collaboration, 2008-2015.

- EPRI/NRC Weld Residual Stress Program: Phase 1 and 2 (2009-2011).

One purpose of the PERDI project was to transfer the high level knowledge in the field of DMWs and
their long-term behavior in operation from the nuclear industry, to conventional industries. In return,
the powder metallurgy knowledge from multi-material components was transferred to the nuclear in-
dustry. The common goal for all the partners was to develop reliable testing methods and to obtain
high-level research results on the new materials and their dissimilar metal joint (thermo)-mechanical
testing, their structural evaluation and design, control of residual stresses and performance of NDE.

An extensive study was made on the possible use in nuclear applications of materials/components
made by the Hot Isostatic Pressing (HIP) method. The purpose would be to replace the present forged
products with HIP-products, but the HIP technique is not at present approved by the codes, such as
ASME. The study clarified the requirements for ASME approval and the procedure for obtaining a
code case for HIP products. The same aim is under process also elsewhere, and at present it is ex-
pected that in a couple of year’s time there will be enough data for obtaining the ASME code case for
HIP products (separate report [4]).
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Preface

This research is primarily addressed to the needs of the nuclear power plant (NPP) industry, but con-
ventional energy production, pulp and paper, oil refining and other process industries, and heavy metal
and mining industries can also benefit from the results and expertise developed. The PERDI project is
based on the earlier ERIPARI project, in which the background research and test method development
was carried out. The degradation of dissimilar metal welds in both BWR- and PWR-plants is currently
an area of widespread international interest. The PERDI research project was conducted in cooperation
with a number of different on-going and planned international cooperative research projects. The re-
search is particularly relevant because indications have been found in the reactor pressure vessel noz-
zle dissimilar metal welds of BWRs similar to Finnish BWR designs, while the EPR PWR-plant under
construction contains a number of different and new types of dissimilar metal welds of which there is
no previous experience available.

New materials can offer exceptional performance in conventional energy production, pulp and pa-
per, oil refining and other process industries, as well as heavy metal and mining industry applications.
New types of dissimilar metal welds may then be required, and be critical for the performance of the
new types of products. Control of the residual stresses in manufacturing is often a critical factor in
these applications.

The purpose of the study was to transfer the high level knowledge from the nuclear industry to con-
ventional industries in the field of dissimilar metal welds and their long-term behavior in operation. In
return, the powder metallurgy knowledge from multi-material components was transferred to the nu-
clear industry. The common goal for all the partners was to develop reliable testing methods and to
obtain high-level research results on the new materials and their dissimilar metal joint (thermo)-
mechanical testing, their structural evaluation and design, control of residual stresses and performance
of NDE. The ageing mechanisms of dissimilar metal weld joints in nuclear power plants and their
EAC cracking resistance are extremely important, and are also very useful in oil refining and other
industry applications.



Contents

Y 0111 = Tod S PEPRR PP 3
L (=] = Lo = PSPPSR 6
LISt OF SYMDOIS......ceeieiieiiie e e e r e e e e e e 9
IO [0 o To [V T i To ] o IO PP PP POPPPPPPPRPPR 11
2. Characterization of the nickel-base alloy weld metals.........cccccccevveiiiiiiiiiiii e, 13
2.1 SoldIfication CrACKING .......viiiiiiiee ittt e 13
211 Microstructures and Varestraint teSt reSUILS ..........cooiuiiiiiiiiiiii e 13

2.1.2 Weldability of Ni-base materialS............coouiiiiiiiiiiie e 24

2.13 ATEM study of solidification Cracking..............oooveoiiiiiiiie e 25

214 Differential scanning calorimetry of weld metals ... 30

2.2 Liquation cracking and ductility dip Cracking.............cccoueiiuiiiiieeiiiiiiiiiee e a e 36

2.3 W ETECES ..ttt ettt e e e e ettt e e e e e e e e e e e e s e e e e e e aaes 44

2.4 Effects of dilution on weld metal COMPOSItION ........ccoiviieiiiiiieiie e 50

2.5 FEG-SEM EBSD study of the weld metals ............ccoooiiiiiiiiiiii e 57

2.6 Residual stress measurements of the dissimilar metal weld mock-ups...........cccccvniiiiiiinnnnns 75

3. Dynamic strain aging (DSA) of nickel-base alloy weld metals............ccccceeeieiciinnnnns 81
120 R [ 1 oo [F o1 1o o F T O P T TP PO P PR PP PRPN 81

3.2 Experimental and MAtErIalS ...........oooiiiiiiiiiiiii e 82

3.3 RESUILS ..ottt e e et e et e e e 86
331 Manifestations Of DSA ... e 86

3.3.2 INEEINAI FIICHION ...t e e e e e e e e 89

3.33 MeChaniCal PrOPEITIES ........uvieiieee ittt e e e e e e et e e e e e anees 91

3i4  DUSCUSSION ..ttt ettt ettt b ekt e b e e e e s et et e s b s e e e et e e r e e 91

T I ©7o] o [od 011 o] o LSOO PPPTPPPPPRN 92

4. Environment-assisted crack initiation in doped steam test .........ccccccevvviiiiiiiineneenn. 94
o R B T o 1= To R (= g I (=T AR el U o PRSPPI 95

4.2  Specimens for doped StEaAM LESHING .........uuiiiiiiiiiiiiie e 96

4.3  Results from doped StEAM TESHING .....ccoiuriiiiiiie ettt 101

4.4  EAC of nickel-base alloy dissimilar metal Welds ............ccoccuiiiiiiiiiiiiiiec e 124
441 ATEM Study Of EAC CIaCKS......coiiieeiieee ettt e e e e e entae e e e e e e enees 129



5. Specimens for EAC crack growth testing in PWR primary water..............cccceeee.... 137

6. Mechanism of environment-assisted cracking of nickel-base alloy weld metals ...143

R S U 1] 0= Y 146
ACKNOWIEAGEIMENES ...t e e e e e e e e e e e e e annee 148
TS (=T 1= o L PP PP PPPPPPPPR 149



List of symbols

AES Auger Electron Spectroscopy

ATEM Analytical Transmission Electron Microscopy
BTR Brittle Temperature Range

BWR  Boiling Water Reactor

°C Degree Celsius
C(T) Compact Tension
cc Cubic Centimetre

CDCB Countered Double Cantilever Beam
CERT Constant Extension Rate Test

CGR Crack Growth Rate

cm Centimetre

CMTR Certified Material Test Report
DDC Ductility Dip Cracking

DMW  Dissimilar Metal Weld

DSC Differential Scanning Calorimetry
DSA Dynamic Strain Aging

DTA Differential Thermal Analysis
EBSD Electron Backscattering Diffraction
EDS Energy Dispersive X-ray Spectrometer
EPRI  Electric Power Research Institute
FEA Finite Element Analysis

FEM Finite Element Method

FM Filler Metal

FZ Fusion Zone

HAGB High Angle Grain Boundary

HAZ Heat Affected Zone

IDSCC Interdendritic Stress Corrosion Cracking
IGA Intergranular Attack

IGC Intergranular Corrosion

IGM Intragranular Misorientation

IGSCC Intergranular Stress Corrosion Cracking
IPF Inverse Pole Figure

LAS Low-alloy Steel

LTCP  Low Temperature Crack Propagation

L-T Longitudinal-Transverse Direction

LTA Low Temperature Aging

LWR  Light Water Reactor

M Moment

mVspe  Millivolt on Standard Hydrogen Electrode Scale



NDE
NPP

ppb

ppm
PWR

PWHT
PWSCC

RPV
SMAW
sce
SEM
SEN(B)
SSRT
STF

TCL
Tekes
TEM
TIG

TVO
VTT
WEDM
XRD

Non Destructive Examination

Nuclear Power Plant

Pressure

Parts Per Billion

Parts Per Million

Pressurised Water Reactor

Post-Weld Heat Treatment

Primary Water Stress Corrosion Cracking
Activation Energy

Reactor Pressure Vessel

Shielded Metal Arc Welding

Stress Corrosion Cracking

Scanning Electron Microscope

Single Edge Notch Bend (Specimen)
Slow Strain Rate Test

Strain-to-Fracture

Temperature

Time

Total Crack Length

Finnish Funding Agency for Technology and Innovation
Transmission Electron Microscope
Tungsten Inert Gas (Welding)
Transverse-Thickness Direction
Teollisuuden VVoima Oy

VTT Technical Research Centre of Finland
Wire Electric Discharge Machining
X-ray Diffraction

Stress

Diameter

10



1. Introduction

The increasing demand for better performance of products in applications where the load bearing ca-
pacity, higher temperatures and aggressive environments are present results in combinations of differ-
ent materials being joined together by various techniques in the same product. This is often done by
welding, but other advanced new joining methods are applied as well. There is very little public
knowledge available regarding demanding dissimilar metal joints, especially for new materials, and
therefore extensive testing and research is normally required before they can be more broadly utiliza-
tion in industrial applications. In general new testing techniques have to be developed for these pur-
poses.

In the nuclear power industry dissimilar metal welding is widely used in many constructions and
systems. The operating experience of major nuclear power plant (NPP) pressure boundary components
has recently shown that dissimilar metal weld joints can jeopardize the plant availability and safety
because of increased incidences of environment-assisted cracking (EAC) of Alloy 600 and its corre-
sponding weld metals (Alloys 182/82). Alloy 690 and its associated weld metals (Alloys 152/52) are
widely used for repair and replacement of the affected thick-section components. These are also the
main construction materials of such components in new reactors such as the EPR. The selection of
new materials relies mainly on laboratory results and short-term service experience. The long-term
behavior of these materials and their performance in the plant has still to be demonstrated. At present
the problems with dissimilar metal joints in nuclear power plants are a great international challenge.
The experience and research results from the nuclear power plant dissimilar metal joint applications
can be widely used in other industries and applications such as oil refineries, other energy sectors
where elevated temperatures are present (fuel cells, high temperature power plants, etc.) and pulp and
paper and other process industries where better energy efficiency is required.

In general the weldability of nickel-base materials is evaluated based on the results obtained with
weld metals of different chromium contents. The susceptibility to hot cracking in welding is equally
important to the stress corrosion cracking susceptibility in primary water (PWSCC), and both of them
are based on the metallurgical properties of the nickel-base alloys. The microchemistry and micro-
structures in the multi-pass nickel-base alloy welds is very different than that in the wrought and re-
crystallised nickel-base materials. Additionally, the thermal ageing behavior of various nickel-base
weld metals is expected to be quite different from that of wrought base materials. Weld residual
stresses and their role in PWSCC is of great importance in the case of dissimilar metal joints. They
have been modelled to a certain extent, but results of direct measurements of residual stresses are not
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1. Introduction

available at present for any of the dissimilar metal welds of NPPs. The application of various surface
stress improvement techniques for PWSCC mitigation are being considered at present, but the decision
to employ them in plants first requires extensive residual stress measurements and demonstration to be
made.

In the international project PINC (Program for the Inspection of Nickel Alloy Components) the ap-
plication, improvement and qualification of NDE methods for nickel-base alloy weld locations were
evaluated with regards to the probes, techniques and scanning devices employed [3]. The need for
representative mock-ups for technique development and qualification was identified, and they are cur-
rently under development. The technical basis for the development of inspection requirements for
dissimilar metal welds, and efforts to qualify inspection procedures and personnel, are emphasized in
order to obtain more reliable results.

Maintaining the structural integrity of the main components of NPP, oil refinery and pulp and paper
industry throughout the service life in spite of the several possible ageing mechanisms related to the
dissimilar metal welds is essential for plant safety and availability. The ERIPARI-project [5, 6] was
focused on dissimilar metal structures, both on welds and components. The welds studied were typical
mock-up welds for various nuclear power plant applications, but they are also present in modern oil
and gas industry applications. The results obtained within the ERIPARI-project encouraged further
studies in the area of dissimilar metal welds (DMW), as a vast amount of new questions arose. The
research work carried out within the follow-on PERDI project suggests that there are still a large num-
ber of important tasks to be clarified further, as described in this report, which concentrates on the
properties of Ni-base alloy welds and their dissimilar metal joints.

12



2. Characterization of the nickel-base alloy weld
metals

Several studies have been made to investigate the hot cracking susceptibility of the nickel-based weld
filler metals Alloys 82, 182, 52 and 152 and base metal Alloy 690, e.g. [7, 8, 9]. Hood & Lin [7] stud-
ied the hot cracking susceptibility of the Ni-base alloy filler metals using the Varestraint and spot-
Varestraint tests. The results showed that Alloy 52 exhibited the best resistance to both weld solidifi-
cation cracking and weld metal liquation cracking, followed by Alloys 82, 152 and 182. Wu & Tsai
[8] investigated the hot cracking susceptibility of Alloys 82 and 52 with Alloy 690 by Varestraint
tests. Alloy 82 showed greater total crack length (TCL) than Alloy 52. Liquation cracks and ductility
dip cracks were found in the heat affected zone (HAZ), but an accurate distinction of the crack type
was difficult. These results indicate that the hot cracking susceptibility of Alloy 82 is greater than that
of Alloy 52 in Varestraint testing. Recently a Gleeble-based test technique, termed strain-to-fracture
(STF), was developed by Nissley et al. [10] and employed for evaluating the strain-to-fracture of duc-
tility-dip cracking (STF DDC) susceptibility curves for filler metals of Alloys 82 and 52 [9, 10]. The
filler metal Alloy 52 was more susceptible to DDC than Alloy 82, which also exhibited heat-to-heat
variation in susceptibility. Thus, because of the varying observations coming from various tests there
is @ major need to rank the Ni-base alloy weld metals in terms of their hot cracking susceptibility, and
to understand the mechanisms of solidification cracking properly.

2.1 Solidification cracking

Different dissimilar metal weld configurations were studied. The weld geometries contained nickel-
base weld metals Alloy 152 (mock-up 1, TU1), 52 (mock-up 2, TU2), both 52 and 152 (mock-up 3,
TU3), 182 (mock-up TV), Figure 1 and Table 1. In one case not shown, Alloy 82 was employed in a
manner simulating a repair weld.

2.1.1 Microstructures and Varestraint test results

The principle of Varestraint testing is shown in Figure 2.
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2. Characterization of the nickel-base alloy weld metals

Alloy 152

AISI 309

B

AlSI| 308

" Buttering
Alloy 52

o
b

Bitfering =
Alloy 162 g

Figure 1. Materials and cross-section of a) mock-up TV, b) mock-up 1, TU1, ¢) mock-up 2, TU2 and
d) mock-up 3, TU3 dissimilar metal welds.
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2. Characterization of the nickel-base alloy weld metals

Table 1. The nominal chemical compositions* and CMTR analyses of the base materials and filler
metals used in the dissimilar metal welds.

C Si Mn P S Cr Mo Ni Nb Ti Fe Al Co Cu
Base materials
AISI 316 NG <0,03 16,5-18,5| 2,5-3 | 11-14
SA508 (Grade 2) 0,24 0,21 | 1,38 0,009 0,16 0,54 0,58 0,015 0,12
Alloy 600 0,07 0,19 | 0,21 | 0,007 | 0,001 16,3 72,86 | Nb+Ta 0,10 0,28 9,44 0,229 | 0,076 0,13
Alloy 690 0,02 0,04 | 0,16 0,001 29,46 59,82 0,33 9,96 0,2 <0,01
Filler metals
AISI 308L (OK Band 11.61) <0,025( 04 1.8 20 10
AISI 309L (OK Band 11.65) <0,025( 04 1,8 24 13
Alloy 182 (OK 92.26) 0,03 0.8 6,5 0,01 | 0,003 15,7 68 18 0,1 6.7 <0,01
Alloy 82 (OK Tigrod 19.85) 0,039 0,03 | 2,98 | 0,001 | 0,004 19,94 72,6 Nb+Ta 2,47 0,34 1 0,01 0,01
Alloy 52 0,03 0,13 | 0,24 | <0,001 | <0,001 29,2 0,03 | 59,28 | Nb+Ta <0,02 0,51 9.8 0,72 | 0,009 0,04
Alloy 52M 0,02 0,09 0,8 | 0,003 | 0,001 30,06 0,01 | 5954 | Nb+Ta 0,83 0,224 8,22 0,11 0,027 0,02
Alloy 52MS 0,014 0,12 | 0,68 | 0,004 |0,0007| 29,53 0,02 | 60,14 0,78 0,19 8,33 0,13 0,008 0,03
Alloy 152 0,048 0,41 | 3,48 | 0,003 | 0,003 28,74 0,01 55,2 Nb+Ta 1,54 0,09 10,39 0,06 |<0,005| <0,01
Alloy 152M 0,0293 | 0,3276| 3,247 <0,001 [ 0,0042| 28,98 <0,005 57 Nb+Ta 1,533 0,039 8,75 |[<0,005| 0,0119 | <0,005

— . ——

SIDE VIEW

Figure 2. Simplified sketch of the operation of the Varestraint testing device.

The hot cracking susceptibility of Ni-base alloy dissimilar metal welds was studied by using the mock-
ups shown in Figure 1. The motivation for the study was the need for repair welding of Alloy 182
welds of safe ends in BWR plants, and identifying possible welding problems with new Alloy 152/52
weld metals. Susceptibility to hot cracking was examined by Varestraint tests, and weld
microstructures were studied by optical and field emission gun scanning electron microscopy (FEG-
SEM/EDS). Figure 1 presents materials and cross-section of dissimilar metal welds of Alloys 182, 152
and 52. The clad pressure vessel steel SA 508 side of specimen TV (with Alloy 182 buttering) had
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2. Characterization of the nickel-base alloy weld metals

been heat treated at 610 °C for 6 h and mock-up 3 (with Inconel 52 and Inconel 152 buttering) had
been heat treated at 610 °C for 4 h before welding. Whole welded test specimens of mock-ups 1 and 2
were heat treated at 610 °C for 16 h after welding. Figure 3 presents the test piece geometry for
Varestraint testing of pure weld metals, and as an example, the weld pass sequence of the test
specimen welded with Alloy 82. The base material in each of those tests was an AISI 304 plate into
which a 20 mm wide, 60 mm long and 4 mm deep groove was machined, which was then welded with
the filler metal. The surface of the weld was ground to the level of the base metal so that the surface
quality was equal in all Varestraint tests. The filler metals used in the pure weld metal tests were Alloy
182 (Esab OK 92.26), 82 (Esab Tigrod 19.85), and Alloys 152, 152M, 52, 52M, and 52MS (Special
Metals), Table 1. Table 2 presents the welding parameters used for mock-ups in the Varestraint
testing.

Welding with filler metal

AlSI| 304

Figure 3. Test piece for Varestraint testing of pure weld metals and weld pass sequence of the test
specimen welded with filler metal Alloy 82.
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2. Characterization of the nickel-base alloy weld metals

Table 2. Summary of the welding parameters used for Mock-ups in the Varestraint tests.

Current Voltage Welding speed | Heat input
[A] [V] [cm/min] [kJ/cm]
Mock-up TV (Alloy 182) 150 10.5 12 4.7
Mock-up 1 (Alloy 152) 150 10.5 12 4.7
Mock-up 2 (Alloy 52) 150 10.5 12 4.7
Mock-up 3 (Alloy 152) 150 10.5 12 4.7

Figure 4 a) presents the surface of the Alloy 182 weld test piece with hot cracks after Varestraint test-
ing (augmented strain 4%). Optical micrograph b) of a hot crack (dark areas) in the cross-section of
the weld and FEG-SEM micrographs ¢) and d) of hot crack tips show details of an irregularly shaped
white phase associated with the hot cracks of this alloy. The compositions of the white phase areas
were examined by energy dispersive X-ray spectroscopy (EDS). Figure 5 presents X-ray element maps
and Figure 6 shows a SEM image and EDS analyses of the white phase area in a dendrite boundary
region. They show marked Si, Nb, Mn and P enrichment, which is compensated by depletion of Cr, Fe
and Ni. Based on the high magnification backscattered electron (BSE) images and the EDS analyses,
the phase appearing white in the optical micrograph of Figure 4 b) actually consists of two phases,
appearing white and grey in SEM (Figure 4 d), with varying Nb, Si, Mn and Ti contents. Inside and
along the dendrite/grain boundaries white Nb-rich particles, Nb(C, N), are present.

a) b)

17



2. Characterization of the nickel-base alloy weld metals

rl e
EHT = 10,00 kv Mag= 550KX Signal A = QBSD Date :24 Feb 2007
n2 11.tif WD= 9mm Aperture Size = 1200 pm  Time 112:32:57

EHT = 16.00 kv Mag= 200KX  Signal A= OBSD Date :
Aperture Size = 1200 ym  Time ©

c) d)

Figure 4. a) Surface of Alloy 182 weld test piece with hot cracks after Varestraint test (augmented
strain 49%). b) Optical micrograph of the hot cracks (dark areas) in a cross-section of the weld (note the
white phase ahead of the hot crack tip). ¢) and d) SEM micrographs of weld hot crack tips showing
details of the irregularly shaped white phase on the dendrite boundaries.

Figure 5. X-ray element maps of the white phase area in Alloy 182 weld in a dendrite boundary region.
Note marked Nb enrichment in the white phase and less enrichment in a wider area along the dendrite
boundary. Marked Si, Mn and P enrichment compensated by depletion of Cr, Fe and Ni can also be
seen.
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2. Characterization of the nickel-base alloy weld metals

Element Filler metal | Grey area | Enrichment | Light white | Enrichment | White area | Enrichment
wt. % wt. % vs. filer metal| areawt.% |vs. filer metal wt. % vs. filer metal
Si 0,8 34 4,3 6,5 8,1 0 0,0
P 0,01 1,3 130,0 1,3 130,0 0,2 20,0
Ti 0,1 0,04 04 0,7 7,0 2,8 28,0
Cr 15,7 54 0,3 49 0,3 1,4 0,1
Mn 6,5 17,7 2,7 118 1,8 11 0,2
Fe 6,7 4,7 0,7 49 0,7 1,5 0,2
Ni 68 514 0,8 494 0,7 0 0,0
Nb 1,8 15,2 8.4 20,6 11,4 89,6 498

Figure 6. SEM image and EDS analyses of the white and grey phase in Alloy 182 weld showing Nb,
Si, Mn and P enrichment and Nb-rich particles, Nb(C, N). The spot size in EDS analysis has an inter-
action diameter about 1 um, and therefore the surrounding matrix affects also the result.

Figure 7 shows an opened hot crack fracture surface of Alloy 182 imaged in SEM with a relatively
low acceleration voltage of 7 kV, so that the information comes from close to the surface. The wavy
morphology of the interdendritic fracture surface indicates that the phase along the dendrite bounda-
ries was still molten during fracture.

& z
EHT = 7.00 kv Mag= 10.00KX  Signal A= 5E2 Date :18 Feb 2007
WD= Bmm Aparture Size = 60.00 Lim__ Time -21:56:54. kh182 50.4if WO =

N -
- Bt e
Mag= 10.00K X Signal A= QBSD Date :18 Feb 2007 |
&mm Aperture Size = 60.00 ym  Time :21:59:10

EHT = 7.00 kv

Figure 7. Fracture surface of an Alloy 182 hot crack showing the white phase in the valleys between
dendrites.
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2. Characterization of the nickel-base alloy weld metals

Study of the fracture surfaces of Alloy 182 weld hot cracks revealed same kind of segregation of Nb,
Si, Mn, and P on the fracture surfaces as had been seen in the white phase in the cross-sections of the
hot cracks. On the fracture surface Nb-rich particles, probably Nb(C, N), and the lamellar white phase
were intermixed in the final microstructure.

Figure 8 presents a SEM image of a cross-section of hot cracks in the Alloy 152 weld metal of
mock-up 1, after Varestraint testing (augmented strain 4%). It also shows SEM images of the fracture
surface, where the presence of the white phase in the valleys between the dendrites is clearly visible.
The X-ray element map of the hot crack fracture surface exhibited high enrichment of Nb to the white
phase.

Alloy 152 weld metal shows similar hot cracking tendency as compared to Alloy 182. The Nb-rich
white phase is connected to the hot cracks and the phase can be easily found in the cross-sections of
the hot cracks as well as on the fracture surfaces (local coverage can be as high as 30%, see Figure 8
c). The dendrite boundaries containing the white phase show in addition to Nb, a marked increase of
Si, Mn and P contents both in the white phase, but also in the wider zone along the dendrite bounda-
ries. Simultaneously depletion of Cr, Ni and Fe is observed in these zones. In addition to the white
phase both in the cross-section as well as on the fracture surfaces, plenty of small particles, Nb, Ti(C,
N), are present.

Figure 9 presents SEM images and EDS results for hot-cracks formed in weld metal Alloy 52 of
mock-up 2 after Varestraint testing (augmented strain 4%). Filler metal Alloy 52 also contains Ti (0,51
wt.-%), but does not contain Nb as Alloys 182, 82 and 152, and thus, hot cracks formed along the den-
drite boundaries in the absence of the Nb-rich white phase. A lot of small particles (probably TiN) are
present along the dendrite boundaries.

Hot cracking of Alloy 52 does not show any indications of the Nb-rich white phase observed with
Alloys 182, 82 and 152, since Alloy 52 does not contain Nb. Alloy 52 contains Ti and therefore a lot
of precipitation of TiN(C) was observed both in the cross-sections along the dendrite boundaries as
well as on the fracture surfaces of the hot cracks, where the coverage of the hot crack fracture surface
by TiN(C) can be quite extensive. The large interdendritic TiN(C) phase particles are presumed to
have formed in the melt prior to final solidification of the weld. On the fracture surface MnS phase
particles are also observed as separate phases. Thus, in Alloy 52 the only marked phase on the hot
crack surfaces is TiN(C).
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Cate 8 May 2008

60.00 pm Time -11:27 49

Tum = Mag= 14.0BK X
kn182 114t

QBS Date 19 Feb 2007|
Aperture Size = 60.00 pm  Time :11:55:08
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Mag= 10.00KX  Signal A = SE2 Date 118 Feb 2007
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b)

Tip1
MAG: 10000 x  HV: 15.0 kv WD: 8.6 mm

d)

Figure 8. a) SEM image of a cross-section of hot cracks in Alloy 152 weld metal illustrates the relation-
ship of the white phase to hot cracks. b), c), and d) Hot crack fracture surface of Alloy 152 weld metal
shows the brittle nature of the lamellar white phase and high enrichment of Nb to the white phase.
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Signal A=0BSD  Spaci oA
Mag= 100KX  Aperure Size=1200pm  Time:11:0601
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MAG: 15000 x HV: 15.0 kV WD: 9.2 mm

Figure 9. SEM images of weld hot cracking in the Alloy 52 weld metal of mock-up 2 after Varestraint
testing with 4% augmented strain; a) crack cross-section b) fracture surface and c) fracture surface
X-ray element map and EDS analyses revealing the dendritic phase of TiN(C). Separate MnS patrticles
were also present based on observed elements.

Total crack lengths (TCL) of Alloy 182 of mock-up TV and mock-ups 1, 2 and 3 are shown in Figure
10 a) and maximum crack lengths (MCL) in Figure 10 b), as welded and with augmented strains of
0.5%, 1%, 2%, 3% and 4%. The legend labelling is “Case, tension side, filler metal.” Table 3 presents
a summary of the Varestraint test results for the pure Ni-base alloy weld metals after 4% augmented
strain (see Table 1 and Figure 3).

22



2. Characterization of the nickel-base alloy weld metals

50
—e—Mock-up TV, root, 182

45

—=— Mock-up 1, root, 152
40 4

Mock-up 2, root, 52
35 -
=*=Mock-up 3, root, 152
30 /
25 /
20

. A

Augmented strain [%)]

a)

Total crack length [mm]

——Mock-up TV, root,182

/ —=— Mock-up 1, root, 152

6,5
6 / Mock-up 2, root, 52

55
/ == Mock-up 3, root, 152

Maximum crack length [mm]
s oo

o o ‘ ‘ ‘ ‘ ‘
0 1 2 3 4 5 6 7
Augmented strain [%)]

b)

Figure 10. a) Total crack lengths (TCL) and b) maximum crack lengths (MCL) as a function of
augmented strain for the four mock-up dissimilar metal weld samples following Varestraint testing.

For comparison, in the ERIPARI project pure Alloy 82 weld metal hot cracking took place only at
higher heat input (Q = 9.4 kJ/cm). The hot cracks formed were markedly oxidized, probably because
of the high heat input and also because of segregation to the final melt. SEM image and X-ray element
maps of cross-sections of hot cracks in that material also exhibited a strong Nb segregation, but less
marked Si, P and Ti segregation to the dendrite boundaries at the hot crack tip. Nb- and Ti-rich
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2. Characterization of the nickel-base alloy weld metals

particles, Nb, Ti(C, N), were also clearly visible (Ti content of Alloy 82 is 0.34 wt.-%). For more
details, see Hanninen et al. [5, 6]

Table 3. Summary of Varestraint tests made for pure Ni-base alloy weld metals using an augmented
strain of 4% and heat input of 4.7 kd/cm. For Alloy 82 a 9.4 kJ/cm heat input was also applied.

Alloy 182 TCL =19.3 mm / 2nd test -> cracks
Alloy 82 (Q=4.7 kJ/cm) no cracks / 2nd test -> no cracks
Alloy 82 (Q=9.4 kJ/cm) TCL =32.9 mm

Alloy 152 TCL =19.7 mm / 2nd test -> cracks
Alloy 152M TCL = 8.1 mm

Alloy 52 no cracks / 2nd test -> no cracks
Alloy 52M TCL = 3.1 mm / 2nd test -> no cracks
Alloy 52MS no cracks / 2nd test -> no cracks

Hot cracking occurred along the dendrite boundaries and the susceptibility to hot cracking in the dis-
similar metal weld mock-up samples was observed to follow the order: Alloy 152 > Alloy 52 > Alloy
182 > Alloy 82. In pure weld metal hot cracking tests the susceptibility was observed to follow the
order: Alloy 182 > Alloy 152 > Alloy 52 > Alloy 82. The differences between these two test types are
thought to be related to dilution effects, because Fe, Si, and C enhance the eutectic phases and expand
the solidification temperature range.

2.1.2 Weldability of Ni-base materials

Weldability of the studied Ni-base materials was evaluated based on the results obtained with various
mock-up welds of real components or anticipated weld designs of future plants and weld metals of
different chromium contents. The susceptibility to hot cracking was examined based on the Varestraint
test results by ranking the materials. The mechanistic understanding of the hot cracking susceptibility
of Ni-base weld metals is still largely missing and careful metallurgical studies of the solidification
mechanisms were carried out by a modern FEG-SEM/EDS instrument. Marked segregation of alloy-
ing elements such as Nb, Si, P and Mn to the last liquid to solidify at dendrite boundaries was ob-
served and in Nb-bearing alloys an eutectic Nb-rich Laves phase (white phase), (Ni, Cr, Fe),(Nb, Si,
Mn, P, Ti), formed in the interdendritic regions containing Nb as much as 15-30 wt.-%. The formation
of the Laves phase is probably enhanced by the presence of Si, Mn and P, which are also markedly
segregated to the white phase and/or interdendritic areas. Solidification cracking occurs during the
terminal stages of solidification, when a liquid film is distributed along the interdendritic regions as a
continuous film and the shrinkage strains across these boundaries cannot be accommodated. The solid-
ification temperature range and morphology of the interfacial liquid are the primary factors controlling
the solidification cracking susceptibility. Solute redistribution affects the solidification temperature
range and amount of terminal liquid (small amount of terminal liquid is most detrimental).
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2. Characterization of the nickel-base alloy weld metals

Minor variations in Nb, Si, and C content in Ni-base alloys have a strong influence on the solidifica-
tion temperature range, type and amount of secondary phases, which form during terminal stages of
solidification and affect the solidification cracking susceptibility. These alloy additions decrease the
liquidus and solidus temperatures and increase the solidification temperature range, Nb being most
effective in this. Of the two types of the eutectic-type constituents, y/NbC (or TiN(C)) and y/Laves,
known to form as the Ni-base alloy welds solidify, the y/Laves constituent is more deleterious in terms
of hot cracking, as it forms at a lower temperature and thus extends the solidification temperature
range. In dissimilar metal welds the studied alloys are used to join low alloy steels to stainless steels
and due to dilution the weld metal can become significantly enriched in Fe, Si, P, S and C, which may
significantly change the solidification behavior and associated cracking tendency. It is known that Fe
additions to Nb-bearing Ni-base alloys promote the formation of y/Laves constituent and Si addition
has similar effect. Niobium addition promotes higher amounts of total eutectic and both eutectic-type
structures (Laves and NbC) are highly enriched in Nb [11-14].

2.1.3 ATEM study of solidification cracking

Analytical transmission electron microscopy (ATEM) was carried out on some of the hot cracks found
in the Alloy 182 weld metal of mock-up TV after Varestraint testing. The ATEM studies were initiat-
ed in order to try to further characterize the white phase ahead of the hot cracks that had been observed
in FEG-SEM. The goal was to target the region of the phase in question, preferably at the tip of a hot
crack, to better understand the reason for hot cracking.

The crack tip was targeted by utilizing special specimen preparation methods. The cracks were first
back-filled with a low-viscosity M-Bond epoxy and then metallographic cross-sections were made of
them. Thin slices were made which contained crack cross-sections. Pieces containing individual crack
tips were excised from the slices, and then epoxy-bonded to copper supporting rings in order to pre-
vent further crack opening with subsequent material removal. A Gatan Dimpler was used to mechani-
cally pre-thin through the epoxy coating on both sides at the target location. Finally, electropolishing
was used to complete thinning of the specimen to electron transparency, utilizing a 20% perchloric
acid/methanol solution at -35 °C and 15 V.

The second phase particles observed in SEM were rather large for proper examination with TEM,
particularly for electron diffraction methods. Nonetheless, TEM did enable accurate compositional
analyses to be made of the second phases using energy dispersive X-ray spectroscopy (EDS), while
also giving important contextual information regarding the microstructure around the particles. Based
on ATEM examinations, it would seem that two basic kinds of phases are present in the material.
There are particles with a distinctly different crystal structure and a clear boundary with the surround-
ing matrix, as well as regions having diffuse boundaries, but dramatic compositional variability as
compared to the bulk material.

The particles having their own crystal structure and distinct phase boundaries were of two basic
types: there were diamond-shaped ones of uniform size of about 1 um across that were typically high
in Mn, Cr, Ti and Al, and there were more rounded, abstractly-shaped ones principally comprised of
Nb with some Ti. An example of the latter is shown in Figure 11.
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Figure 11. a) Rounded-shaped phase ahead of the hot crack tip, with a composition of 90Nb-2Ti-3Ni-
3Cr-1Fe (wt.%). b) Diffraction pattern and dark field image of the phase shows that it is a distinctly
different phase.

The measured composition of the particle was (wt. %) 90 Nb and 2 Ti, with 3 Ni, 3 Cr and 1 Fe per-
haps coming from the matrix contribution to the spectrum. The abstract shape of the particles suggests
that they formed from the melt, so they are primary particles. As shown Figure 11 b), the diffraction of
the particle was isolated from that of the matrix, enabling dark field imaging. This shows that it is a
distinctly different phase. An example of the diamond-shaped particles is shown in Figure 12.

Figure 12. A diamond-shaped phase ahead of the hot crack tip with composition of 51Mn-16Cr-11Ti-
6Al-9Fe-4Ni (wt.%). Note the misfit dislocations around the particle.
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2. Characterization of the nickel-base alloy weld metals

In the example shown, the measured composition included (wt. %) 51 Mn, 16 Cr, 11 Ti, and 6 Al,
with 9 Fe and 4 Ni perhaps coming from the matrix. Noteworthy are the dislocations around the parti-
cle, which are due to misfit strains and stresses.

The regions of diffuse dendrite boundaries are large, and their composition varied dramatically.
They often included or surrounded one or more of the aforementioned particles. The collages in Figure
13 and Figure 14 show two of these regions, together with compositions in particular locations within
them.

54Ni-14Cr-14Fe-
10Nb-7Mn

40Nb-37Ni-9Cr-
9Fe-5Mn

Figure 13. Wide region of the diffuse dendrite boundary ahead of a hot crack tip shows varying composi-
tion and these regions include or surround one or more of the particles shown in Figures 11 and 12.

In Figure 14 it is evident that they are significantly enriched in Nb and Mn and possibly Ti and Al. In
this case the core is rich in Al and Mn, the interphase is Ti-rich and the outer shell is rich in Nb. The
large phase regions also had a high dislocation density within them and around them, which is an indi-
cator of significant residual strains.
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Figure 14. Wide region of the diffuse dendrite boundary ahead of the hot crack tip shows varying com-
position and these regions include or surround one or more of the particles shown in Figures 11 and
12. Note the high dislocation density on the diffuse dendrite boundary.

Selected area diffraction of the large phases did not show marked difference from the lattice of the
matrix. As shown in the images of Figure 15, the boundaries of those regions seem to be principally
distinguishable due only to a thickness variation between the boundary region and the matrix.

One possible reason for this would be that the Nb enrichment may alter the electropolishing proper-
ties locally. As shown in Figure 15, the dislocations are common to both regions of the boundary and
the matrix, meaning that they share the same crystal lattice. The combination of a single lattice but
marked composition changes suggests that the diffuse boundary regions most likely represent the eu-
tectic phase.

The results summarized above indicate several things about the Alloy 182 weld metal of the mock-
up. Firstly, the Nb- and Mn-rich particles probably formed from the melt, with some being incorpo-
rated into the solidifying matrix individually. As dendrites grew, the remaining liquid ahead of the
solidification front was enriched in the alloying elements, particularly Nb and Mn, ultimately solidify-
ing as a mixture of Nb-Ti and Mn-Ti-Al phase particles as well as a Nb-rich eutectic. Although Laves
phase was not specifically sought in the studied ATEM samples, it was reportedly found in the FEG-
SEM examinations that covered much larger volumes of materials, so could conceivably also be a
consitutent in regions similar to those studied by ATEM. Perhaps most importantly, a high density of
dislocations existed in and around the eutectic/particle mixture, while the eutectic still shared the aus-
tenite lattice of the matrix.
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Figure 15. a) Diffuse dendrite boundary ahead of the hot crack tip shows marked compositional
changes but no crystallographic lattice differences. The boundaries are distinguishable due to a thick-
ness variation between the boundary region and the matrix. b) Dislocations are common to both matrix
and the boundary region so they share their crystal lattice in spite of the Nb enrichment. c) Eutectic
regions have a high dislocation density and d) they show the same diffraction pattern with the matrix.

The combination of the TEM results and the SEM results suggests that the hot cracking has occurred
in the interdendritic eutectic mixture. The primary Nb- and Mn-rich phase particles within the mixture
probably served as stress concentrators, but the separation was most likely occurring within the eutec-
tic itself. The eutectic had similar crystallography to the matrix, but with its more complex composi-
tion it probably had a different exact lattice parameter and phase stability, which contributes to the
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residual strain accumulation upon further cooling. It would seem conceivable that those residual
strains may promote cracking in service, if they are associated with a sufficiently high residual stress
component.

2.1.4 Differential scanning calorimetry of weld metals

The pure weld metals of alloys 182, 82, 152 and 52 were studied with differential scanning calorime-
try (DSC) (Netzsch Model STA 449 F1 Jupiter) for determining their solidification temperature ranges
and precipitation reactions during cooling (40°C/min) to room temperature. The DSC technique in-
volves measurement of the heat absorbed/released during the solidification/melting or during the phase
transformation in the solid state depending on whether the transformation reaction is endothermic or
exothermic. Figure 16 shows the dynamic DSC curves for cooling from the melt to 400°C for the four
studied weld metals. The solidification temperature ranges obtained in these first measurements for the
studied alloys are the following:

-Alloy 182 21°C
-Alloy82  40°C
- Alloy 152 53°C
-Alloy52  47°C.

Only Alloy 82 (highest Nb content) shows a peak at 1137°C which can be related to Laves phase for-
mation. In the solid state region the low-temperature peaks, 700-765°C, are similar for all alloys and
are obviously related to Cr-carbide precipitation (exothermic peak). Other explanation for these peaks
is due to the ordering reaction taking place resulting in Ni,Cr short-range order in the studied alloys.
The endothermic peak at 885°C is present only in Alloy 182 and 152 and the other endothermic peak
at 945°C is different for Alloy 152 (double peak) but similar for the other weld metals. The origin of
these peaks is not clear yet.
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Figure 16. DSC diagrams for cooling (40°C/min) from the melt to below 400°C temperature for the
studied weld metals: a) Alloy 182, b) Alloy 82, c) Alloy 152, and d) Alloy 52.
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The cooling rate of the real weld metal solidification is much higher than was used in DSC measure-
ments, and in multi-pass welding, re-melting is also important. For understanding the effects of cool-
ing and heating rate as well as liquation cracking in these weld metals, the experiments were also run
with other speeds. The samples (weight range 55-95 mg) were heated up in an argon atmosphere to
1450°C at the rate of 40°C/min. The cooling down to 1000°C was made either at 5 or 20°C/min. Then
the samples were heated again to 1450°C at the rate of 5 or 20°C/min and finally cooled down to room
temperature at the rate of 40°C/min. Figure 17 shows the dynamic DSC curves for cooling (20°C/min)
from the melt to 1000°C and heating (20°C /min) back to the melt. The obtained solidification temper-
ature ranges are shown in Figure 18 and the corresponding melting temperature ranges in Figure 19. It
is obvious that depending on the cooling rate the solidification temperature ranges vary markedly.
Additionally, in heating the melting temperature range is at higher temperatures, and the melting tem-
perature ranges themselves for each allow are narrower than are the solidification temperature ranges
during cooling. These findings correlate qualitatively with the hot cracking susceptibility of the pure
weld metals in Varestraint testing, i.e., Alloy 182 is more susceptible than Alloy 82 and Alloy 152 is
more susceptible than Alloy 52.

In the literature there are some trials to determine the solidification temperature ranges for the stud-
ied alloys, and in all studies different cooling or heating rates have been used. For example, Wu et al.
[8] measured the solidification temperature ranges for Alloy 82 and 52 as well as Alloy 690 by DTA
analysis (cooling rate 5°C/min), and obtained 44°C, 13°C and 12°C, respectively. According to their
hot cracking testing results the hot cracking susceptibility for these alloys followed the same decreas-
ing order. Young et al. [15] measured the melting temperature ranges for some alloys and obtained in
heating the following results: Alloy 52 (40°C) and Alloy 82 (59°C). Thus, it is obvious that the results
are different between different studies because of varying weld metal compositions as well as cooling
and heating rates. Also the result is different when measured in either the solidification or melting
direction.
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Figure 17. DSC diagrams for cooling (20°C/min) from the melt to 1000°C and subsequent heating
(20°C/min) back to the melt for the studied weld metals: a) Alloy 182, b) Alloy 82, c) Alloy 152, and
d) Alloy 52.
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Figure 18. The solidification temperature ranges in cooling (20°C/min) from the melt for the studied
weld metals.
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Figure 19. The melting temperature ranges in heating (20°C/min) from 1000°C for the studied weld
metals.

2.2 Liquation cracking and ductility dip cracking

Liquation cracking occurs in parent material or in the underlying weld bead adjacent to the fusion
boundary when a susceptible material is welded. In multi-pass welds such cracking is called “micro-
fissuring” or “under-bead cracking,” because the cracks are typically small and located adjacent to the
inter-pass fusion boundary in the previously deposited weld metal. Such cracking is very similar to
solidification cracking, namely that there is a temperature range close to the solidus temperature where
the metal has cohesion but it is completely brittle. The cracking takes the form of micro-cracks typi-
cally 0,1-0,5 mm in length.

In nickel-base alloys liquation cracks, or fissures, are typically narrow, linear intergranular separa-
tions that are perpendicular to weld travel. Grain boundary liquation is the proposed mechanism that
causes fissuring. Grain boundary liquation occurs when a phase or particle or segregation causes the
grain boundary to melt locally at a temperature below the bulk melting point. Because the liquated
grain boundary (liquid film) has practically no strength, separation at the liquated grain boundary can
occur, causing the fissure. Constitutional liquation occurs when a second phase particle, (e.g. MC car-
bide rich in Ti or Nb) begins to dissolve during non-equilibrium, or rapid, heating and forms an inter-
mediate phase with the matrix, which has a solidus temperature that is lower than that of either the
second-phase particle or the matrix. Chemical segregation at the grain boundaries can also cause the
grain boundary liquation. Elements such as S, B, Mn, P and Nb that form low melting point eutectics
can contribute to HAZ fissuring.

In Figures 20-22, transverse sections of cracks found in Varestraint specimens propagating into
HAZ are presented. In this study liquation cracking markedly affected the crack depth when hot cracks
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were formed in 4-point bend specimens for subsequent crack initiation testing in doped steam condi-
tions. The small hot cracks produced were much larger than intended, and grew below the Varestraint
weld bead into the underlying weld metal, negatively affecting the success of the EAC testing. How-
ever, no extension of these liquation cracks in any of the test samples was observed following sub-
sequent autoclave EAC testing, Figure 23 (see also Chapter 4.3).

imm EMT = 1000 kV Mag= 28X Signal A = SE2 Date 21 Feb 2007
y_‘h_ﬂ?rupL 01nt WD = 39 mm Aperture Swe * 6000 pm  Time §1118

Figure 21. Liquation cracks after Varestraint test in pure Alloy 82 weld metal.
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Figure 22. Cross-section of the mock-up 2 weld after Varestraint test showing extensive liquation
cracking.

Ductility dip cracking (DDC) is a solid-state phenomenon leading to a situation where a number of
alloys may be embrittled (ductility and tensile strength drop sharply) within a specific temperature
range. DDC is typically associated with the welding of heavy sections with high restraint conditions
and large grain size commonly encountered in critical high-pressure steam, nuclear, and power genera-
tion applications. Therefore, welding of susceptible alloys should be limited to welding conditions
minimizing shrinkage stresses/strains during cooling. DDC susceptibility is quantified by the ductility
dip temperature range (DTR) and the threshold strain (Eni,) for cracking to occur, Figure 24. DDC
occurs intergranularly along the migrated grain boundaries in the weld metal, and does not exhibit a
clear dendritic appearance. Thus, the DDC has a different mechanism of formation as compared to
liquation cracking. DDC can be thought to be a form of elevated temperature creep failure that occurs
rapidly at temperatures above the normal creep regime. Cracking is most prevalent in weld metals
where local pinning is not preventing grain boundary sliding. The mechanism for DDC is still not fully
understood, but it is believed to be either caused by the grain boundary segregation of P and S or relat-
ed to partially coherent M»;Cq carbide precipitation on grain boundaries, with the large misfit between
the carbide and the matrix creating high local stresses/strains between the carbides leading to cracking
along the grain boundary.
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Tmm EHT = 20.00 kv Mag = 50X Signal A = BSD Date :27 Jan 2010

Date :26 Jan 2010
TU1 39 D24 WD =288 mm Aperture Size =1200um  Time :113:11:22

BSD.
Aperture Size = 120.0 ym__ Time :11:28:22

a) b)

1 mm EHT = 15.00 kv Mag= 58X Signal A = BSD Date :26 Jan 2010
x|"L,12 40 04.4f WD = 18.9 mm Aperture Size = 1200 pm Time :13:40:27

c)
Figure 23. Cross-sections of the mock-ups after Varestraint and doped steam test conducted on the

root side of the DMW, a) mock-up TV, b) mock-up 1 and c) mock-up 2. The specimens did not show
any crack growth during doped steam tests.
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Figure 24. Schematic presentation of elevated temperature cracking susceptibility. Note that the ductil-
ity dip cracking temperature range (DTR) is separate and distinct from the brittle temperature range
(BTR) where solidification and liquation cracking occur [17].

The weld metal evaluated in this study for DDC susceptibility was Alloy 182, using AlSI 304 steel as
a base metal. The test samples consisted of a modified "dog bone" tensile specimen design. Prior to
cutting the samples from the plate material, welds were made in the groove, Figure 25 a). Once weld-
ing was completed the samples were cut from the plate such that the weld was located in the middle of
the reduced gauge section of the test specimen (i.e. so it consists fully of the weld metal), Figure 25 b).
A cross-section of the weld before machining to the final dimensions is shown in Figure 26 a)
and examples of specimens with the final dimensions are shown in Figure 26 b). The use of a modified
dog-bone tensile specimen design helped to concentrate both the strain and temperature to the reduced
gauge section during the DDC testing. Samples were tested using a 25 kN MTS 858 tensile test ma-
chine equipped with a MTS High-Temperature furnace 653.02. Four tensile specimens were tested.
The test cycle was made by simulating the Gleeble STF testing procedure of Nissley et al. [17]. Test-
ing was performed in a chamber surrounding 10 cm of the middle section of the sample, Figure 27.
For minimizing oxidation of the sample pure argon gas was streamed into the chamber at 10 I/min. A
schematic of the test cycle is shown in Figure 28. The sample was first heated up to the testing tem-
perature of 1000 °C at 75 °C/min. After reaching the test temperature the samples were held for 10
seconds, and then strained to 4% target strain at a strain rate of 0,6 mm/s in order to produce DDC.
The samples were held at the test temperature under the applied strain for another 10 s before releasing
the load and letting the furnace cool back to room temperature. Temperature data was recorded using
thermocouples positioned in the reduced gauge section of the sample.
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Fillet
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| (Base Metal) (Filler Metal) g
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b)

Figure 25. a) Schematic view of the groove in AISI 304 steel plate. b) Schematic view of the plate after
welding, and cutting of the tensile test sample.
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8 mm

180 mm

4 mm

Figure 26. a) Cross-section of the weld, before machining of the tensile specimens. b) As-finished
tensile specimen geometry.
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Temperature
measurement

Figure 27. Testing equipment for DDC testing.
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(11000 °C)
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Figure 28. Schematic presentation of the test cycle.
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In these tests no indications of ductility-dip cracking of the test specimens were observed at the strain
applied, Figure 29. The reason was that part of the strain took place in the AISI 304 steel extension
material, so the true amount of strain in the gauge length was less than the desired strain. The argon
gas shielding intended to prevent oxidation was also insufficient, and severe oxidation occurred on the
surface of the test specimen. Tests are to be continued with revised test specimen geometry and im-
proved gas shielding.

Figure 29. Alloy 182 test specimen surface after a DDC test at 1000°C up to 4% of plastic strain. No
indications of DDC cracks are visible.

2.3 Weld defects

Most of the indications of weld defects observed in the metallographic examinations were small pores
distributed randomly over the cross-section of the metallographic samples or arranged in lines along
the grain boundaries or boundaries between the welding passes (etched secondary phases may also be
a possible reason for this), Figures 30 a, b, ¢. Typical weld defects such as short intergranular cracks
and large voids were found only in Alloy 52, along grain boundaries, Figure 30 d.
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c) d)

Figure 30. Microstructures and weld defects of the weld metals of Alloy 182 a), 82 b), 152 c¢) and 52 d)
in as-welded condition.

A remarkable observation was that three specimens (in parenthesis in Table 10) showed large cracks
visually after loading within a few days delay in air before exposure to the doped steam. These speci-
mens were not exposed to the doped steam tests and their metallographic study revealed large slag
inclusions, which caused the delayed cracking in air after loading, Figure 31 and 32. The outer surfac-
es and fracture surfaces of these specimens were studied with SEM and details of the larger and small-
er slag inclusions are shown in Figures 32 and 33. The composition of the slag shows high amounts of
Ca, Si, Al, Mg, ClI, etc. The original idea of the doped steam test was also to simulate the local chemi-
cal conditions when a weld metal is exposed to the high purity environment and the slag inclusions of
the weld metal dissolve and change locally the chemical conditions on the surface of the material.
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Figure 31. Sample TV (Alloy 182) dissimilar metal weld sample showing delayed fracture in air after
loading a) top view, b) side view.
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d) e)

Figure 32. Fractography of delayed fracture observed before autoclave testing of Sample TV (Alloy
182) dissimilar metal weld showing that the whole fracture surface consists of slag, a) and b), and the
composition of the slag is shown in c). d) and e) show details of the slag covered fracture surface of
the delayed fracture sample.
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e) f)
Figure 33. a)—f) Small weld defects (<1 mm) on the outer surface of Sample N33 (AISI 347 and Alloy

82 dilution zone) [5] caused by small slag inclusions show slag inside the defects and the surfaces of
the defects are rough consisting of broken slag film.
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In most of the specimens after loading in four-point bending to 1-1,1% strain small weld defects be-
came visible but after various exposure times the visible small weld defects did not grow further and
the EAC crack initiation and the final fracture always took place in the middle of the specimens with-
out any observable weld defect interaction. Figure 34 shows an example of an Alloy 82 sample (spec-
imen 9) where small weld defects, which opened as a result of initial loading and gave small liquid
penetrant test indications, did not grow during the EAC testing intervals. It was concluded that none of
these small indications were observed to grow during the EAC testing of any alloy weld metal sam-
ples.

Figure 34. Pure Alloy 82 specimen (specimen No. 9) prior to the exposure and after 750 h exposure to
the doped steam. The weld defect opened when the specimen was loaded does not grow further in
doped steam and the final fracture takes place in the middle of the specimen without any connection
to the weld defect.

In many cases the small weld defects which opened in loading had a rounded form and they did not
seem to contain any slag. Figure 35 shows an EBSD study of a common weld defect of the size which
corresponds to the weld defect observations on the surfaces of the 4-point bend specimens. EBSD
study of such regions showed annealing twins inside the defect microstructure, which do not exist in
the solidified weld metal microstructure. Based on this it is concluded that the defect consists of an
unmelted welding wire tip. This type of weld defect forms when the TIG filler metal wire is melted
behind its tip first and drops into the weld pool, and the tip of the wire stays unmelted. The local mis-
orientation EBSD map on the right side shows that in the region of the defect local elevation of the
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residual plastic strain is present, especially on the boundaries between the defect and the solidified
weld metal. The boundary shows a welding defect (dark irregular linear feature) and it is expected to
be weak, and probably opens when loaded. Many of the small defects observed as liquid penetrant test
indications on the surfaces of 4-point bend test samples consisted of opened boundaries of this type of
weld defect.

Figure 35. A weld defect in Alloy 82 weld metal of “Neste” mock-up DMW sample [1], where unmelted
tip of the TIG filler metal wire is surrounded by the melted and solidified weld metal. On the left is an
EBSD IPF map and on the right a local misorientation map. The location of the defect in the DMW is
marked by an arrow.

2.4 Effects of dilution on weld metal composition

The chemical compositions across the dissimilar metal weld mock-ups were determined using quanti-
tative SEM/EDS line scan analysis. The line scan analyses were performed with 0.5 mm steps along
three lines, i.e., at about 0.5 mm from the weld root, at mid-thickness, and close to the weld crown.
Additionally, the composition of the fusion line area at the weld root was determined using 3 um step
line scan analysis. The results are presented in Figures 36-42. A summary of the results of the line
scan analyses across the weld root is presented in Table 4. In Table 4, the average of the spot analyses
performed within each material, i.e., base material (BM) or cladding, buttering and weld metal is pre-
sented. The dilution is also presented, taken as the difference between the measured average and nom-
inal composition for each of the elements. The results show dilution of the elements resulting in a re-
duced amount of nickel and chromium and an increased amount of iron in the solidified weld metal as
compared to the nominal composition of the weld filler material. The largest dilution is observed in
welds without buttering. As expected, the amount of dilution is dependent on the difference between
the compositions of the materials to be welded. It is highest in mock-up 2, where two stainless steel
materials are welded using Alloy 52 filler material.
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c)

Figure 36. SEM-EDS profile across the weld root at a distance of 0.5 mm from the surface (a), mid-
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a)

b)

c)

Figure 37. SEM-EDS profile across the weld root at a distance of 0.5 mm from the surface (a),
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Figure 38. SEM-EDS profile across the weld root at a distance of 0.5 mm from the surface (a),
mid-thickness (b) and close to the crown (c) of mock-up 2.
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Figure 39. SEM-EDS profile across the weld root at a distance of 0.5 mm from the surface (a),
mid-thickness (b) and close to the crown (c) of mock-up 3.
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Table 4. Summary of Cr, Ni and Fe in the different weld metals based on results from performed line
scan analyses across the weld root. The dilution also presented, taken as the difference between the
measured and nominal composition for these elements.

Chromium content
Inconel 600 Inconel 182 Inconel 182
mock-up TV BM weld butter AISI 308 clad
nominal 16.3 15.7 15.7 20.0
measured av. 16.8 16.5 17.0 19.4
difference 1 1 1 -1
mock-up 1 AISI 308 clad Inconel 152 AISI 316NG BM
nominal 20.0 28.7 17.5
measured av. 19.4 27.3 17.6
difference -1 -1 0
mock-up 2 AISI 308 clad Inconel 52 AISI 316NG BM
nominal 20 29.2 17.5
measured av. 19.9 245 17.6
difference 0 -5 0
Inconel 152 Inconel 52 SA 508
mock-up 3 Inconel 690 Inconel 152 butter butter BM
nominal 29.5 28.7 28.7 29.2 0.2
measured av. 30.2 29.7 29.3 26.5 0.3
difference 1 1 1 -3 0
Nickel content
Inconel 600 Inconel 182 Inconel 182
mock-up TV BM weld butter AISI 308 clad
nominal 72.9 68.0 68.0 10.0
measured ave. 70.2 64.8 52.2 10.7
difference -3 -3 -16 1
mock-up 1 AISI 308 clad Inconel 152 AISI 316NG BM
nominal 10.0 55.2 12.5
measured ave. 11.6 41.5 10.3
difference 2 -14 -2
mock-up 2 AISI 308 clad Inconel 52 AISI 316NG BM
nominal 10.0 59.28 12.5
measured ave. 10.5 36.8 10.6
difference 1 -22 -2
Inconel 152 Inconel 52 SA 508
mock-up 3 Inconel 690 Inconel 152 butter butter BM
nominal 59.8 55.2 55.2 59.3 0.6
measured ave. 59.6 53.8 52.9 50.2 1.1
difference 0 -1 -2 -9 1
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Iron content
Inconel 600 Inconel Inconel 182
mock-up TV BM 182 weld butter AISI 308 clad
nominal 9.4 6.7 6.7 67.8
measured ave. 9.5 7.1 18.1 67.3
difference 0 0 11 -1
Inconel
mock-up 1 AISI 308 152 AISI 316NG
nominal 67.8 10.4 68.6
measured ave. 65.4 26 67.6
difference -2 16 -1
AISI 308 Inconel
mock-up 2 clad 52 AISI 316NG
nominal 67.8 9.8 68.6
measured ave. 66.6 35.6 67.7
difference -1 26 -1
Inconel Inconel 152 Inconel 52 SA 508
mock-up 3 Inconel 690 152 butter butter BM
nominal 9.9 104 10.4 9.8 97.7
measured ave. 9.7 12.1 11.6 20.7 97.4
difference 0 2 1 11 0

2.5 FEG-SEM EBSD study of the weld metals

Residual plastic strain is known to increase the susceptibility to stress corrosion cracking (SCC) in
austenitic stainless steel power plant pipe welds. The distribution of the residual plastic strain is ex-
pected to also be very important in Ni-base alloy weld metals and their HAZ. Studying the amount and
distribution of plastic strain in the weld metals produced with different welding procedures using high
spatial resolution is essential. Electron backscatter diffraction (EBSD) is an ideal method for that,
since it is well accommodated to study relatively large samples and wide areas typically needed when
studying welds. When needed, local areas can be examined with high spatial resolution and the results
can be related to the local microstructure, which is not generally possible when studying the plastic
strain with other methods. EBSD can be used to map the strain qualitatively in the form of different
EBSD maps capable of revealing the variation of dislocation density and microstructure in the studied
area. The use of EBSD in quantitative strain measurement is still in a development phase. The amount
of orientation spread or the average intra-grain misorientations (IGM) can be correlated to the strain
via a calibration curve by measuring the IGMs from tensile test samples deformed to various known
degrees of strain. Experimental calibration curves have been constructed for strain measurement for
austenitic stainless steels, but not yet for Ni-base alloys. The purpose of the present study was to
demonstrate the possibilities of EBSD to both characterize the microstructure and to estimate qualita-
tively the residual plastic strain distribution of the studied Ni-base alloy dissimilar metal welds
(DMW), employing the tools readily available in a commercial EBSD software (Oxford Instruments
Channel 5). The misorientations present in the grains caused by plastic deformation can be calculated
in different ways. Typically, in the EBSD applications misorientation of 10° between the measuring
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points is used as the value to separate grains. In the materials forming twin boundaries the grains can
be defined either regarding or disregarding the twin boundaries as normal grain boundaries. The intra-
grain misorientation measurements of AlISI 304 power plant pipe steel have shown that the increase in
the intra-grain misorientation (IGM) is almost linear with increasing strain, and this can be qualitative-
ly expected also for Ni-base alloys and their weld metals.

A Zeiss Ultra 55 FEG-SEM equipped with Nordlys Il camera and Channel 5 software from Oxford
Instruments was used for the EBSD studies. Acceleration voltage was 20 keV. The samples studied by
EBSD were polished mechanically to 1 um diamond paste finish, and as a final step they were pol-
ished electrolytically in order to remove the residual strains caused by sample preparation. The elec-
trolyte consisted of 78 ml perchloric acid, 120 ml distilled water, 700 ml ethanol, and 100 ml buthyl-
glycol. The studied materials were the DMWs presented in Figure 1, described in more detail in [5, 6].

In Figures 43-49 the microstructures of the different areas of the weld roots of the DMWs are pre-
sented. Plastic strain can be depicted in many different ways using EBSD. Specially designed map
components for showing the distribution of strain are typically included in the EBSD software. How-
ever, even in the basic kind of maps the signs of different amounts of deformation can be detected. In
the figures where the pattern quality in the austenite phase is shown, the grain boundaries are shown
black and twin boundaries yellow. The different amounts of deformation can be seen in the local miso-
rientation map figures based on the color key (amount of strain increasing from blue to red). In the
areas near the root of the welds and in the HAZ, a high degree of deformation can typically be seen.
This can be confirmed from the corresponding local misorientation maps especially designed to show
the variation of deformation in the map areas.
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2. Characterization of the nickel-base alloy weld metals

Figure 43. Microstructure of the mock-up TV DMW root, where Alloy 182 weld metal is in the middle,
Alloy 600 safe end is on the right, and Alloy 182 buttering is on the left. The pattern quality maps of a)
and c) show the distribution of the grain size and grain form. The yellow lines in Alloy 600 show the
twin boundaries inside the grains. The local misorientation maps of b) and d) show clearly the local
concentration of higher strain (green color) in the areas of dendrite boundaries. In €) the inverse pole
figure (IPF) map shows also that inside the large grains, marked orientation differences are present.
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Figure 44. Details of the HAZ of Alloy 600 safe end of mock-up TV DMW are shown. The pattern quali-
ty map of a) shows the distribution of the grain size and grain form on both sides of the fusion line.
Alloy 600 has recrystallized and locally very small and very large grains are present. The yellow lines
in Alloy 600 show the twin boundaries inside the grains. The local misorientation map of b) shows
clearly the local concentration of higher strain (green color) in the HAZ and areas of dendrite bounda-
ries in the weld metal. In c) the inverse pole figure map shows also that inside the large grains marked
orientation differences are present.
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Figure 45. Details of the HAZ of Alloy 600 safe end of mock-up TV DMW are shown at higher magnifi-
cation. The pattern quality map of a) shows the distribution of the grain size in the HAZ where large
and small grains are present. Alloy 600 has recrystallized and locally very small and very large grains
are present. The yellow lines show the twin boundaries inside the grains. The local misorientation map
of b) shows clearly the local concentration of higher strain (green color) in the HAZ and areas of small
and large grains. In c) the inverse pole figure (IPF) map shows also that inside the large grains
marked orientation differences are present.
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c)

Figure 46. Details of Alloy 182 weld metal of mock-up TV DMW are shown at higher magnification.
The pattern quality map of a) shows the distribution of the grain size in the weld metal where very
large grains are present. Inside the grains large orientation differences can be seen based on the vari-
ation of the grey color. The local misorientation map of b) shows clearly the local concentration of
higher strain (green color) close to the grain boundaries in the weld metal. In c) the inverse pole figure
(IPF) map shows also that inside the large grains marked orientation differences are present.
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Figure 47. Microstructure of mock-up 1 weld root, where Alloy 152 weld metal is in the middle, AISI
316 NG safe end is on the left, and stainless steel cladding of the LAS is on the right side. The pattern
quality map of a) shows the distribution of the grain size and grain form. The yellow lines in AISI 316
NG show the twin boundaries inside the grains. The local misorientation map of b) shows clearly the
local concentration of higher strain (green color) in the areas of dendrite boundaries. In c) the inverse
pole figure (IPF) map shows also that inside the grains marked orientation differences and small angle
boundaries are present.
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Figure 48. Microstructure of mock-up 2 weld root where the Alloy 52 weld metal is in the middle, the
AISI 316 NG safe end in on the right, and the stainless steel cladding of the LAS is on the left. The
pattern quality map of a) shows the distribution of the grain size and grain geometry. The yellow lines
in AISI 316 NG show the twin boundaries inside the grains. The local misorientation map of b) shows
clearly the local concentration of higher strain (green color) in the HAZ in the stainless steel cladding.
In ¢) the inverse pole figure (IPF) map shows that also within the grains marked orientation differences
and small angle boundaries are present.
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5-ferrite areas

Figure 49. Microstructure of mock-up “Neste” root made for master thesis (see also Figure 54), where
AISI 347Si stainless steel cladding of LAS extends up to AISI 321 safe end [1]. Both buttering and
weld metal are Alloy 182, except the first two passes of the weld metal, which have been welded with
Alloy 82. Alloy 82 weld metal is in the middle and AISI 347Si is below. In addition to pattern quality and
local misorientation maps, an inverse pole figure (IPF) map can be seen where various crystal orienta-
tions are represented by different colors. The local misorientation maps show clearly the local concen-
tration of higher strain (green color) in the areas of the dendrite boundaries.

Comparison of the EBSD results to the ATEM observations confirms that the residual strains in the
weld metal are clearly higher in the grain and dendrite boundary regions. Additionally, residual strain
is high in the weld root regions and the HAZs of the dissimilar metal welds. The EBSD technique is
very efficient in showing the local misorientation gradients in the material, and in defining the grain
size and local differences in the grain size.

EBSD can be used to identify the phase structure of the weld metal. The white phase (e.g., Figure 4)
presumed to be a Laves phase in Alloys 182, 152 and 82 was analysed by EBSD. Laves phase com-
pounds AB, are formed with A being large ion radius rare-earth or transition metal (Sc, Si, Ti, V, Zr,
Nb, Mo Ta, W), while the B atoms with a small ion radius can be simple metal or transition metal (Cr,
Mn, Fe, Co, Ni, Mo, Tc, Ru, Rh). The crystal structure can be the cubic C15-MgCu, type, hexagonal
C14-MgZn, type or dihexagonal C36-MgNi, type [18, 19]. The size difference is necessary for the
stability of a Laves phase. The ideal size ratio of A and B atoms is 1.225. In the weld metal Laves
phase A and B atoms are typically not pure elements, but the mixture of several suitable elements of
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the weld metal (A = Si, Ti, V, Nb; and B = Cr, Mn, Fe, Ni). The crystal structure is typically either
C14 or C15 type. The controlling factors of the C14 or C15 stability are dependent on the average
electron concentration factor (e/a) and in which side, A or B rich side, of the stoichiometric composi-
tion the Laves phase is formed. The increasing e/a ratio favors the C14 structure. Typical EBSD pat-
terns of the weld metal matrix of Alloy 182 and the white phase can be seen in Figure 50. The EBSD
pattern of the matrix is typical for the symmetric cubic FCC structure. The pattern of the white phase
in Figure 50 b) is clearly not formed by a cubic crystal structure. Thus, the probable crystal structure
of the white phase is the hexagonal crystal type C14. To verify this, the simulated Kikuchi patterns of
the studied phase must be created. For this the lattice parameters, the space group and the Wyckoff
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Figure 50. Laves phase confirmation with EBSD for Alloy 182 hot crack tip (see Figure 4, characteriza-
tion of the nickel-base alloy weld metals). a) A typical EBSD pattern of the base material. b) An EBSD
pattern of the white phase. c) Another EBSD pattern of the white phase. d) The solution with the
formed Laves phase simulation.
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position of the atoms in the lattice must be known. The cell parameters were approximated by the
values (a = 0.476 nm, ¢ = 0.786 nm) taken from a study of Laves phase (Fe,Ni,Cr),(Nb,Si) in a
stainless steel [20]. The space group and the Wyckoff positions of the atoms were taken from the data
of Pearson’s Handbook for the structure type MgZn,. Figures 50 ¢) and d) show an EBSD pattern of
the white phase indexed against the formed simulated pattern. As can be seen the fitting is extremely
good. The pattern is indexed as a defined Laves phase even using up to 15 detected bands (not shown
in Figure 50 d) for clarity). Thus, the white phase found in the Alloys 182, 152 and 82 is the Laves
phase with the C14 type crystal structure.

The formation of the Laves phase results in a high degree of deformation in the base material close
to the Laves phase. This can clearly be seen in the SEM channelling contrast image of an area with
high concentration of the Laves phase, Figure 51. The cell structure formed by increased dislocation
content between the Laves phase strings can be seen. This can be further confirmed by the EBSD map
constructed with the identified Laves phase in the area of a high concentration of Laves phase seen in
Figure 51. Figure 52 shows an inverse pole figure EBSD map, in which the Laves phase is marked by
dark blue colour. It can be seen that along the approximately 2.5 um long line marked in the image,
the cumulative misorientation attains about 20°. The cell structure seen in Figure 51 can also clearly be
seen. In some areas even high angle grain boundaries and small grains are formed.

10um EHT =10.00 kv Mag= 300KX Signal A = BSD Cate 24 Jan 2011
won DAtE WoO = 8.0 mm Aparture Siza=1200pm  Time 13:35:47

Figure 51. A channelling contrast backscattered image of an area with a large quantity of Laves
phase. The clear cell structure in the base material between the Laves phase strings indicates a high
degree of deformation in the base material close to the Laves phase.
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Figure 52. a) Inverse pole figure map of the base material with respect to x-direction and the Laves
phase shown dark blue. The grain boundaries are marked by black lines. The misorientation line pro-
file marked in the map shows a high degree of lattice rotation in the base material close to the Laves

phase.

2.6 Residual stress measurements of the dissimilar metal weld
mock-ups

The Contour method is a relatively new, nonstandardised method for measuring two-dimensional re-
sidual stress contours destructively. The method is based on measuring displacements caused by relax-
ation of residual stresses on a cut surface. For the measurement, the sample to be studied is carefully
cut in two pieces (with a precise and low-stress cutting technique such as electric discharge machin-
ing). If the studied sample was free from residual stresses, the cut surfaces will retain their planarity.
However, if residual stresses existed in the cut surface, those stresses are now relaxed by the cutting
process and cause deviations from planarity on the cut surface. These deviations resulting from elastic
relaxation of residual stresses can be measured, e.g., by coordinate measurement machine and ana-
lyzed to calculate the residual stress contours. The main advantages of this method are the attainable
2-dimensional stress contour of the full cross-section of the residual stress component normal to the
cross-section and the robustness of solving the residual stresses from the measured surface displace-
ments. The contour method is very useful for studying and mapping residual stresses in thick-wall
fusion welds. The principle of the contour method is presented in Figure 53.
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Figure 53. The contour method measures the 2-dimensional, cross-sectional residual stress map. First
the part containing the residual stress is cut in two, and as residual stresses normal to the cut plane
are released by the cut, the part is elastically deformed. Then the free surface created by the cut is
forced back to its original flat shape. Assuming elasticity, superimposing the partially relaxed stress
state with the change in stress (when forcing relaxed cut surface back to its flat shape) will give the
original residual stress throughout the part. The superposition principle assumes elastic relaxation of
the material and that the cutting process does not introduce stress that could affect the measured
contour.

The method assumes, as with all relaxation techniques for residual stress measurement, that the relaxa-
tion of residual stresses occurs elastically and that the cutting does not induce stresses. In addition,
because the displacements are measured directly from the cut surface, it is assumed that the cut occurs
along a plane that was flat when the cutting started. This assumption requires that the sample is con-
strained from both sides, when the cut is made. The main error sources for this method are inadequate
constraint during the cutting, and possible stresses caused by the cutting. A more detailed description
of the contour method can be found online from (http://www.lanl.gov/contour/, [21]).

Dissimilar metal weld samples were WEDM cut and cut surfaces were measured by a coordinate
measurement machine. The sample types are documented in more detail by Hanninen et al. [5, 6] (see
also Figure 1) and the same sample designation is used here also. Measurement data from weld geom-
etry and microstructure (metallographic examination) and cut samples were used for the residual stress
analysis. The measurement data of cut samples had measurement anomalies near the starter hole used
to start cutting. Consequently, the analysis was limited to the section of the measured surface to re-
move any effect of the starter hole.

The cut sample was meshed using ElmerGrid software (http://www.csc.fi/elmer). The measurement
data was transferred to a finite element mesh by custom Trueflaw code. As is typical for the raw
measurement data from an WEDM-cut surface, the data contained significant measurement scatter.
This scatter includes the surface roughness induced by WEDM cutting as well as real measurement
scatter. The scatter was removed prior to stress analysis in order to achieve reliable results. The micro-
graphs from each sample were used for creating calculation mesh by tracing the material boundaries
and geometry visible in the micrographs. The measurement data was then applied to the generated
mesh and the residual stresses were solved.
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The removal of the scatter was facilitated by calculating the node loads used in the stress analysis as
an arithmetic average of all measurement dots within 2 mm of the node. This procedure has the effect
of smoothing out the data and thus removing the measurement scatter. The side effect of this proce-
dure is that the spatial resolution of the method is also decreased to a value corresponding approxi-
mately to the smoothing radius.

The finite element model was then solved using a custom-built version of the ELMER finite ele-
ment code (http://www.csc.fi/elmer/). The material parameters used are given in Table 5.

Table 5. The material parameters used in the residual stress calculation made by the Contour method.

Material E (GPa) | Poisson ratio
Inconel 600, Inconel 182, Inconel 82 214 0.324
Inconel 690, Inconel 152, Inconel 52 207 0.30
AISI 308, AISI 309, AISI 316 190 0.30
42CrMo4, SA508 210 0.30

Residual stress measurement of dissimilar metal weld samples by the Contour method was completed.
The micrographs of the cut cross-sections, generated calculation meshes, and resolved residual stresses
of each studied dissimilar metal weld mock-up sample are shown in Figures 54-58.

Buttering Inconel 182 g
Aln

iconel 162

Inconel 82

Figure 54. The cross-section micrograph, calculation mesh and resolved residual stresses of sample
"Neste" made for ERIPARI project [5].
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Figure 55. The cross-section micrograph, calculation mesh and resolved residual stresses of sample
mock-up TV.

%

Inconel 152%

CAISIS09 8 mm
AlISI 308

AlSI 316 NG

Figure 56. The cross-section micrograph, calculation mesh and resolved residual stresses of sample
mock-up 1.
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Figure 57. The cross-section micrograph, calculation mesh and resolved residual stresses of sample
mock-up 2.

Ingonel |
182
Inconel

620 7

e

Figure 58. The cross-section micrograph, calculation mesh and resolved residual stresses of sample
mock-up 3.

It is evident that the highest longitudinal residual stresses of the studied dissimilar metal welds are
either in the nickel-based weld metal or very close in the heat-affected zone. In the weld mock-up
“Neste,” representing a typical dissimilar metal weld of an oil refinery, very high tensile residual
stresses are present in the whole root region of the weld and also on the AISI 321 austenitic stainless
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steel side of the DMW. Mock-up “TV,” representing a typical BWR DMW, shows the highest residual
stresses in the HAZ of the safe end material, Alloy 600. High tensile residual stress is also present in
the weld metal itself, but residual stresses in the buttering and the low alloy steel side are low. Alloy
152 and 52 DMWs show the highest tensile residual stresses on the top side of the weld, and in the
heat-affected zones on both sides of the DMW. In the Alloy 152 mock-up where a thick buttering lay-
er of Alloy 52/152 was present, the tensile residual stresses were the highest on the buttering side of
the weld, and through the whole thick buttering layer.
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weld metals

3.1 Introduction

DSA is a material, strain rate and temperature dependent phenomenon. As its name implies, it occurs
during the deformation process, and can lead to an inhomogeneous or serrated plastic flow during
straining at elevated temperatures. It often results in a marked degradation of mechanical properties.
DSA occurs in alloys containing solute atoms that can rapidly and strongly segregate to dislocations
during plastic flow. In Ni-base alloys the occurrence of DSA has been previously reported for a wide
range of temperatures and strain rates. In Alloy 600 and 690 DSA was observed in the temperature
range of 150 — 600 °C at the strain rates from 10 to 10 s [22-25]. In other Ni-base alloys, like Al-
loy 718, Alloy 720 and Ni — C alloys, DSA has also been reported for the similar temperature and
strain rate ranges [26-32].

In different materials various solute atoms and a number of mechanisms can participate in the solute
atom — mobile dislocation interactions. In nickel-base alloys and superalloys interstitial (H, C and N)
and substitutional (Cr) solute atoms are usually responsible for the serrated flow [22-32].

It has been established that interstitials play a key role in DSA of pure Ni, which has been shown for
Ni-C and Ni-H interstitial alloys [31, 32]. In Ni-C alloys the lower critical temperature of DSA occur-
rence had an activation enthalpy of about half of that for bulk diffusion of carbon, and it was associat-
ed with carbon diffusion in the dislocation core. Additionally it was observed that serrations were not
affected by quenched-in vacancies [32]. By comparison of activation energies of the DSA occurrence
in Ni-base alloys with activation energies of solute diffusion in Ni, it has been suggested that at lower
temperatures, where type A and B serrations were observed, DSA is attributable to the interaction of
dislocations with mobile interstitial atoms. But at higher temperatures, where DSA promotes serrations
of type C, responsible solutes are most likely Cr or C-Cr and N-Cr complexes [29, 32].

The role of crack tip plastic deformation in the highly deformed material of the plastic zone in the
EAC mechanisms was the key question of this study. The aim of the present investigation was to study
and to compare the DSA phenomenon in base materials of Alloy 600 and 690 with that of weld metals
of Alloy 182, 82, 152 and 52.

81



3. Dynamic strain aging (DSA) of nickel-base alloy weld metals

3.2 Experimental and materials

Two commercial Ni-base alloys Inconel Alloy 600 and 690 and the weld metals of Alloy 182, 82, 152
and 52 were studied. Chemical compositions of the materials are shown in Tables 6 and 7. The base
materials of Alloy 600 and 690 were supplied as two metal plates in mill-annealed condition with av-
erage grain size of about 100 um for Alloy 600 and about 30 um for Alloy 690. The sample prepara-
tion procedure and the description of the materials of the studied Alloy 600 and 690 are reported else-
where [24]. The material of the weld metals for the study was taken from the pre-fabricated welded
blocks. These blocks of four different filler materials (Alloy 182, 82, 152 and 52) are presented in
Figure 59. The base material was basic carbon steel plates that were attached in the shape of the cross.

T T 00000
P.’-‘J goibohs g 8 1011 1213 14 95 16 17 f0 19 200 21 22 23 24 3% % 27 2 2 3031 32 33 34 35 26 37 38 WAQ Ay

Figure 59. Four welded Ni-base alloy blocks: from the left Alloy 82, 182, 52 and 152.

The corners of the cross were filled length-wise by multi-pass welding in sequence presented in Figure
60 a. An example of a cross-section of Alloy 152 block is shown in Figure 60 b. Welding methods
were shielded metal arc welding (SMAW) for filler metals of Alloy 182 and 152 and gas tungsten arc
welding (GTAW) for filler metals of Alloy 82 and 52, respectively.

Metallographic characterisation of weld defects and microstructure of the fabricated weld metals
was performed by means of optical and scanning electron microscopy. The specimens for the metallo-
graphic characterisation were cut in the shape of rectangular bars with the cross-section of 10 x 10 mm
and length of 25 mm by an abrasive disc-saw from the inner part of the corresponding weld metal
blocks, near the interface area. The blue box in Figure 60 b indicates area where the specimens were
cut from Alloy 152. The thickness of the weld metal over the interface area was not smaller than 5
mm. The specimens were polished from the side of the pure weld metal with emery paper down to
4000 grit, and completed with 1 um diamond paste. The etching was performed using Kalling’s no. 2
solution (CuCl, + HCI + C,HsOH). Examples of weld metal microstructures are shown in Figure 61.
The typical large, elongated grains can be seen along with regions of fine grains with an average grain
size of 85 um for Alloy 182, 100 um for Alloy 82, 87 um for Alloy 152 and 90 um for Alloy 52. Most
of the possible indications of weld defects were small pores distributed randomly over the cross-
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section of the metallographic sample, or arranged in lines along the grain boundaries or boundaries of
the welding passes, which may also result from etched secondary phases, Figures 61 a, b, c. Typical
weld defects such as short intergranular cracks and deep voids were found only in Alloy 52 along
grain boundaries, Figure 61 d.

a) b)

Figure 60. Welding sequence (a) and an example of a cross-section of Alloy 152 block (b).
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c) d)

Figure 61. Microstructures and weld defects of the weld metals of Alloy 182 (a), 82 (b), 152 (c) and 52
(d) in as-welded condition.

Table 6. Chemical composition of the base material alloys used in DSA measurements in weight %.

Base mat. Ni Cr Fe Cu Al Co Nb Ti Mn Si S P C

Alloy 600 bal. 16.1 8.1 0.01 0.17 0.29 0.01 0.16 022 0.32 <0.01 | <0.01 | 0.04

Alloy 690 bal. 271 8.4 0.01 0.18 0.07 0.01 0.14 022 0.23 <0.01 | <0.01 | 0.01
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Table 7. Chemical composition of the weld metal alloys used in DSA measurements in weight %.

Weld met. | Ni Cr Fe Cu Al Co Nb Mo Ti Mn Si S P C 0, N, H-
Alloy 182 bal. 156 9.1 0.01 0,02 0.02 2.1 0.05 0.01 6.5 0.7 0,002 | 0002 | 0,02 0.029 | 0027 | 587
ppm
Alloy 82 bal. 195 4.0 0.01 0.06 0.01 29 0.02 0.20 36 0.13 0,002 | 0002 | 0.02 0015 [ 0020 | 227
ppm
Alloy 152 bal. 28.1 13.0 0.01 0.06 0.03 2.2 0.05 0.01 5.0 0.39 0,002 | 0002 | 002 0061 | 0021 | 932
ppm
Alloy 52 bal. 287 103 0.01 0.84 0.04 0.04 0.03 058 033 022 0002 (0002 | 002 0010 {0007 | 1.83
ppm

Rectangular bars of the welds with cross-section dimensions of about 10 x 20 mm were cut from the
corners of the block and then sliced to 2.1 mm thick plates in longitudinal direction of the welds by
wire electro-discharge machining (WEDM). The sheet-type sub-size specimens for tensile tests
(ASTM standard EBM) were shaped by WEDM with final surface polishing of the reduced section of
the tensile specimen down to 1200 grit to remove surface defects. The final dimensions of cross-
section of the reduced section were 2 x 6 mm. Tensile tests were performed according to the standards
SFS-EN 1002-1 and ASTM E21 (Standard Test Method for Elevated Temperature Tension Tests of
Metallic Materials) in air environment. Tensile tests were carried out using a 25 kN MTS 858 test
machine equipped with a MTS High-Temperature Furnace 653.02 at strain rates in the range of 10°-
10 s* and temperatures from 27 to 600°C. The strain rate sensitivity was measured using step-wise
changes of the strain rate from 10 to 10°® s and in the reverse way during tensile testing, with the
ratio of initial and subsequent strain rate (&,/&,) equal to 100 or 0.01. The step-wise tests were per-
formed at 27, 100, 200 and 300°C. To calculate the strain rate sensitivities in true stress — true strain
coordinates a linear interpolation of each strain rate interval was performed.

The weld metals were studied using the internal friction (IF) technique. The IF specimens with typi-
cal size of about 0.5 x 2 x 35 mm were cut by an abrasive disc-saw from the 2 mm thick plates in lon-
gitudinal direction of the welds. All IF specimens were polished with emery paper down to 1200 grit
to avoid surface effects. Temperature dependencies of internal friction Q' and natural frequency of the
pendulum were measured in the temperature range from room temperature to 600 °C. The amplitude
of the deformation in the torsion pendulum did not exceed 107, and the natural frequency of the pen-
dulum was changing in the range of 0.5-3.0 Hz. The heating rate of the specimens during IF meas-
urements was kept at 2°C/min.
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3.3 Results

3.3.1 Manifestations of DSA

Shifted segments of typical engineering stress-strain curves obtained for the weld metals of Alloy 182,
82, 152 and 52 at the strain rates of 10™ and 10°® s and temperature of 300 °C are shown in Figure 62.

The tensile tests revealed that serrated plastic flow, which is one of the manifestations of DSA, is
well established at 300°C and strain rates of 10 and 10° s™ in all the studied weld metals. From Fig-
ures 62 a and b, it is seen that serrations on stress-strain curves appear immediately when the plastic
flow takes place. Development of serrated plastic flow with decreasing of strain rate from 10~ to
10 s™* can be observed from magnified parts of stress-strain curves on Figures 62 ¢ and d. The serrat-
ed plastic flow observed at 10 s™ corresponds to serrated flow of type A+B or A2+B according to
previous studies on Alloy 600 [22—-24], while at a strain rate of 10° s™ the observed serrations conform
to the well-known type B [33].

Fast Fourier transform (FFT) analysis was employed to obtain characteristic times between stress
pulses on the flow stress signal from tensile tests, and to study the regularity of the observed serrated
plastic flow. FFT spectra of the flow stress signal from CERT tests of the weld metals tested at the
temperature of 300°C and strain rates of 10 s™ and 10 s™ are shown in Figures 63 a and b, respec-
tively. In the presence of mixed mode serrations of type A+B on the stress-strain curve at 300°C and
strain rate of 10° s™, two maxima at low and high values of frequency arise. Low frequency maxima
are dominant in all the studied weld metals, Figure 63 a. When weld metals were strained at strain rate
of 10° s, Figure 63 b, from two to three well established maxima can be pointed out. Application of
the Gaussian distribution to maxima of FFT spectra gives modal values of frequencies corresponding
to characteristic times between stress oscillations shown in Figure 63. These characteristic times re-
flect repeated advancement of the Liiders band through the specimen.

The dependencies of strain rate sensitivity on flow stress in the temperature range of 27-300°C were
obtained by means of step-wise tensile tests for weld metal Alloy 182 and the base materials Alloy
600 and 690, Figure 64. Negative strain rate sensitivity is reported for the studied alloys at the temper-
atures where serrated flow was observed, which confirms that the serrated flow observed is caused by
DSA.
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Figure 62. Shifted segments of engineering stress-strain curves obtained at 300°C and strain rate of
10®° s™ (a and c) and strain rate of 10° s™ (b and d) for the weld metals Alloy 182, 82, 152 and 52.
(c) and (d) are magnified parts of the engineering stress-strain curves showing serration appearance.
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Figure 63. Fourier transformation spectra of the flow stress signal from the tensile tests of the weld
metals Alloys 182, 82, 152 and 52 strained at 300 °C and strain rate of 10° s™ (a) and strain rate of
10° s (b).
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In Figure 65, the dependency of the onset of DSA serrated flow on temperature and strain rate in weld
metal Alloy 182 is compared to those of the base materials Alloy 600 and 690. The data summarizes
the appearance of serrations on the stress-strain curves of the weld metal and the base materials at
different strain rates and testing temperatures. In the figure, filled data points represent conditions
where serrated flow was observed while open points indicate that no serrations were observed. The
results of CERT tests performed at different temperatures and strain rates for Alloy 182 show that the
appearance of DSA manifested by serrated flow fits well with the previously obtained map of the DSA
appearance for the base materials Alloy 600 and 690.
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Figure 65. Dependence of the DSA serration appearance on temperature and strain rate for Alloy 600
and 690 shown by squares and circles, respectively. Data points shown by triangles correspond to
weld metal Alloy 182. Filled data points correspond to strain rate and temperature values at which the
DSA serrations occur on stress-strain curves and open points correspond to smooth flow. The dotted
lines are the boundaries for the onset (or disappearance) of serrations.

3.3.2 Internal friction

Internal friction (IF) of the studied weld metals was mainly measured to check the presence of free
interstitial carbon and nitrogen atoms in the crystal lattice. The Snoek-like IF peak is observed in FCC
alloys with a maximum in the temperature range of 300-500°C, attributed to the relaxation process
induced by re-distribution of interstitial carbon or nitrogen atoms in the solid solution [34]. It has been
established that the height of the Snoek-like peak is proportional to amount of interstitial atoms that
take part in the relaxation process [35]. Typical temperature dependencies of IF abtained for the weld
metals Alloy 182, 82, 152 and 52 in the as-welded state are presented in Figure 66.

The carbon Snoek-like IF peak reported for Alloy 600, shown by dashed line in Figure 66, was not
detected in the studied weld metals in the same manner as for Alloy 690 [25]. IF peak of small height
with a maximum in the vicinity of -50°C was observed in all the studied weld metals except Alloy 52,
and most probably corresponds to the Snoek-like IF peak induced by hydrogen, which was previously
reported for hydrogen charged base material Alloy 600 [36].
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Figure 66. Temperature dependencies of internal friction for the weld metals Alloy 182, 82, 152 and 52
in as-welded condition and base material Alloy 600 in mill-annealed condition.

Pre-straining of the weld metal Alloy 182 to 5% of tensile strain at 27°C and 300°C, when DSA was
evidenced by serrated flow, did not evoke carbon or nitrogen Snoek-like IF peak, Figure 67. The
height of the hydrogen Snoek-like peak was slightly increased after pre-straining at 27°C, and a peak
with the maximum in the vicinity of 100°C also arose, which is probably attributable to dislocation
point defect interactions [36]. Pre-straining at 300°C and strain rate of 10° s to 5% of tensile strain
did not result in any pronounced peak except a minor hump where the peak attributed to dislocation
point defect interactions was observed. The pre-straining at 300°C suppressed the hydrogen peak, due
to hydrogen outgasing of the specimen during ~14 h exposure while pre-straining at 300°C.
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Figure 67. Effect of pre-straining to 5% of tensile strain at 27 and 300°C at strain rate of 10° s™ on
temperature dependencies of internal friction for the weld metal Alloy 182.
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3.3.3 Mechanical properties

Yield strength, ultimate tensile strength, elongation to fracture and strain hardening coefficient for the
studied weld metals tested at 27 and 300°C and different values of strain rate are summarized in
Table 8.

Table 8. Summary of mechanical properties of the studied weld metals.

Weld metal Strain rate, Test temperature, Rpo2, R, A, n
s °C MPa MPa %
Alloy 182 107 27 376 637 40 047
Alloy 182 10° 300 307 610 51 0.55
Alloy 182 10° 300 309 587 58 0.56
Alloy 82 10° 27 389 590 26 042
Alloy 82 10° 300 303 558 39 051
Alloy 82 10° 300 260 518 38 0.53
Alloy 152 10 27 385 648 48 0.50
Alloy 152 10° 300 252 544 61 0.58
Alloy 152 10° 300 297 570 52 051
Alloy 52 10” 27 390 562 38 041
Alloy 52 10” 300 333 486 31 038
Alloy 52 10° 300 228 441 39 0.54

3.4 Discussion

The type of serrated flow exhibited by the weld metals of this study, and the lack of a critical strain for
the appearance of serrations in the stress strain curve at 300 °C and strain rates of 10®° and 10° s™,
conforms to the observations made previously for the corresponding base materials Alloy 600 and 690
[22—24]. The negative strain rate sensitivity observed for Alloy 600 and 690 and weld metal Alloy 182
at the temperatures where serrated flow was present on the stress-strain curves, confirms that the ob-
served serrated flow is caused by DSA. A similar propagation of serrated flow with test temperature
and strain rate, the same change in strain rate sensitivity, and a rather close characteristic times be-
tween stress pulses on the flow stress obtained by FFT analyses in the studied weld metals and their
base materials, may suggest the same DSA mechanisms are occurring in these materials. At 300 °C
DSA is attributable to the interaction of mobile dislocations with mobile interstitial carbon and nitro-
gen atoms [24, 25, 29]. Another supporting fact is that the appearance of DSA manifested as serrated
flow in the weld metal Alloy 182 fits well with the previously obtained map of the DSA appearance
for the base materials Alloy 600 and 690. One of the possible reasons for the absence of the carbon or
nitrogen Snoek-like IF peak in the studied weld metals may be the low amount of free interstitial at-
oms (C and N) because of the formation of niobium and titanium carbides and nitrides. The weld met-
als Alloy 182, 82 and 152 contain niobium and Alloy 82 and 52 contain more titanium than the Alloy
600 and 690 base materials. Thus, the amount of interstitial carbon and nitrogen atoms in the solid
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solution is not sufficient to be detected as a Snoek-like IF peak in these weld metals. The absence of
the IF peak in the weld metals 152 and 52 can also be explained by the high chromium content, in the
same manner as it has been explained for the base material Alloy 690 [24, 25]. The remaining part of
interstitial carbon and nitrogen atoms, which are responsible for DSA, can be located in the interstitial
sites with 6 Cr atoms at the vertices of an octahedron [37]. These interstitial atoms do not take part in
the relaxation process, due to their cubic symmetry [38]. More detailed analyses of the Snoek-like
peaks observed for Alloy 600 and 690 are reported elsewhere [24, 25].

Based on the mechanical test results of the studied weld metals, it seems that DSA does not signifi-
cantly affect the studied mechanical properties, as the observed variation seems to be dependent main-
ly on the test sample, due to large variations in grain size and the presence of small weld defects, seg-
regation and secondary phases. An effect of DSA on basic mechanical properties of the weld metals
may be revealed more clearly by fracture mechanical testing.

One of the key parameters for classifying Ni-base alloys based on their susceptibility to IGSCC is
their carbon content, and its distribution between solid solution and carbides. The beneficial effects of
carbon in the solid solution on the resistance to IGSCC have been discussed in Refs. [39—-41]. The
influence of carbon was attributed to the improvement of the creep resistance by pinning of the mabile
dislocations by carbon atoms and by delaying the recovery process of climb at the grain boundary
thereby inhibiting grain boundary sliding and cavitation, thus, decreasing the creep rate. The condi-
tions in the crack tip plastic zone, considering environmental effects in addition to DSA, were dis-
cussed in Refs. [39-41]. At the crack tip, oxidation reactions inject vacancies into the plastic zone and
hydrogen uptake is also known to increase the local vacancy concentration [42]. Thus, metal vacancies
at the crack tip plastic zone are most probably the key factor explaining the crack growth and control-
ling the crack tip strain rate, while DSA inhibits the plastic strain inside the plastic zone further away
from the crack tip. The hardening effects from the DSA induce greater stress concentration at the
crack tip by preventing the stress relaxation inside the plastic zone, which localizes the strain to the
crack tip and increases the crack growth rate.

3.5 Conclusions

Dynamic strain aging (DSA) was observed for weld metals Alloy 182, 82, 152 and 52 at temperature
of 300°C and strain rates of 10™ and 10° s™. Serrated flow was analysed by standard fast Fourier trans-
form analysis and characteristic times of abrupt changes of stress were obtained. The characteristic
times of the weld metals were compared with those obtained for the corresponding base materials Al-
loy 600 and 690. Dependencies of strain rate sensitivity on flow stress in the temperature range of 27—
300°C were obtained by means of step-wise tensile tests for weld metal Alloy 182 and the base materi-
als Alloy 600 and 690. Negative strain rate sensitivity was reported for the studied alloys at the tem-
peratures where serrated flow was observed, confirming that the serrated flow is caused by DSA. In-
ternal friction studies revealed no detectable IF peak attributed to free interstitial carbon or nitrogen
atoms in the FCC lattice of the studied weld metals, in the same manner as it was reported for base
material Alloy 690. Pre-straining of weld metal Alloy 182 to 5% of tensile strain at 27°C and at 300°C
did not evoke the IF peak either. A study of Alloy 182 by CERT tests in the temperature range of 27—
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600°C at strain rates of 10°-10° s™, showed that the appearance of DSA manifested by serrated flow
fits well with the previously obtained map of the DSA appearance for the base materials Alloy 600
and 690.

93



4. Environment-assisted crack initiation in doped
steam test

The Ni-base alloy dissimilar metal welds are typically made using Alloy 182 and Alloy 82. Recently
Alloy 52 has been used both in new constructions as well as in repair welding. The trend towards al-
loys with higher contents of chromium is driven by the observed environment-assisted cracking (EAC)
in Alloy 182, and recently also in Alloy 82. One driving force towards the more EAC resistant alloys
is also the challenges and costs related to non-destructive examination of dissimilar metal welds in
nuclear power plant applications.

A limited amount of laboratory EAC test results is available for the new material combinations of
dissimilar metal welds of nuclear power plants. A test has been developed to enhance cracking of Ni-
base alloys and their weld metals at 400°C in hydrogenated steam doped with sodium sulphate, fluo-
ride and chloride. According to Staehle and Gorman [43], the initiation time of low potential stress
corrosion cracking (LPSCC) follows monotonic 1/T dependence from hydrogenated steam to water.
This suggests that the mechanistic processes in water and steam are the same, at least for pure water.
As crack initiation takes a very long time (years or decades) in actual LWR water at relevant operating
temperatures, the accelerated tests have been conducted at 400°C in steam doped with hydrogen, chlo-
ride, sulphate and fluoride.

Jacko et al. [44] performed an accelerated laboratory test series in an environment consisting of hy-
drogenated 400°C steam doped with fluoride, chloride and sulphate anions. Comparison tests were
performed using Alloy 600 and Alloy 182 weld metal. Alloy 52M welds, prepared to simulate the
Ringhals 4 field repairs of the reactor pressure vessel outlet nozzle, exhibited complete resistance to
stress corrosion crack initiation in laboratory exposure times exceeding 45 effective full-power years
(EFPYSs) equivalent service times. Stress corrosion cracks initiated in Alloy 182 welds in exposure
times less than one-fifth of the total exposure time of the Alloy 52M specimens. Crack initiation was
also observed in specimens of Alloy 600 CRDM nozzle material in the doped steam environment. The
specimens used by Jacko et al. [44] were prepared as flat plates and they were bolt loaded in specially
designed four-point bending fixtures. Analysis indicated that the degradation observed after 89000
effective full-power hours (EFPHSs) at 317°C in Ringhals 4 was duplicated with 289 h exposure at
400°C to sulphate, chloride and fluoride doped hydrogenated steam. This translates to an acceleration
factor of 308. For other temperatures Jacko et al. [44] adjusted the acceleration factor using an activa-
tion energy of Q = 55 kcal/mole. The activation energy was estimated by assuming an Arrhenius type
dependence for cracking probability between Alloy 600 in Ringhals 4 and Alloy 600 in laboratory
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tests at 400 °C in doped steam [45]. The approach of Jacko et al. [44] with some modifications was
adopted for this investigation.

4.1 Doped steam test set-up

The crack initiation tests were performed in steam at 400°C and 150 bar. The steam was generated
from de-ionized O, free water doped with 30 ppb SO,* (added as Na,SO,), 30 ppb F (added as NaF)
and 30 ppb CI" (added as NaCl). The target value for H, partial pressure was 0.56 bar, which, accord-
ing to the Ellingham diagram, represents the Ni-NiO equilibrium at this temperature and steam pres-
sure. The steam pressure was maintained using a high performance liquid chromatography (HPLC)
pump feeding replacement water to the autoclave operated under constant pressure mode. The H, par-
tial pressure was measured using a Pd-membrane sensor inside the autoclave. The H, partial pressure
was controlled by a West 6100 PID controller connected to the pressure sensor and a high pressure
solenoid valve connected to the tube between the autoclave and the hydrogen bottle. The autoclave
temperature was controlled using a West 6100 PID controller and a commercial K-type thermocouple.
A schematic picture of the test configuration is shown in Figure 68.

HPLCTpump
b PH2
[ e —
|1
Specimens — [H] H 3 \ /Ijvdrugen hottle
Pd-membrane ¢l
\

Autoclave

Figure 68. A schematic picture of the test equipment configuration [46].

The test implementation was performed as follows:
- the specimens were washed in de-mineralized water and ethanol,
- the specimens were installed into the autoclave,
- autoclave lid was closed,
- air was replaced by N, (pressure was raised to 3 bar, autoclave was emptied through a valve,
and this cycle was repeated 10 times),
- the autoclave was heated to the test temperature,
- the autoclave was de-pressurized,
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- doped water feeding was started,

- when the steam pressure was 150 bar, hydrogen feeding was started,

- 400 °C/150 bar steam pressure/0.56 bar H, pressure was maintained until the exposure time
was complete,

- the temperature was decreased to room temperature,

- atthe room temperature, the autoclave gases were replaced by N,,

- the autoclave was opened, specimens were taken out and washed in de-mineralized water and
ethanol,

- liquid penetrant test was performed for the specimens and the indications were inspected with
an optical microscope.

4.2 Specimens for doped steam testing

The specimens were prepared by plane milling. A mechanical polishing by 600 grit emery paper was
performed after milling in order to remove the roughness of the specimen surfaces. The specimens
were bolt-loaded in four-point bend loading. Strain was calculated from the bending radius of a 3.5
mm thick plate and the target strain for the specimens was 1.1%. The total time of exposure is 2178 h
performed in 240-250 h steps. In the earlier tests [5, 6] of dissimilar metal welds, the strain was calcu-
lated from the bending radius of a 3 mm thick plate and the nominal target strains for the specimens
were 0.35 and 1%. The longest total time of exposure then was 1460 h, Table 9. The specimens were
investigated repeatedly after each exposure step using a stereo microscope and liquid penetrant testing.
All liquid penetrant indications were further studied using stereo and scanning electron microscopes.
Some cracks were opened and specimens were sliced in order to study the crack propagation paths in
the microstructure.

Four different dissimilar metal welds were studied. The weld geometries contained nickel-base weld
metals Alloy 152 (mock-up TUL), 52 (mock-up TU2), both 52 and 152 (mock-up TU3), 182 (mock-up
TV1) and of Alloy 182, 82, 152 and 52 pure weld metals i.e. all weld metals simulating weld repairs
or overlays, Figure 69.
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Table 9. Doped steam crack initiation test results of the previous study [5, 6].

4. Environment-assisted crack initiation in doped steam test

Specimen  Orien- Strain, %  Total First LP Crack locations Number Max.
code tation exposure indication, h  (post-test of cracks  crack
time, h microscopy length,

examination) mm

TU1-1 T 1° 1460 507" ¢

TU1-2 T 0.35° 1460

TU1-3 T 1 1172.5

TU1-4 T 1 1172.5 734.5¢

TU1-5 L 0.35 1460

TU1-6 L 0.35 1460 507" ¢

TU1-7 L 1 1172.5 219.5>¢

TU1-8 L 1 1172.5 7345°

TU2-1 T 0.35 1460

TU2-2 T 0.35 1460

TU2-3 T 1 1172.5 219.5° Weld 3 0.3

TU2-4 T 1 1172.5 455.5 Weld 1 3

TU2-5 L 0.35 1460 507" ¢

TU2-6 L 0.35 1460 1022¢

TU2-7 L 1 1172.5 7345 Weld 3 04

TU2-8 L 1 1172.5 219.5° Weld 2 0.15

TU3-1 T 0.35 1460 507" ¢

TU3-2 T 0.35 1460 743 Weld 1 1

TU3-3 T 1 11725 219.5° Weld, 52 butter 2 05

TU3-4 T 1 1172.5 734.5 52 butter 1 0.4

TU3-5 L 0.35 1460 507° Weld 2 2

TU3-6 L 0.35 1460 743°

TU3-7 L 1 1172.5 219.5° Weld 1 2

TU3-8 L 1 1172.5

TV4-1 T 0.35 1460 1460 Weld, butter >10 5

TV4-2 T 0.35 1460 1460 Weld, butter >10 8

TV4-3 T 1 1172.5 734.5 Base (1600), >10 9
weld, butter

TV4-4 T 1 1172.5 219.5° Base (1600), weld  >10 15

TV4-5 L 0.35 1460 743 Base (I 600), >10 1
weld, butter

TV4-6 L 0.35 1460 1460 Weld, butter >10 1.5

TV4-7 L 1 1172.5 734.5 Base (1600), >10 4
weld, butter

TV4-8 L 1 1172.5 1172.5¢

TV4K-1 T 1 438

TV4K-2 T 1 438 438°

TU1CA1 T 0.01 mm® 953 Not relevant

TU2CA1 T 0.01 mm°® 953 Not relevant

TU3C1 T 0.01 mm°® 953 Not relevant

* The specimen pair TU1-1 and TU1-2 was bent unevenly.
® Liquid penetrant test performed for the first time.

¢ Crack mouth opening displacement (CMOD).

4 No cracks observed in microscopy examination.

The mock-up specimens were 80 x 15 x 3.5 mm? plates cut from the root side of the welds. The speci-
men dimensions and cutting location are shown schematically in Figure 70 (mock-up TU2 weld as an
example). The dissimilar metal weld was in the middle of the specimen with its orientation transverse
to the longitudinal axis of the specimen (see welding parameters in Hanninen et al. [5, 6]). The test
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block welding procedure for pure weld metal specimens is shown in Figures 70-72 and the test sam-
ples (80 x 15 x 3.5 mm® plates as well as the mock-up specimens) were cut so that the pure weld metal
was transverse in the middle of the sample, Figure 72.

Some of the specimens were thermally aged in order to simulate long term (~30-50 years) exposure
to the operating temperature of 325°C. The ageing was performed in the same autoclave where the
doped steam testing was performed. The ageing temperature was 420°C and the duration was 2000 h.
The specimens were protected from oxidation by an N, gas atmosphere.

The specimens with hot cracks were produced by Varestraint testing with an augmented strain of
4%. Then the samples were cut so that either the dissimilar metal weld or the pure weld metal was
transverse to the loading axis.

Alloy 152

AISI 309

W

AlS| 308

.:“_,_aAl-;;\
A" 7 Koy 152

PRS- v g Salis

* Buttering
Allay 52

c) d)

Figure 69. Materials and cross-sections of a) mock-up TV1, b) mock-up TU1, c) mock-up TU2 and
d) mock-up TU3 dissimilar metal welds.
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Figure 70. Schematic EAC specimen cutting location (transverse orientation) and specimen dimen-
sions.

The specimens containing hot cracks were then loaded under an optical stereomicroscope until the
crack mouth opening of some of the cracks was in the range of 0.02 mm. Higher loading would have
resulted in strain localization and kinking of the specimens. The test surface containing the hot cracks
produced by Varestraint testing was not machined at any point after welding. These specimens were
also thicker than the mock-up and pure weld specimens, i.e., in the range of 4.5 mm.

Three specimens (in parenthesis in Table 10) showed cracks visually after being left loaded in air
for a few days before their exposure to the doped steam. These specimens were not exposed in the
doped steam tests, and subsequent metallographic study revealed large slag inclusions that most likely
caused the cracking in air under the pre-load (see Figures 31 and 32, weld defects).
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Welding with filler metal

AISI 304

7

QL

a)

b)

Figure 71. Test piece of pure weld metals (plain) a) and b) weld pass sequence of the test specimen
welded with Alloy 82 filler metal.

20 mm 248
IIJEIJ i 1 ] 'uEﬂ - !
Ifl::D 1 1 ] Iﬂ: 5 Wi l
a) b)

Figure 72. Loading geometry with displacement measurement location indicated by two red arrows of
pure weld metal (a) and dissimilar weld metal mock-up (b) samples.
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Table 10. Test matrix and test results after 2178 h testing.

Spec. No. Weld |Heat treatment Strain, Time to cracking,
/spec. ID % h
1-4/P182 182 (plain) - 11 750/750/240/750
5-6 / P182A |182 (plain) Aged 1,1 750/750
7-10/ P82 | 82 (plain) - 11 240/240/240/240
11-12 / P82A | 82 (plain) Aged 1,1 750/240
13-16 / P152 152 (plain) - 11 -/-1-1-
17-18 / P152A 152 (plain) Aged 1,1 -/-
19-22 /P52 | 52 (plain) - 1,1 -/-1-1-
23-24 | P52A | 52 (plain) Aged 1,1 -/-
25-(26) / TULA| TUl Aged 11 -1(-)
27-28 | TU2A TU2 Aged 11 -/-
29-30/ TU3A TU3 Aged 1,1 990/-
(31)-32/ TVA TV1 Aged 1,1 (-)/750
33-(34) / NA | Neste /5/ Aged 1,1 -1(-)
35/P182C |182 (plain)| Hotcracked | CMOD ~0.02 mm -
36 /P82C | 82 (plain) | Hotcracked | CMOD ~0.02 mm -
37 /P152C |152 (plain)] Hotcracked | CMOD ~0.02 mm -
38/P52C | 52 (plain) | Hotcracked | CMOD ~0.02 mm -
39/TUlC TUl Hot cracked | CMOD ~0.02 mm -
40/ TU2C TU2 Hot cracked | CMOD ~0.02 mm -
41/TU3C TU3 Hot cracked | CMOD ~0.02 mm -
42 1 TVAC TVA4 Hot cracked | CMOD ~0.02 mm -
43/TV1C TV1 Hot cracked | CMOD ~0.02 mm -

Aged = thermal ageing at 420°C for 2000 h, represents ~ 50 years at 325°C.

4.3 Results from doped steam testing

The first samples from the doped steam testing were cracked already after the first exposure period
(240 h). After about 480 h and 750 h testing time the pure weld metal Alloy 82 samples and Alloy 182
samples, respectively, have cracked completely (see examples in Figure 73 and 74). The test results
are shown in Table 10.

The cracks were in the middle of the welds in pure Alloy 82 and 182 weld metal specimens, except
for one case in which the cracking took place in the diluted zone of the weld metal ~1-2 mm from the
fusion line. In the Alloy 182 weld mock-up (specimen No. 32) the crack was also in the middle of the
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fusion weld (i.e., not in the buttering weld). The small weld defects on the sample surfaces were not
initiating the EAC cracks in any of the Alloy 182 or 82 samples.

No crack extension was observed on the outer surfaces of the specimens in any of the hot cracked
specimens after about 2178 h total exposure time. After test termination the largest hot cracks were
opened for fractography, and their cross-sections were prepared for metallography of the corrosion
products inside the hot cracks, and determination of possible extension of the hot cracks by an EAC
mechanism. A liquid penetrant indication was observed in one TU3 mock-up specimen (Alloy 52 +
152 buttering and Alloy 152 fusion weld) (see Table 10). The indication was at the interface of the
Alloy 52 weld butter and SA 508 low alloy steel. This was discovered to be an artefact resulting from
the edge of the thick oxide layer on the low alloy steel.

Detailed fractography of broken pure Alloy 182 and 82 specimens showed that the outer surface and
fracture surface were covered with an oxide layer. However, on the fracture surface a metallic Ni film
formed on the top of the oxide layer, and covered the fracture surface almost completely close to the
outer surface, Figure 75 and Figure 76. In the middle of the fracture surface the formation of NiO was
also observed as small particles growing laterally on the oxide covered surface, together with larger
Fe-rich spinel oxide particles (Figure 76). Close to the crack tip no metallic Ni or NiO was observed,
and the fracture surface was covered only by a thin Cr-rich oxide layer. In the cross-sections of the
cracks the intergranular propagation of the fracture is clear (Figure 82).
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Pure 182 (#3)

750 h

Oh
-No indications
observed

240 h

Pure Alloy 82 (#9)

b)

Figure 73. Pure Alloy 182 (specimen No. 3) (a) and pure Alloy 82 (specimen No. 9) (b) cracking after
various exposure times. Note that neither in Alloy 182 nor in Alloy 82 the opened weld defects do not
grow further and final fracture takes place in the middle of the specimens.
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b)

Figure 74. Pure Alloy 182 (specimen No. 3) (a) and Alloy 82 (specimen No. 9) (b) fracture surface after
750 h and 480 h exposure time, respectively.
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EHT =10.00 k/ Signal A = InLens
p82 9 10.tif WD =11.1 mm Aperture Size = 60.00 pm  Time :14:41:08

1pm EHT =10.00 kv Mag = 30.00 KX Signal A = InLens Date 22 Oct 2008
p82 9 11.tif WD =111 mm Aperture Size = 6000 pm  Time :14:42:59

a) b)

EHT = 10.00 kv Signal A = InLens Data 22 Oct 2008

‘e P |
——y Thm EHT = 10.00 KV Mag= 5000KX  Signal
82 9 14.4f WO =115 mm Aperture Size = 60.00 ym _Time ‘14:67:02

—_— "
p82 9 17.41 WD =11.6 mm Aperture Size

c) d)

ans Date :22 Oct 2008
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Figure 75. Pure Alloy 82 (specimen No. 9) fracture surface after 480 h exposure time. (a and b) Metal-
lic Ni deposit layer close to the crack mouth. (¢) NiO and Fe-rich spinel oxide particles on the fracture
surface close to the crack tip. (d) Cracked Cr-rich oxide film due to bending the crack open at the
crack tip.
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Figure 76. Chemistry of the particles on the fracture surface close to the crack tip of Alloy 82 specimen
No. 9.

In order to analyse the thicknesses of the various films forming inside the cracks and on the outer sur-
faces of the specimens cross-sections of the cracked samples were made. Figures 77-82 show details
of these cross-sections indicating that the metallic Ni film is in the middle of the cracks extending
almost up to the crack tip. The metallic Ni deposit in the middle of the crack is surrounded on both
sides by a Cr-rich oxide layer which grows into the metal matrix and extends to the crack tip. During
the oxide growth nickel diffuses through the Cr-rich oxide film and deposits on the top of the Cr-rich
oxide layer as metallic Ni. Typical for Alloy 182 are the Nb-rich phases along the dendrite boundaries.
However, the Nb-rich phase does not seem to dissolve quickly in these test conditions as shown by
Figure 80. The Nb-rich phases are closely connected to the hot cracking behaviour of Nb-alloyed Ni-
base alloy weld metals and this observation may explain why hot cracks of Alloy 182 and 82 are not
preferably extending during EAC testing.
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Metallic Ni-deposits are also forming in the fine scale inside the Cr-rich oxide films on the outer
surface of the specimens, Figure 81. Additionally, on the outer surface larger metallic Ni deposit parti-
cles are present. Inside the Cr-rich oxide film metallic Ni deposits form spike like structures in areas of
deeper penetration of the oxide film into the metal matrix.
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Figure 77. Cross-section of a crack in Alloy 182 pure weld metal specimen No. 3. Note the formation
of metallic Ni deposit layer in the middle of the crack surrounded by Cr-rich oxide layers on both sides.
The metallic Ni deposit layer extends almost up to the crack tip in (d).
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Figure 78. Detail of the cross-section of a crack in Alloy 82 pure weld metal specimen No. 9. Note the
formation of metallic Ni deposit layer in the middle of the crack surrounded by Cr-rich oxide layers on
both sides. The metallic Ni deposit layer seems to be porous and very brittle.
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Figure 80. EDS point analysis of Alloy 182 pure weld metal specimen No. 3. Note the formation of
metallic Ni deposit layer in the middle of the crack surrounded by Cr-rich oxide layers on both sides.
Point 2 represents the Nb-rich phase typical for Alloy 182 weld metal which has not oxidized during
the crack growth. However, in Point 1 Nb- and Mn-rich oxide is present representing another type of
Nb-rich phase, which is oxidized.
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Figure 81. Detail of a cross-section of the outer surface oxide film on cracked Alloy 82 pure weld metal
specimen No. 9. Note the formation of fine metallic Ni deposits inside the Cr-rich oxide layer.
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Figure 82. Cross-section of a crack in Alloy 82 pure weld metal specimen No. 9. Note the fully inter-
granular propagation of the cracks.
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In Alloy 182 and 82 samples, even after various exposure times, the opened small weld defects did not
grow further, and the EAC crack initiation and the final fracture took place in the middle of the speci-
mens without any observable weld defect interaction (Figure 73). Figure 83 shows that the same was
also true for the aged Alloy 82 samples. Alloy 152 and 52 samples also showed small weld defects
that opened enough under loading to give small liquid penetrant test indications. None of these small
indications were observed to grow during the autoclave testing, and nor did either alloy show any
signs of EAC crack initiation in the durations of exposures carried out, Figure 84.

Pure Alloy 82, aged 2000 h/420°C (#12) 480 h

Figure 83. Aged (2000 h/420°C) pure Alloy 82 (specimen No. 12). Cracking after various exposure
times was not related to the small weld defects. Note that the opened weld defect did not grow further,
and final fracture took place in the middle of the specimen.
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Pure 152 (#14)
Oh

Pure 52 (#19)
2178 h

a)

Figure 84. Pure Alloy 152 (specimen No. 14) (a) and pure Alloy 52 (specimen No. 19) (b) after various
exposure times. Note that in neither Alloy 152 nor Alloy 52 did the opened small weld defects grow
any further, nor did the alloys show any EAC crack initiation after any of the exposure times.
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Effects of hot cracks on EAC crack initiation and growth in the studied nickel-base alloy weld metals
were studied according to Table 10. Crack extension on the outer surface was monitored during the
test interruptions, and at the end of the 2178 h exposure test the largest hot cracks were opened for
fractography and their cross-sections were prepared for metallography of the corrosion products inside
the hot cracks, and possible extension of the hot cracks by an EAC mechanism. Figure 85 shows the
hot cracks before the exposure and after certain exposure time (750 h) to doped steam. No crack ex-
tension was observed on the outer surfaces in any of the hot cracked specimens after 2178 h total ex-
posure time. Figures 86-92 show the sample surfaces after test termination, and the cross-sections of
the samples as well as the fractography of the largest hot cracks. In all samples, inside the hot cracks
porous metal debris was observed that was obviously related to the final melt that solidified inside the
opening hot cracks, and mainly dropped to the hot crack tip area. This porous debris showed almost
the same chemical composition as the weld metal, and did not show marked oxidation (only a thin Cr-
rich oxide film was present on the debris as well as on the hot crack surfaces). Only in one case was
local selective oxidation observed inside the hot cracks, as shown in Figure 88 b, where selective dis-
solution of Ni has taken place and Cr and Mn have enriched in the oxide phase. Typical for the hot
crack samples was that in all the weld metals in addition to solidification cracking, marked liquation
cracking had occurred below the weld bead where the hot cracks were intended to form. When the
cracks were opened for fractography, it was clear that no EAC type of crack extension was present in
any of the studied specimens at their hot crack tips. In the Alloy 152 sample some of the hot cracks
terminated in areas of extensive Laves phase formation, but here also no crack extension by EAC was
observed, Figure 88 c.
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Figure 85. Pure alloy welds after hot cracking in Varestraint test and after 750 h testing in doped
steam. a) Alloy 182 (specimen No. 35), b) Alloy 82 (specimen No. 36), Alloy 152 (specimen No. 37),
and d) Alloy 52 (specimen No. 38).
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Figure 86. Pure Alloy 82 weld (specimen No. 36) after hot cracking in the Varestraint test and subse-
quent exposure in doped steam for 2178 h. a) Outer surface and cross-sections of the main hot
cracks. b) Cross-sections of the hot cracks and liquation cracking below the weld bead. c¢) Fracture
surface of the opened hot crack.
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Figure 87. Pure Alloy 182 weld (specimen No. 35) after hot cracking in the Varestraint test and subse-
quent testing in doped steam 2178 h. a) Outer surface and cross-sections of the main hot cracks.
b) Cross-sections of the hot cracks and liquation cracking below the weld bead. c) Fracture surface of
the opened hot crack.
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Figure 88. Pure Alloy 152 weld (specimen No. 39) after hot cracking in Varestraint test and after 2178
h testing in doped steam. a) Outer surface and cross-sections of the main hot cracks and the liquation
cracking below the weld bead. b) Cross-section of the hot crack tip showing minor oxidation of the hot
crack fracture surfaces. ¢) Hot crack tip in the region of Laves phase. d) Fracture surface of the
opened hot crack.
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Figure 89. Pure Alloy 52 weld (specimen No. 40) after hot cracking in Varestraint test and after 2178 h
testing in doped steam. a) Outer surface and cross-sections of the main hot cracks and liquation
cracking below the weld bead. b) Fracture surface of the opened hot crack.
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Figure 90. Mock-up TV Alloy 182 weld (specimen No. 42) after hot cracking in Varestraint test and
after 2178 h testing in doped steam. a) Outer surface and cross-sections of the main hot cracks. b)
Cross-sections of the hot cracks and liquation cracking below the weld bead. c) Fracture surface of the
opened hot crack.
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Figure 91. Alloy 600 base metal cracking (specimen No. 42) after 2178 h testing in doped steam. a)
Cross-sections of the EAC cracks on the outer surface of the Alloy 600 part of the specimen. b) Cross-
section of an EAC crack showing oxidation of the fracture surfaces and the outer surface of Alloy 600
base metal.

In a couple of dissimilar metal weld samples wrought Alloy 600 safe end material was present, and
extensive EAC cracking had occurred in the Ni-base alloy base metal, Figures 91 and 92. Typical for
Alloy 600 in this test was the strong oxidation of the outer surface and the fracture surfaces inside the
EAC cracks. Oxidation penetrated along the crystallographic slip planes deep inside grains from the
intergranular fracture surfaces. The penetrative oxidation was highly selective, with the oxide structure
becoming Cr-rich while metallic nickel dissolved selectively from the Alloy 600 base metal and de-
posited in the middle of the EAC cracks, and on the outer surface of the samples, as was shown previ-
ously for Alloy 182 and 82 weld metals. EAC fracture in Alloy 600 base metal was fully intergranular.
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Figure 92. Alloy 600 base metal cracking (specimen No. 43) after 2178 h testing in doped steam.
a) Outer surface and side views of the main EAC cracks. b) Cross-sections of the EAC cracks. c) and
d) Cross-sections of EAC cracks showing oxidation of the fracture surfaces and the outer surface of
Alloy 600 base metal. ) Fracture surface of the opened EAC crack in Alloy 600 base metal.
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4.4 EAC of nickel-base alloy dissimilar metal welds

In the earlier test series (Table 9 and [5, 6]), liquid penetrant indications after EAC testing in doped
steam environment were found in specimens fabricated from all the studied weld combinations: mock-
up 1 (Alloy 152) specimens showed indications in 5 of the 8 specimens, in mock-up 2 specimens (Al-
loy 52) indications were present in 6 of 8 specimens, in mock-up 3 specimens (Alloy 152/52) in 7 of 8
specimens and in every mock-up TV weld specimen (Alloy 182). In the repair welded (Alloy 82)
mock-up specimens (Table 9, specimens TV4K-1 and TV4K-2) indications were present in one of the
two tested specimens after short exposure time. All indications in Alloy 152/52 weld metals were
caused by small weld defects, and they did not show any extension during the testing. The small de-
fects on specimen surfaces were probably present from the beginning (loading), but unfortunately
liquid penetrant testing was not made before the first exposure.

Mock-up TV weld (Alloy 182) was apparently the most susceptible of the studied welds. In one of
the specimens (1% strain, 1172 h test duration) the main crack extended almost through the specimen
(Figure 93). In addition to the weld metal itself, cracks were observed in Alloy 182 buttering and also
in Alloy 600 base metal. No exact features to which the cracks or their initiation could be associated
were observed.
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Figure 93. a) Optical microscope image of the main crack. b) An SEM (BSE) photograph from an area
of a secondary crack. A number of small cracks can be seen in Alloy 182 weld metal and also in Alloy

182 buttering. ¢) Opened fracture surface. d) An SEM photograph showing the interdendritic nature of
EAC cracking.
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Figure 94. Fracture surface of the main EAC crack of Alloy 182 close to the outer surface is covered
by NiO particles.

While considering the EAC susceptibility of the other alloys, which were much more resistant to EAC
than Alloy 182 samples, the average number of cracks of the specimens is a better parameter in
benchmarking of the different welds than the number of liquid penetrant test indications. The
differences between mock-ups 2 and 3 were small. Cracks or crack-like features (less than 500 um in
size) were observed in specimens prepared from both mock-ups, but the number of cracks in them is
clearly smaller than that in specimens prepared from the mock-up TV weld (Alloy 182 weld with
Alloy 182 buttering). An example of the kind of cracks found in mock-up 2 and 3 welds is shown in
Figure 96, where a mock-up 2 (Alloy 52) specimen is shown (1% strain, 1172 h test duration). These
cracks were too small for a proper fractography study. The most resistant weld was mock-up 1, as no
cracks nor crack-like features were observed by SEM or stereomicroscope, regardless of the liquid
penetrant indications. (see more details in [5, 6]).
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Figure 95. Fracture surface of the main EAC crack of Alloy 182 close to the crack tip shows smooth
intergranular fracture with large Nb(C, N) particles and a large amount of small precipitates, probably
M23C6.
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Figure 96. a) Post-test liquid penetrant indications in a mock-up 2 specimen. b) An SEM (SEI) photo-
graph taken from location 2. ¢) A higher magnification SEM (SEI) photograph from the same location
as b) showing a small crack. d) An SEM (BSE) photograph taken from location 3. €) A higher magnifi-
cation SEM (BSE) photograph taken from the same location as d) showing the crack-like appearance
of the indication.

Fractography of the Alloy 182 specimen showed that the outer surface and fracture surface after EAC
testing in doped steam environment were covered with an oxide layer where NiO forms on the top of
the thinner oxide layer and covers the fracture surface close to the outer surface. Close to the crack tip
no NiO particles were observed, and the fracture surface was covered only by a very thin oxide layer.
Close to the crack tip the intergranular nature of the EAC fracture surface is clear (see Figure 95) and
its morphology is quite different from the interdendritic morphology of the hot crack fracture surface,
where the wavy structure of the solidified final melt is also visible. The differences in the fracture
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mechanisms are marked; hot cracks form by separation in the liquid phase and EAC occurs by fracture
in the solid phase. Close to the EAC crack tip of Alloy 182 the dual occurence of carbonitrides is pre-
sent on the fracture surface, i.e. large blocky Nb(C, N) particles together with small particles, which
are probably Mj3Cg carbides. The images of the small M,;Cq particles indicate that they may have
started dissolving or oxidizing, since their appearance changes and they are not clearly observed by
FEG-SEM further away from the crack tip. Presence of the Laves phase on the fracture surface was
especially studied, but only weak indications of the possible lamellar Laves phase, clearly visible on
the fracture surfaces of the hot cracks, were observed. The studied features were rich in P, Mn and O
(and depleted in Ni, Cr and Fe), but no enrichment of Nb or Si was observed.

4.4.1 ATEM study of EAC cracks

To complement the ATEM examinations of hot-cracks in Alloy 182 weld metal mock-up, a study was
also conducted of EAC cracks formed in welds of a similar structure after exposure to the four-point
bend testing in doped steam. While the complete results are reported separately in [47], they are sum-
marized here.

The material of this study came from the doped steam four-point-bend test series (see previous
chapter of this report and [5, 6] on the materials combination “Mock-up TV”). Mock-up TV4 was
comprised of Alloy 182 weld metal joining the Alloy 600 safe end and the Alloy 182 buttering of
stainless steel clad pressure vessel steel. The nominal composition of the weld metal (wt.%) was 68
Ni, 16 Cr, 6.7 Fe, 6.5 Mn, 1.8 Nb, 0.8 Si. Three different example cracks were extracted from one of
the four-point bend test bars (TV4-7 with 1% of strain and 1172 h test time in doped steam environ-
ment [5, 6]), two from near the tips of deep cracks (Cracks A and C), and one shallow, surface crack
(Crack B).

In order to target particular regions and to preserve the integrity of the oxides within the cracks, the
cracks were back-filled with low-viscosity M-Bond epoxy, and then cross-section specimens of the
oxide-filled cracks were fabricated by a process of mechanical thinning of the blanks, avoiding con-
ventional electrolytic techniques. A slice of the region of interest was first ground down to about 0.1
mm thickness, and then trimmed to the appropriate 3 mm size to fit the TEM specimen holder. A Ga-
tan Dimpler was used to gently grind and polish a small dimple in one side of the specimen, targeting
the region of interest (generally the crack tip). This was followed by ion milling to electron transpar-
ency with a Gatan Pips ion mill.

Examinations focused on three different cracks, each having similarities and differences. Crack A
was a deep, branched crack that appeared to be filled with a fairly uniform oxide all the way to its
relatively blunt tip. As shown in Figure 97 a), some globular particles existed within the crack at its
narrowest point. For comparison, Crack B was a shallow, surface crack, as shown in Figure 97 b). It
had a rather wide mouth that quickly tapered to a narrow, oxide-filled crack. The oxide in that crack
also tended to be fairly uniform in appearance. Finally, Figure 98 a) shows a portion of Crack C,
which was actually the wake of a long, branched, oxide-filled crack. That oxide appeared to be com-
prised of blocky particles adjacent to the base material, with the rest of the crack filled by a more uni-
form-looking phase. As shown at higher magnification in Figure 98 b), the oxide adjacent to the metal
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in Crack C was quite heterogeneous in geometry, with both light areas and dark areas, in both faceted
shapes and more globular forms.

a) b)

Figure 97. Crack A was a deep, branched crack that appeared to be filled with a fairly uniform oxide all
the way to its relatively blunt tip. As shown in a) some globular particles also existed within Crack A at
its narrowest point. For comparison, Crack B was a shallow surface crack b), and had a rather wide
mouth that quickly tapered to a narrow, oxide-filled crack.

a) b)

Figure 98. Crack C was actually the wake of a long, branched, oxide-filled crack. a) The oxide ap-
peared to be comprised of blocky particles adjacent to the base material, with the rest of the crack
filled by a more uniform-looking phase. As shown at higher magnification in b), the oxide adjacent to
the metal in Crack C was quite heterogeneous in geometry, with both light areas and dark areas, in

both faceted shapes and more globular forms.
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Energy dispersive X-ray spectroscopy (EDS) and selected area diffraction (SAD) results for the three
different crack examples suggested that two kinds of oxides were present, arranged as an inner layer
immediately adjacent to the crack wall with an outer layer filling the rest of the crack. The SAD anal-
yses indicated that the oxides may take on either a diamond-cubic spinel structure or a face-centered
cubic NiO type structure, in some cases having a slightly smaller lattice parameter than the pure coun-
terpart. The EDS analyses indicated that the inner layer was richer in Cr and Fe than the outer layer,
but the oxide was still predominately Ni-rich.

An element profile of Crack A is shown in Figure 99. For comparison, Figure 100 shows profiles
measured from Crack B, particularly focused on the region adjacent the crack wall. The profiles for
both cracks exhibited a fluctuation in Cr near the crack wall, with its peak occurring in a region about
20-30 nm wide close to the substrate. The Ni content seemed to mainly reflect the inverse of the O
trend, with the exception of the higher Cr region. Particularly interesting in the profiles of Crack B,
however, was the presence of Cl. The CI content was high, particularly on either side of the higher Cr
region. Some F and S were also detected in that oxide, though at much lower levels than the CI. The
presence of Cl, F and S was evident only in shallow surface Crack B, and was not found in deep Crack
A or Crack C. Meanwhile, the oxide structure in Crack C was much more heterogeneous than in Crack
A and Crack B. Some example trends for each element as a function of distance from the apparent
metal/oxide interface are shown in Figure 101, collated from miscellaneous exploratory spot analyses.
Since the interface was not distinct nor uniform, the precision of the collection locations was only
about £10 nm. Despite the heterogeneity, the composition appeared to fluctuate in a manner similar to
that of Crack A and Crack B, clearly displaying the Cr-rich region at the crack wall. However, Crack
C exhibited much more Cr enrichment than Crack A or Crack B, while its O profile no longer fol-
lowed the inverse of the Ni content so closely in the oxide region. Also apparent from the trends was
the similarity in behaviour between Fe, Cr and Mn, while the Ni fluctuated more independently.
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Figure 99. Composition profile in atom percent for a narrow portion of Crack A, along the blue line
shown in the image. The large grey particles visible on the left and bottom of the image are niobium
and manganese rich.
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Figure 100. Composition profiles in atom percent for two different portions of the Crack B oxide, fo-
cused on the region closest to the substrate (i.e. crack wall). There is a chromium-rich inner layer oc-
curring in a region about 20-30 nm wide. Of particular interest is the presence of chlorine, particularly
located on either side of the Cr-rich region. Fluorine and sulphur were also detected in Crack B oxide,
though at lower amounts than the CI.
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Figure 101. Composition profiles in atom percent for the oxide of Crack C, compiled from miscellane-
ous spot analyses. The figures clearly show a Cr-rich region a few tens of nm wide at the crack wall, in
this case showing much more Cr enrichment as compared to that in Crack A or Crack B. In these cas-
es the O profile no longer follows the inverse of the Ni content so closely in the oxide region.

Although electron diffraction was utilized to try to better understand the structure of the oxides, in
general it was found that even the smallest selected area aperture was still too large to permit any clear
structural differentiation between the Cr-rich inner portion of the oxide and the outer oxide filling the
cracks. Instead the SAD patterns were often populated by a conglomeration of what were probably a
number of different diffraction patterns for different grains and structure types simultaneously, pre-
venting unambiguous identification of individual regions.

Nonetheless, Figure 102 shows one of the best SAD pattern examples found, which was recorded
from the more uniform oxide in the middle of Crack C. The ring-type SAD pattern containing discrete
spots indicates that the structure is nano-crystalline, with randomly oriented grains diffracting
simultaneously. The distribution of the rings as a particular series of pairs and singular rings of
specific diameters suggests that the structure is face-centered cubic (FCC). Calculations based on the
measured diameters of those rings indicated that the oxide had a lattice parameter of a, = 3.905 A. For
comparison, a NiO type of oxide also has a FCC structure, but in pure form its lattice parameter is a, =
4.179 A. That would produce a SAD ring pattern having the same ring periodicity, but of slightly
smaller diameter.
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w

Figure 102. An example of a SAD ring pattern from the more homogeneous oxide in the middle of
Crack C (location indicated in left hand image) suggested a face-centered cubic (FCC) structure
having a lattice parameter a, = 3.905 A.

On the other hand, the EDS analyses consistently indicated the presence of Cr and Fe (and often Mn as
well). Such mixed-composition oxides often take on the form of a diamond-cubic structured spinel
oxide, having a version of the stoichiometry AB,O,4, where A is a divalent Ni (or Fe) ion and B is a
trivalent Cr or Fe ion [48]. In its pure form, a chromium oxide spinel has a lattice parameter of a, =
8.36 A, and would exhibit diamond-cubic ring periodicity in SAD. When such a ring pattern was su-
perimposed on a diffraction pattern composed mostly from the more heterogeneous inner layer of the
oxide of Crack C, a reasonable fit was achieved, as shown in Figure 103. It may be that the model ring
pattern is slightly smaller than that of the actual ring pattern of the image, which would suggest a
slightly smaller lattice parameter in the actual oxide. However, the poor quality of the diffraction pat-
tern prevented such a calculation from being satisfactorily achieved. The fact that some of the spots
along the rings are much brighter than others indicates some preferential orientation in some particular
directions, possibly in relation to the substrate metal.

The oxide of Crack B was also examined with SAD. Though the result was much less clear, it
seemed that the spinel oxide ring pattern was a better fit than that of an idealized NiO or of the FCC
oxide identified in Figure 102.
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Figure 103. An example of a SAD ring pattern from the heterogeneous oxide at the crack wall of Crack
C (location indicated in left hand image) suggested a diamond cubic structure similar to the idealized
version of a spinel oxide having a, = 8.36 A (overlay rings in right hand image).

Crack A offered an opportunity to examine the relationship between the oxide and the matrix, as
shown in the series of images in Figure 104. The SAD patterns indicated an epitaxial NiO formed in a
distinct orientation relationship with the matrix. While SAD32 is comprised principally of the Ni alloy
matrix spots with only a minor presence of a ring of NiO spots, SAD30 mostly indicates an almost
amorphous NiO, with the pair of bright spots from the Ni alloy matrix only faintly visible. However,
SAD31 shows more predominant NiO rings, with greater crystallinity indicated by the rings of equally
spaced, but separate spots. The Ni alloy matrix spots are much more evident in SAD31 as well, and
the orientation relationship between the two phases is apparent as the inner ring of spots is enclosed by
a square of matrix spots (a pair of primary spots and a pair of spots resulting from double diffraction
with the oxide). Noteworthy is that the lattice parameter in this case is closer to that expected for pure
NiO. The amorphous character in the outer oxide may be an artefact of the ion-milling, which is
known to produce a thin amorphous layer, which would then be more apparent in extremely thin re-
gions like that of SAD30.

In summary, EDS and selected area diffraction SAD results indicated that two main kinds of oxides
were present, containing mostly nickel, but arranged as a 30-50 nm wide Cr- and Fe-rich inner layer
showing spinel structure, and an outer layer having NiO type structure filling the rest of the crack.
Based on the observation of an epitaxial relation between the NiO and the matrix, as well as the rela-
tive thicknesses and composition variations in the different oxide layers, it would seem that both in
crack initiation and growth the formation of the NiO is dominant. The Cr-rich spinel inner layer sub-
sequently grew at the interface with the matrix, becoming thicker and more Cr- and Fe-rich as it
evolved, perhaps promoting the transport of Ni ions towards the outer oxide surface. Such behaviour is
also typically expected for PWR environments, but at this moment the real conditions existing in the
crack during doped steam testing are unknown, so the crack oxide evolution in the doped steam is not
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yet evident. In this test series only NiO was also observed in the FEG-SEM studies inside the EAC
cracks (see previous chapter of this report and [5, 6]). However, in the other test series metallic Ni
dominated inside the EAC cracks indicating how sensitive is the balance between NiO and metallic Ni
when operating close to the Ni stability line, which is close to the H,-H,O line in high temperature
water.

Figure 104. SAD patterns of three oxide/matrix regions in Crack A, showing an apparent epitaxial ox-
ide formation. SAD30 mostly indicates an almost amorphous NiO, with a couple of bright spots from
the Ni alloy matrix. SAD31 shows much more predominant NiO with greater crystallinity indicated by
the rings of equally spaced, but separate spots. The Ni alloy matrix spots are much more evident as
well, and the two phases share an orientation relationship. Finally, SAD32 is comprised principally of
the dominant pair of Ni alloy matrix spots, with only a minor presence of the larger ring of oxide spots,
and no inner ring of spots.
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5. Specimens for EAC crack growth testing in PWR
primary water

When it was observed that EAC crack initiation does not take place from the pre-existing hot cracks in
the doped steam testing, it was decided to also perform crack growth testing with the samples contain-
ing hot cracks, in order to see how crack growth behavior is affected by the presence of hot cracks in
the material. The weld metals selected for testing were Alloys 182 and 152, which were welded on
Alloy 600 base metal. The specimen manufacturing procedure was developed based on the Varestraint
test technique. The procedure is schematically presented in Figure 105.

1. Normal welding up to 2 passes remaining

\ffj? 10-12 I 20

- 7y ——»

2.  Removal of backside by machining

| =7 [ o
3. Introduction of hot cracks by trans-Varestraint testing
[ &4 [ fre

4. Welding of the filling passes to obtain the surface level

| 7 [ fuo

Weld defects are ca. 2 mm beneath the top surface level

Figure 105. Schematic procedure for sample preparation where buried hot cracks are present in the
weld metal.
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The actual samples are shown in Figures 106-109. First preparations were made by WEDM machin-
ing on Alloy 600 base material plate (20 mm thickness) and then normal manual metal arc (MMA)
welding was performed.
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Figure 106. WEDM machining and welding of the preparations on Alloy 600 base metal plates for
trans-Varestraint tests.
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When the weld groove was almost filled, the trans-Varestraint test was performed with autogeneous
gas tungsten arc (GTA) welding as shown in Figure 107. During Varestraint testing a small augmented
strain (about 2%) was introduced, which was enough to produce the hot cracks in the weld bead.

Trans-Varestraint test parameters

Welding current: 250 A
Welding voltage: 125V
Welding speed: 12 cm/min
Heat input: 9,4 kl/cm
Bending speed: 16 mm/s
Augmented strain: ca.2%

Figure 107. Trans-Varestraint testing of the test sample with almost filled weld metal. The Varestraint
testing parameters are shown as an insert in the figure.

The final MMA welding was made with normal welding parameters for filling the preparation and
finalising the welding. In this phase the bent samples were straightened and flat samples were obtained
containing hot cracks buried inside the weld metal, as intended, Figure 108. The estimated sizes of the
buried hot cracks in the different specimens are ca. 3 mm in length.

The plate samples of Alloy 182 and 152 welds containing buried hot cracks were then used for
manufacturing CDCB specimens, as shown schematically in Figure 109. For each of the two weld
metals, 4 specimens were prepared, 2 with cracks and 2 without cracks.
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Figure 108. The specimens after trans-Varestraint testing for producing the hot cracks, and the final
filling of the preparation resulting in flat specimens with hot cracks buried inside the weld metal.
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Figure 109. The manufacturing of the composite CDCB specimens by using EB welding, where the
manufactured plates having hot cracks buried inside the weld metal are inserted between the cold-
worked AISI 316 austenitic stainless steel plates and EB welded, so that the HAZ is less than 1 mm
wide.

The welded plate samples are inserted in the middle of two pieces of cold-worked AISI 316 metal
plate and EB welded together so that the HAZ is less than 1 mm wide. After the EB welding, the final
CDCB specimens are machined. Then the samples are precracked by fatigue so that there is still a
ligament for crack extension before crossing over the buried hot cracks in the insert. For Alloy 182
constant load testing is made and Alloy 152 may require cyclic crack growth testing in order to have
some crack propagation for crossing over the hot crack region of the samples. The crack growth rate
testing of the final samples will be made at Tohoku University, Japan. The purpose of the testing is to
find out if the hot cracks will enhance the crack extension, or if they have a decreasing effect on the
crack growth rate.

The same weld samples with hot cracks are also used for making of the Auger electron spectroscopy
(AES) samples, as shown in Figure 110.
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Figure 110. From the plate samples, crack tips of the hot cracks are used for sample preparation for
Auger electron spectroscopy. The Auger spectroscopy sample is shown schematically, as well as its
cutting location.

The samples are prepared from the tips of the hot cracks so that the hot crack tip is in the gauge length
region of the sample, which will be fractured inside the vacuum chamber of the Auger electron micro-
scope. The purpose is to study both the hot crack fracture surface as well as the microstructure along
the dendrite boundary ahead of the hot crack tip, where marked segregation is expected to be present.
The Auger electron microscopy results will bring additional information on the dendrite boundary
segregation and hot cracking mechanism of these alloys to complement the FEG-SEM and ATEM
results.
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6. Mechanism of environment-assisted cracking of
nickel-base alloy weld metals

In the earlier studies [5, 6] in the doped steam conditions the Ni-base weld metal mock-up specimens
showed indications but much less fracture (Table 9) than the pure weld metal specimens of Alloy 182
and 82 (Table 10), which cracked quickly in the testing conducted in the current study. In the earlier
mock-up tests, Alloy 182 was apparently the most susceptible of the studied mock-up welds. Howev-
er, in the present study the pure weld metals of Alloy 182 and 82 seemed to be equally susceptible.
Aging at 420 °C for 2000 h did not seem to affect the cracking susceptibility in these test conditions.
Specimens containing hot cracks did not show any crack extension in either pure weld metal samples
or in mock-up samples after exposure to doped steam for 2178 h. Also, the hot crack surfaces showed
little oxidation and no selective oxidation processes were observed on the hot crack fracture surfaces
as compared to the fracture surfaces of the EAC cracks in the same conditions. This may indicate that
the local microchemistry and microstructures on the dendrite boundaries ahead of the hot crack tips
are not inherently susceptible to EAC. Typical for Nb-containing alloys is that Nb-rich phases are
present in the hot cracks, and the adjacent austenite has heavy segregated of Nb (up to 10%). But in
Alloy 52, where no Nb alloying is present, TiN phase is associated with hot cracking [5, 6]. Addition-
ally, dendrite boundaries exhibit high dislocation densities (residual strain) together with segregation
and second phase particles.

Fractography of Alloy 182 and 82 pure weld metal specimens after EAC testing in doped steam en-
vironment showed that the outer surfaces and fracture surfaces are covered with a Cr-rich oxide layer.
Metallic Ni deposits or a NiO layer forms on the top of the Cr-rich oxide layer, and covers the fracture
surface close to the outer surface. Metallic Ni deposits also form on the outer surface of the specimens,
and on a finer scale, inside the outer surface oxide film. Close to the crack tip, NiO and Fe-rich spinel
oxide particles are also observed when metallic Ni is present, and the fracture surface is covered by a
thin Cr-rich oxide layer up to the crack tip. Thus, in the doped steam test the oxides forming a two-
layer oxide structure on the crack walls and outer surface of the specimens are similar to those forming
in normal reactor conditions [49-51]. In the doped steam test, however, the phases are larger and
thicker, and more clearly separated, allowing them to be studied much more easily. The intergranular
nature of the EAC fracture is evident, and its morphology is quite different from the interdendritic
morphology of the hot crack fracture surface [5, 6].
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Selective oxidation leading to separation of Cr-rich oxide and metallic Ni or NiO layer is occurring
in the initiation and propagation of IGSCC in the doped steam test. A Cr-rich oxide layer forms on the
crack walls and extends to the crack tip. Precipitation of a metallic Ni layer or formation of NiO be-
hind the crack tip on top of the Cr-rich oxide layer occurs inside the cracks and on the outer surface.
With the resolution of the present equipment it was not possible to clarify whether the entire alloy is
oxidising and the elements undergo hydrolysis, except Ni, which is transferred through the oxide layer
and re-plated, or if the other elements dissolve selectively and a porous Ni-rich sponge is left close to
interface, or if both mechanisms operate at the same time. The details of the metallic Ni layer, multi-
layer Cr-rich oxide corrosion product, and possible corrosion sponge at Cr-depleted/Ni-enriched base
material interface, as well as possible vacancy clusters (nanovoids) in the base material, should all be
studied in the future, e.g., by atom probe techniques. The role of hydrogen in cracking should be sepa-
rately studied, and it may be related more to the enhancement of oxidation and stabilization of vacan-
cies rather than to the hydrogen-induced brittle cracking at 400 °C.

When viewed as a function of potential and pH, The Ni stability region is close to the H,—H,O line
in high temperature water, while the stability regions of Fe and Cr are below the line, Figure 111. The
critical H, fugacity varies with temperature, and increasing the H, fugacity causes the corrosion poten-
tial to decrease into the Ni stability region. The hydrolysis reaction of metal ions (Cr, Fe, etc.) produc-
es additional H*/H,. Inside the cracks the increased H, fugacity lowers the Ni?* and NiO stability, and
metallic Ni can be deposited. In the two test series performed, targeting the hydrogen content of the
environment to the Ni/NiO stability line showed that in the first test series NiO layers formed inside
the cracks, while in the second test series, where cracks formed also much more quickly, the cracks
were filled by a metallic Ni deposit layer. This indicates that the two test series have been exposed to
the different sides of the Ni/NiO stability line.
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Figure 111. Pourbaix diagram of Ni-H,O at 300°C.
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6. Mechanism of environment-assisted cracking of nickel-base alloy weld metals

The mechanism of cracking of Ni-base alloys in doped steam test can be explained by the Selective
Dissolution — Vacancy Creep (SDVC) model for SCC [42]. Cracking takes place by a selective
oxidation mechanism where Cr and Fe are hydrolyzed and Ni is transferred through the oxide film and
deposited on the film in the metallic form or NiO outer layer forms. Vacancy injection into the base
material is expected to take place, and to enhance the creep rate at the crack tip. The mechanistic
processes in steam and high temperature water are thought to be the same, and they are described in
Figure 112,
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Figure 112. Selective Dissolution — Vacancy Creep (SDVC) model for SCC [42].
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7. Summary

The following conclusions can be drawn based on the results of this study:

- Dissimilar metal weld joints of Ni-base weld metals show marked segregation in their
microstructures, especially of Nb to the dendrite boundaries. In the Nb-bearing alloys eutectic
Laves and Nb(C, N) phases form along the dendrite boundaries, and in Ti-alloyed Alloy 52
TIN(C) phase forms, respectively. These segregated structures and second phases play and
important role in hot cracking, but were not found to enhance EAC in the doped steam test.

- The differences in the EAC susceptibility between different weld geometries and weld metals
can be distinguished by the doped steam test method. Pure weld metals of Alloy 182 and 82
were clearly more susceptible to EAC than pure weld metals of Alloy 152 and 52, which did
not show any crack initiation. The mock-up welds with diluted microstructures were less
susceptible than the pure weld metals of Alloy 182 and 82. Aging at 420 °C for 2000 h did not
seem to affect the cracking susceptibility in these test conditions.

- The accelerated doped steam test for Ni-base alloys results in a high acceleration factor for
cracking, and because of the high temperature, the test conditions led to enhanced growth of
oxide layer structures and clear separation of different phases.

- In the first test series, two main kinds of oxides were present on the fracture surfaces, contain-
ing mostly Ni, but arranged as a 30-50 nm thick Cr-rich inner layer showing spinel structure,
and an outer layer having NiO type structure filling the rest of the crack.

- In the second test series, metallic Ni formed a continuous layer in the middle of the cracks
surrounded by the Cr-rich oxide layer (locally also Nb-rich oxide may be present) in contact
with the base material. On the outer surface islands of deposited Ni were also present.

- Cracking is consistent with a selective oxidation mechanism where vacancy injection into the

base material is expected to enhance the creep rate at the crack tip. The mechanistic processes
in steam and high temperature water are thought to be the same, at least for pure water.
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7. Summary

Dynamic strain aging is present in the studied weld metals of Alloy 182, 82, 152 and 52. Neg-
ative strain rate sensitivity observed for weld metal of Alloy 182 corresponds to tensile test
temperatures and strain rates where serrated plastic flow was observed. Appearance of DSA
manifested by serrated flow in weld metal of Alloy 182 fits well with the previously obtained
map of the DSA appearance for the base materials of Alloy 600 and 690. Internal friction
studies did not reveal any detectable IF peak attributed to free interstitial carbon or nitrogen
atoms in FCC lattice of the studied weld metals in the same manner as it has earlier been re-
ported for base material of Alloy 690.

Specimens containing small weld defects or hot cracks did not show any crack extension in
the doped steam test, either in pure weld metal samples or in mock-up samples after 2178 h.
Also the hot crack surfaces showed little oxidation and no selective oxidation processes were
observed on the hot crack fracture surfaces as compared to the fracture surfaces of the EAC
cracks in the same exposure conditions. This indicates that the local microchemistry and mi-
crostructures on the dendrite boundaries ahead of the hot crack tips are not inherently suscep-
tible to EAC.
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