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ABSTRACT

347H stainless ste@bS)welds used in commercialoncentrating solar power (CSP)
thermal energy storage at temperadufe565°C, are reported tbe susceptible to stress
relaxation crackingSRC)within months or years of servicé/ithout prior stress reliefia post
weld heat treatment (PWH,T3tress relaxation cracking may occline welded heaffected
zone (HAZ) and fusion zone (FZ) of 343§ particularly in thick sectiongreater than a half
inch, may be susceptible teheat crackinguringPWHT. Thegoal of this project is to
determine the effect #WHT and alternative alloys/filler consumables on reheat craaking
347H SS weld$o avoid SRCduring service.

Welding experiment®n 347H SS substratassing GTAW and SMAWwere @mpleted
to duplicatethe susceptible microstructure for crack susceptibility testangg E347 and
E16.8.2 weld consumabldanite element mode&lg (FEM) was performed to reveetsidual
stresgrofiles.Reheat crack tests, using a Gleeble© 3500, per®rmedas a functiorof
temperature, strestrain and microstructurd-our different sets ahicrostructures and
materials werénvestigatedl1) simulated HAZon 347H SS substrate material, 2) simulated HAZ
on a modified 316L substrate material, 3) transverse-eveked amples of E34-B47H S$
and 4) transverse croesgelded samples of E16.8317H SSFinally, elevated temperature
tensile tests at 600°C using tBéeeble© 3500vereused to determine the effect of PWHT on
mechanical properties for all four sets of materials.

The reheat crack tests indicat@re rapid failure imigher prestrains/stresses and higher
testtemperaturesThe E347Z was demonstrated to be the most spibke to crackingThe
347H HAZ samplegxhibiteda higher critical stress to failure threshold than EBZ2and is
deemed to be less susceptitilgeheat cracking’lastic strain {%) in the E16.8.FZ was
needed to cause crackirfgurthermorefailure occurred preferentially in the 347H HAZ instead
of the E16.8.FZ. No cracking was detected in thmdified 316L SSamples up to 16% strain.
CarefulPWHT designis needed to prevent crackimg347H weldsandE16.8.2 consumable

demonstrates to be thes SRC mitigation techniqui& FZ among the filler tested.
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CHAPTER 1:INTRODUCTION

The energy industry has adopted a thermal energy storage (TES) system as a functioning
form of renewable and clean energy in concentrating solar plants (CSP). Specifically, the
National Renewable Energy Laboratory (NREL) has incorporated a system «fadbletand
cold tankdor industry (e.g., 110 MW Crescent Dunes Solar Energy Project in TonopalasNV)
seen inFigurel.1 [1]. These molten nitrate saltdrmal energy storage tanks are of considerable
interest, because they allow flectricity generation when the sun is not shining, increasing the
plant capacity factor, utilization of capital equipment, and total annual generation and reducing
energy cots [1]. Due to the nature of the molten salt, the current temperatures experienced in the

hot tanks during service are approxinias5 °C.
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Figurel.1l: NREL Gen 3 Roadmap TES Schematip

High temperature molten salts pose a potential corrosion issue. Therefore, current
material selection for both the cold and hot TES tanks is 347H stabilized stainless steel (SS),
since it is more resistive to sensitization (intergranular corrosioth)naintains leer elevated
temperature strengthan other 300 series stainless steel grades (e.g. 304HE being cheaper
than Nibased alloy$2]. However, weld fabrication for 347H SS and other austenitic stainless
steel grades incur significant amounts of residual stesgecially fothick sections, due to
mechanical constraint and high coefficients of thermal expansion and contraction during weld

thermal cyclesIn addition, a constant high operating temperature contributes to potential, slow



long-range precipitation kinetics tiie £condary phas@&b (C, N) that may further increase the
susceptibility of serviceelated issues, such as stress relaxation cracking (SRC).

The concern for SRC in 347H SS has been validated by multiple sources from both welds
in service (multiple appletions) and simulation of SRC conditions in 1§b$]. There are
multiple root causes that can accelerate the SRC mechanisms, namely stress, whether it be
internal (residual stress), external applied pressure or a combination of both. Elevated
temperatures, where creep strain may develogp aassusceptible microstructure (both the heat
affected zone (HAZ) and E347 weld metal (WM)) combined with sufficient stress leads to SRC.
The time to failure depends on the specific component (accounting for temperature, stress, and
location) which can te a few months to a few years for this catastrophic failure to up#pld
Understanding general weldability (cracking susd®igir) of 347H SS is of importance;
however, this project has a narrow focus on $3iR@reheat cracking mechanisms.

The overarching goal of this project is to recomm8RL mitigation protocols to avoid
failure of 347H weldd manufacturing components, farlarly hot tanks, irgeneration 2

concentrating solar power (CSP) plaritse specific objectives include:

(1) Determine the susceptibility of 347/347H stainless steel 48&)veldgo SRC.
(2) Evaluate welding protocolsnd posiprocessing, including post wklheat treatment
(PWHT), employed for tank constructions that could increase SRC susceptibility.
(3) Test new alloysind weld consumablessmmercially available that are resistant to SRC
under the required operating conditionsdervice
The hypothesis of this project is tiva¢ld parameter optimization and desighyHT and
alternative fillers (i.e., E16.8.2) are the most practical ntitgasolutions to prevent SRC during
elevated temperature serviddowever,PWHT is not a simple orstep procedurd?WHT may
introducereheatcracking if the heating rate, stress relaxation tataperatures and residual
stresseare not carefully designexhd analyzed as reported in industry and literd#®. The
research questions to be answeredufinthis projectare:
1 What are the critical/threshold residual strain/strain level as a functi®wefT
temperaturein 347H SS HAZ E347filler metal, E16.8.2 alternative filler, and
alternative substrampositiors?

1 What is the correlation between wealesign and residual stress evolution?
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CHAPTER 2LITERATURE REVIEW

The background section consists of a broad literature review, including the weldability of
347H SS, metallurgical phenomena associated with 347H SS, effect of PWHT, and alternative
materials thaaire less susceptible to SRC. The base microstructure of the 347H SS alloy,
including CALPHAD simulations, are introduced first to explain the effect of temperature and
composition on microstructure. A section on elevated temperature mechanical prapdraas
discussed to justify the use of 347H SS as a structural alloy for elevated temperature conditions
compared to other 3XX SS grades. Then, a main section on weldability issues (i.e., susceptibility
to cracking) of 347H SS is discussed, includingradl potential cracking mechanisms and
existing laboratorscale testing methodology utilized to evaluate crack susceptibility. Following
on weldability issues is a section on the corresponding mitigation solutions, particularly for SRC.
The main mitigatiorapproaches addressed are the use of PWHT and alternative weld
consumables (for both existing and future tanks) and alternative plate grades (for construction of

future new tanks).

2.1 Composition and Microstructure of 347H SS

The nominal alloying compdsn of AlSI types 347 and 347H stainless steel listed in
Table2.1 corresponds to the allowable content in its definitionspe@e The AHO desi gn
standdor carbon wt% higher than standard 347(8.3% vs 008). The Nb content must be
approximately eight times the carbon and nitrogen content in wt% in 347H SS, while t&n time
the carbona and nitrogen in standard 3&7@ith a maximum of 1% N[.0]. 347His intended
for elevated temperature conditions above 540°C (up to 816°C max for section VIl applications)
because of its exceptional maximum allowable sifiess109 MPa at 575°Chen only
accounting for short time yield strength but 92 MPa when accounting for creep from ASME
BP&V Section 1D [11]). According to the same code, the maximum allowable stress in welded
pipes would need a weld efficiency factatrength of welded joint relative to the substrate
strengthof 0.8-0.85 for singleV butt joints (~78 MPa peak allowable stress at 575°C). When
external stresses during service (fluid pressures) are combined witinaeted residual
stresses, the internal effective stresses could exceed the maximum allowable stresses during
service temperatures. Minimizing residual stresses is critical to prevent stresses during service

from approaching the designed mechanical gtiefor the corresponding thickness.
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Table2.1: Nominal composition of 347H alloy according to ASTM AZ40] and composition
of Gleeble samples (hot rolled plate) and all E347 WM

wt % C N Ni Cr Mo Mn Nb Si S P
0.04 8 x
347H ASTM A240 O 1 - 9-13 17-19 = 2 (C+N), 1 0.75 0.03 0.045
' max
10 x
347 ASTM A240 0.08 - 9-13 17-19 = 2 (C+N), 1 0.75 0.03 0.045
max
Gleeble samplels 0.05 0.03 9.1 17.3 0.3 1 0.58 0.5
E347 WM 003 003 101 195 0.2 1.5 0.36 0.5

1. Material Test Report (MTR) from Sandmeyer Steel Company
2. Excalibur E34716 all weld metal composition from Lincoln Electric Holdings, Inc.

The base microstructure of 347H typically consistproharyequiaxed austenite grains
with secondry Nb (C,N)phase present along grain boundaries as showigime2.1, which is
obtained from a 10 thick pl at[l@]. Adter holdihgiabthmt a nn e a
temperature for 30 minutes, the plate is water quenched to room temperature to pse@ent M
carbides forming along grain boundaries, i.e., sensitization that leads to loss of corrosion
resistance along GB. The hot rolled annealed condition for platésmsrecommended prior to
welding of 347H plates. However, some cold working develops when rolling the plates into a
round shape to meet the design specifications of the tank shell. A cold worked (CW)
microstructuraup to 10%has been reported to incre&RC susceptibilityat 706900°C by
leading to more rapid intragranular Nb (C,N) nucleation, due to more nucleation sites with a
higher dislocation density, upon reheating without sufficient strain recovery due to precipitate
pinning of dislocation§6]. Strain distributes then along grain boundaries and increases
intergranular crack susceptibility.

The addition of Nb allows for higtemperature Nb (QY) formation prior to the formation
of M23Cs. Scanning transmission electron microscopy (STEM) imaging of the dislocation
substructure and GB showed formation of continuous NbC along GB and smaller NbC
precipitates on dislocation coresan0.04 C wt% content agceived condition(as seen in
Figure2.2) [12]. The formation of Nb (QON) provides the elevated temperature strength that is
desirable in 347H over 304H S8b (C,N) nucleation on dislocations (as seeffrigure2.2c-d)

contributes to intragranular strength and prevents strain recovery within the grains during stress
4



relaxation, leading to strain accumulation along grain bounddtiesdegree of MCsformation
depends on the Nb/(C+N) ratio. A lower ratio (e.g., higher C content) increases the risk of more

M23Ce formation but can be prevented with fast cooling rates and decreasing C content.

Figure2.1l:347THasr ecei ved from a 10 thick pl atfled] sol ut i

DF MAG: 56000 x HV: 2000 kV WD: -1.0 HAADF MAG: 6300 HV: 200KV

Figure2.2: STEM/HAADF i |mages and correspondlng Nb elemental maps showirf@ Nb
precipitation in grain boundaries-fd and dislocation witin grains (ed) in asreceived material
(solution annealed condition for a 0.04 wt% C h§E?)



2.1.1CALPHAD Simulations of Weld Microstructure

The solidification mode of 347H SS is generally ferrdigcstenitic (FA), where ferrite
begins to form first in the liquid followed by austenite. Then, Nb (C, N) nudedtappens right
after complete solidificatiorior the composition use@dssuming equilibrium condition§he
distribution, size, and volume fraction of niobium carbonitrides in the HAZ and FZ will
determine how the 347H SS welds behave during high temperature service conditions. The
exposure to temperature and time has a significant impact on the precipgtiavior in both
regi ons. Ni obium car boni tr i de saustenite mastagivelyt ed t
between 70a.000°CJ[2]. An example of an equilibriupseudebinary phase diagram (showing
elevated tmperature phases) and solubility diagram of Nb in the main elevated temperature
phases werealculated using Thermocalg®igure2.3 andFigure2.4), where Nb (C,N) may
precipitate out right after solidification with a very low nucleation rate at ~13751@xample
of a timetemperaturdransformation (TTT) diagram of 50% equilibriurolume fraction of
potential NbC,N) pr e c i p tntataxiwithcamassumed grairosize of 100mras
calculated using the precipitation module in Thermocaki@ure2.5). The effect of dislocation
density (increasing dislocation density with the black curve relative to the red curve) and
modi fied 50% Adil ut edo comenérdaE3N@LtfiledandB47mip osi t i on
substrate compositiaenis shown inFigure2.5. Reducing dislocation densityia recoveryyand
reducing the amount of Nb, C, and By modifying the weld m@l compositiondelays the time
to Nb (C, N) precipitationwhich may be synonymous to time to failure during SRC or reheat
cracking.The sharp kinks are likely representative of a database discontinuity in material
propertiesusedcalculated nucleatioma growth rateshat predict the TTT curve$he
composition used for the Thermocalc© calculations was based 84 Thksubstrat&leeble
experiment composition (s@@able2.1).

A microstructure with sufficient temperature and time within the active precipitation
temperature range (7€00°C) would allow for sufficient nucleation and growth of Igh )
precipitaes within the austenite parent matrix (900°C being the most active nucleation
temperature with growth rates increasing proportionally with increasing temperature).
Temperatures above the active precipitation range (i.e., above 1150°C) will allow fdr partia
dissolution of these precipitates; however, there may not be complete dissolution up to the

solidus temperatur®dlb (C,N) 1 s t her modynamically snataxbl e out
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up to the solidus temper at u-daustenitehsdbelavihe Bb ma x i mu
bulk composition and Nb has a strong affinity for tying up free C and N rsaution.

Temperatureb el ow t he active temper-anoréheaegerweicl pi
are out of solution. It has been reportecatt f i ne preci pit@attese thatmat
lower the creep ductility of the material even though they increase elevated temperature creep
strength; on the contrary, coarser matrix precipitates would allow for better creep ductility at

high sevice temperature[d 1]. Understanding the interaction and contribution of precipitates on

high temperature mechanical properties has a significant impact on the lifehot thek welds

in service.
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Figure2.3: Pseudebinary phase diagram of 347H SS of typical composition (@58NDb)
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2.12 Solubility limits of Nb (C, N) in 2-austenite

As cooling occurs from a continuous <cast
(10501 1 0 0 AaDstenite and N, N) will be the primary phases upon cooling to room
temperature. NbQ, N) will not completely be dissolved in a solid solution with this
compositonComp |l et e di s s oadustdniieavil nobotcurNpt&Ctemperatues of
1400°C with a Nb content of 0.58 wt% and C content of 0.05wt% based oiCashllobility
diagram(seeFigure2.6). As temperature decreases, the volume fraction of NbC will increase.
Since there is an excess amount of Nb relative to the stoichiometric ratioANB:O in wt%
with the received composition, Nb segregation may lead to liquation on grain boundaries during
high temperature weld thermal cycles. Studies on the amount of Nb, C, and N content in 347H
SS influence the amount of Nb (C,N) contdfig(re2.7 [13]). A higher amount of C and N
requires an increase in Nb to meet the 347H speddigaherefore, Nb (QN) content increases.
With smaller amounts of Nb, C, and N, the Nb KJ may form after complete solidification
(which is preferred for weldability). While more Nb () content would increase elevated
temperature strength geneyalihe excessive amounts of Nb relative to C and N may increase
liquation crack susceptibility in the partially melted zone (PMZ) of 347H SS welds if sufficient

constraint exists.
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2.2 Elevated Temperature Mechanical Properties
The code used to determine the maximum allowable stress for commercial CSB tanks
ASME BP&V Section VIIIDiv. 1 [11]. Figure2.8 represents the maximum allowable stress that
is dependent on the service temperature for 347H,347H welded pipe, 321H, 316H, 304H,
and 316L. The sudden drop in allowable stress is attributed tadépmendent properties (i,e.
creep). 347H SS maintains the highest allowable stress and creep resistance compared to other
austenitic stainless steels for a service temperature of 565°C, which would be the best candidate
for thickness reduction. Except for one 347H welded pipe (M@R)parison, all the values
compared correspond to plate form with higher stress values allowed. 318& &Bexample
hasa maximum allowableecommendedervice temperature of 454%ccording toASME
BP&V code Section D, which can be shown with no data points above 5@@%D inFigure
2.8 based on Table 1A in the cofdl].
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Maximum Allowable Stress (MPa)

o

Creep rupture tests under constant load, on the other hand, provide information on a
stressvs.time plot with different temperature dependent lines for a variety of 347H SS
compositions in the solution annealed conditieigre2.9) [14-16]. As temperature increases,
the time to rupture generally decreases with the same applied engineering stress. Mitigatio
creep or creefiatigue induced failure at service temperatures requires a significant reduction of
total stress (mainly welthduced residual stress) in the tank welds. For example, stresses above
300 MPa may contribute to a very short time to faibtr65°C (as early as 56 h for one heat),
according td-igure2.9. PWHT provides the most practical approatimitigatingcreep, creep
fatigue, or stresgelaxation induced failusof 347H SS weldsReducing the maximum tensile
stress at 565°@ stress values below creep rupture would help maintain a designed life cycle up
to 30 years (26R00hr.) (e.g., <90 MPaverall effective stressdsr 600°C datgoints inFigure
2.9).
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Figure2.9: Creep rupture database for 347H SS in time to rupture for constant engineessg stre
for service temperature (565°C) up to 8161@-16]

2.3Recovery,Recrystallization, and Grain Growth in 347H welds

In the context of recovery, recrystallization, and grain growth, NiINj(revent these
processes from taking place at low temperatures. NNY&elp pin dislocations from
movement, and thus, recovery and recrystallization are very dependent on pretikitetics.
High temperatureG@bove 1100°Care needed to fully achieve these states, particularly with high
Nb (C,N) contents in 347H SS, but is dependent on whether cold working or hot deformation
has taken placl7]. High dislocation density allows for Nb (@) to limit the recovery and
recrystallizationprocess. A study, using load relaxatmmve, help determine a
thermomechanical method for determining recovery and recrystallization as a function of
temperature with different applied strains. A compressive true strain of 0.8 for 4 1REr
0.06G0.72Nb (in wt%) 347H SS alloy was appliedenperatures of 1150230 °C and then
load was relaxed with a constant displacement to allow for static recovery and recrystallization
[17]. The first linear slope in the load vs. time plot after hot deformasiean(inFigure2.10)
determines the time during recovery, and then the first inflection point corresponds to when

recrystallization first takes place due to load softening. The time was taken between the first and
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second inflection to determine the time for complete redtigstion, which is plotted irFigure
2.11
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Figure2.10: Load relaxation curves after 0.8 true compressive strain for determining
recoveryrev)and rerystallization (rex}times in 347H S$or temperatures of 115023C0°C [17].

Time from beginning to the first inflection point determines the time to recovery, while the time
from the first inflection point to the second inflection point is complete recrystadn.

While recovery and recrystallization may occur more during processing after continuous
casting mostplate is received in the solution annealed condjigor to bending or weld
fabrication Pipe bends of plate may include recovery and recrigstadin because of cold work.
Regarding weld microstructures of solution annealed plate though, grain growth is more
common in the coarsgrained heat affected zone (CGHAZ) and is dependent on the initial grain
size. A study on grain growth after hot fargishows that temperatures 1170°C and below have
no significant grain growth due to Nb (C,N) pinning effect (i.e. Zener pinning), while abnormal
grain growthcouldstill beobserved around 12a1270°C due to incomplete dissolution of Nb
(C,N) at those temperaturgis8]. While grain growth is dependent on temperature and time, a
temperature of 1270°C quickly allows for coarsening to take place (from about 10pum to 60 um
within 10 minutes) prior to longer times up to 100 minutes (which coarsened toS&bjaon) as
seen inFigure2.12 andFigure2.13. Times at high temperature dugithe weld thermal cycle (in
the CGHAZ) are very short, and the temperature must be high to allow for grain growth to occur
very fast (likely less than 30 seconds). A higher temperature 1) allows for more dissolution and

coarsening of prexisting GB carbnitrides that are pinning the grain boundary mobility, and 2)
13



faster coarsening rates. Understanding grain growth is important for consideration of PWHT.
With this in mind, a PWHT treatment up to 1050°C for a couple hours may not lead to

significant graingrowth, while static recovery and recrystallization may still occur, which help
contribute to a stress relief state in the 347H weldments.
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Figure2.11: Fraction of recrystallization vs. relaxation time ébiferent temperatures in 347H
SSat 1150, 1170, 1190, 1210, and 12Z3(17]

s

Figufe2.12: Microstructureé after grain coarsening with temperatures of-12@0°C for 60
minutes after being hot forg¢#8]
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Figure2.13: Grain growth kinetics in the specimens during different soaKitgjs

2.4Weldability Issues with E347347H SS Welds

R.D. Thomas, Jr. (a former American Welding Society President) documented results
from multiple industrial partners and papers on the phenomena of HAZ cracking in thick
austenitic stainless steel welds from the 12980s era that were in servi@. His review
covers cracking for 347, 321, @b, 310, 309, 316, and 304 SS grades, which involved thick
plates with high temperature service conditions but related to mechanical and not corrosion
failures.Table2.2 below shows the susceptibility range of these different SS grades related to
HAZ cracking and the number of references citing failures relating to mechhaszd failures.
While the elevated temperature strength and sensitization resistance 063d@st desirable
within the 3XX grades, there is a risk for weld failuréis study{2, 3] shows that 347 SS is the
most susceptible grade due to its underlying strengthening mechanism: intragranular
precipitation and weakened grain boundaries, while 304 is the least susceptible (ranking is not
based on number of reported failure cases). Nateattly mechanically based cracking was
evaluated, not corrosion related. In essence, most of the failures reported 1) occurred in the HAZ,
and 2) failed along the grain boundaries. Overall, the theories associated with the types of HAZ
failures were 1) fquation cracking and 2) ductildgtip cracking, while 3) reheat cracking (or
SRC) is most common among precipitation strengthened stainless steels, particularly 321 and
347 SS. Many of these failures that are reported in this study failed intergranulkiudyHAZ

while in service or during PWHT temperatures. However, Thomas points out that a carefully
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designed PWHT and composition control (alloy design) could solve the issue of intergranular
cracking in the HAZ of austenitic stainless st¢g]s

Table2.2: Number of references corresponding to SRC failure in sef3jce

Tvpe Number of
yp References
Most
Susceptible & e
321 8
316Nb 3
310 4
309 1
316 14
Least
Susceptible £l <

Although cracking has been often reported in HAZ, there are several potezitability
issues in both the HAZ and other zones including partially melted zone (PMZ) and fusion zone
(FZ) of 3XX austenitic stainless steels, especially in 347H. A representative weld microstructure
of 347H generated by an arc energy of 50 kJ/in.asvehn Figure2.14. The fine grain heat
affected zone (FGHAZ) is generally not an area for crack initiation for 347H welds. The peak
temperature experienced by CGHAZ blead to dissolution of NiQ, N). Dissolution of grain
boundary (GB) carbonitrides during a weld thermal cycle in the CGHAZ allows for grain
coarsening with less GB pinning effect, which reduces the strength and ductility of the CGHAZ
relative to the FEAZ. The PMZ experiences liquation along GBs due to depressed melting
temperature of segregations rich in Nb. For instance Q\bl has a much lower melting point
t h a n-mathxes shown ifigure2.3.Therefore, PMZ may experience liquation cracking
with the presence of sufficient cooling stresses above the solidus temperature of secondary
phases. The FZ contains up -ferite aslt® dolingcatesiaree f r a c
not usually slow enough (i.,e.,arenqui | i bri um conditions) to allc
N)Ao + N IN) tiarGfprmation during cooling. The characteristics of the PMZ, CGHAZ and
FZ contribute to a variety of weldability issues.

For each potential weldability issue, there is one or a combination of factors: 1)
composition, 2) thermal history including weidat input and PWHT, 3) residual stress induced
by the welding process, and 4) servietated factors (e.g., service temperatures, thermal cycling
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and applied stress). The thermomechanical weldability issues associated with metallurgical

nature are lisekin Table2.3. Some of the servieeelated weldability issues may not apply to this
specific application, par-ti oebdado gndiedforen si on
are not listedStress relaxation cracking (SRC) is the most Yike¢ldability issue for failure in

CSP tanks based on the service condition of an elevated temperature combined with the inherent

residual stresses and susceptible weld microstructures.

Figure2.14: 347H SS GTAW autogenous weld (190 A, 4 IPM, ~50 kJ/in.)

Table2.3: Summary of thermomechanical weldability Issues in 347H SS

Failure
Risk/Weldability Locations Type of When? | Mitigation Techniques | References
Cracking
Issue
Lower Cullen and
. . . . Freeman parameter
Liquation Cracking| PMZ/FzZ Hot Welding (1/2Nb/(30C+50N)) [19-22]
(composition control)
Embrittlement . e
(including sigma FZ Warm | Serviceor| Reduc t ifeaite [23-25]
PWHT (composition control)
and G-phases)
Multi-pass
e . welding Tortuous grain
DUCt'“ty. Dip FZ (possibly Warm and/or boundariesgrocess | [9, 2628]
Cracking HAZ)
elevated T control)
service
1. Residual stress
managementpfocess
. . - i 1 41 1 )
Reheat cracking/ FzZ, Warm Service or controIIDVv\v;le_:(il)ng and [g 27 6298
SRC PMZ/HAZ PWHT 2. Alternative matrials 30]
(including weld
consumables)
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2.4.1Liquation Cracking Susceptibility of 347H SS

The main difference between solidification cracking and liquation cracking are the
location and mechanisms. Solidification cracking typically occurs in the fusion zone centerline
of a weld duringsolidification when a higlvolume fraction of segregant impurities (e.g., S, P) or
high partitioning coefficient elements (e.g., Nb) develop along primary solidification boundaries
in the form of a continuous film while under a cooling strfif]). A solution for mitigating
solidification cracking i n st darriteltodosns st eel s |
primarily in the melt (higher G§Nieqr a t i 0 )-ferriteshiasmadighertsolubility of S and P
t h aaustemite. Liquation cracking is a form of hot cracking that initiates in the PMZ during
cooling or reheated weld metal during migéiss welding. The main characteristics needed for
liquation cracking to devep are: 1) stress induced by contraction of a highly restrained weld
during cooling, 2) a wide freezing temperature range due to constitutional liquation of low
melting temperature phases or elements along grain bound&je¥he cracks developed are
intergranular with evidence of Nb enrichment phases, deemed a eutectic (exampld-gpee in
2.15).

The equi |l i bri um -fewikeis dproximatgly thoeke tinfédblowernhaniNb
(C,N) in austenitic stainless steels and sombasie superalloys (see the three corresponding y
axes inFigure2.4 as a comparison). Carbon and nitrogen are present to tie up the Nb at high
temperatures, where Nb () may form up to the solidus temperature. An ssoee amount of
NDb relative to C and N in terms of its stoichiometric ratio may lead to liquation with a liquation
range of 60°C from 1290 to 1350°C for some alloys of 3419y The sample with a 1350°C
liquation temperature had minimal liquation within one grain adjacent to the fusion boundary,
and the 1290°C liquation temperature sample had a liquation width of a few grains away from
the fusion boundary. The backfilling ph® menon (i . e. , grain boundary
cannot heal completely the cracks with a lower liquation temperature. Cullen and Freeman
developed a ratio of Nb relative to Nb and C and N (1/2Nb/(30C+50N)), defined as C & F
parameter, that revealsa intensity of excessive Nb on liquation susceptibility on a range of
13151355°C Figure2.16[22]). A lower C & F parameter decreases the risk for liquation
cracking by reducing the width of liquation. Ferrite stringers present in fezaised (hot
rolled solutionannealed) pk& can be sites for liquation in the PMZ. A relatively high

concentration of Nférritenstringérs decreasesette ¢éocalizedtsalidus e d 0
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temperature. Reducing the C and F parameter to 0.1 and below by controlling the Nb content to a
ratio of Nb/C less than 7.7 is recommended for any 347H grade. According to ASTM A240, the
NDb is typically eight times the C+N content in wt%, since N also participates in forming Nb (C,
N). Nb ratios are generally recommended to be lower in weld metal foasmadsons of
reducing solidification cracking.

Weldability tests, including spot transvarestraint and hot ductility tests using the Gleeble,
revealed the effects of composition on liquation cracking susceptidiity21] A spd
Varestraintest essentially is thrg@oint downward bending on a stationary GTAW weld as
solidification is taking place along a bending block that direct cracks to develop only in the
PMZ. Liquation will typically take place intergranularly along fexitands or prexisting grain
boundary Nb €, N), and cracks will develop with a strain exceeding a critical threshold at
elevated temperatures. A C and F parameter below 0.1 reduced the total crack lengths to below
0.1 mm Figure2.17[21]) in the PMZ.

The brittle temperature region (BTR) is a low ductility region that ranges from the
liquidus temperature to tlelidus temperature, where the zeatility temperature (ZDT) is
associated with the solidus temperature. The temperature range of the BTR is correlated to the
width of the PMZ due to a temperature gradient, where the liquidus temperature represents the
peak temperature at the PMZ/FZ boundary and the solidus temperature represents the peak
temperature at the CGHAZ/PMZ bound@ry. Hot ductility tests are used to rapidly haa
sample using the Gleeble to determine the ZDT upon heating and cooling fromstreegbh
temperature (ZST), which is a temperature within the BTR that shows immediate failure upon
pulling a tensile strain. Hot ductility tests were combined with spasvarestraint tests to show
the relationship between the ZDT (determined from the hot ductility tests) and total crack lengths
(determined from spot transvarestraint tests) as illustratedjime2.18[19]. 347C grade
(highest P + S content out of the other grades examined) with a lowest ZDT exhibited the highest
susceptibility to cracking with longest total crack lengtrasugements. Reducing the width of
the BTR and PMZ, by increasing the ZDT, generally reduces liquation cracking. ZDT can be
increased by lowering C and F parameter of 347H grade and reducing P and S content.
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2.4.2Embrittl ement in 347 SS Welds

PWHT can be the primary feasible method for reducing susceptibility SRC of 347H
welds made with matching filler metal in servimel) reducing residual stress, and 2) generating
a less susceptible microstructure. However, thereataic temperature ranges where there are
ductility drops in the WM (due to sigma embrittlement) and HAZ (due to strain aging). There are
21



two examples from literature that show the benefit of a 1050°C PWHT for both WM and HAZ,

which is a standard solutiaing heat treatment for 347H SS.

The main challenge for materials with required strength at temperatures of 565°C is to
prevent grain boundary embrittlement and drops in ductility below 30% based on handbook
requirement81], especial} in heat affected zones and muydiss welding fusion zones (FZ).

For 347 SS weldments onriZch-thick plates, various PWHT at temperatures of-5086°C and
annealing times of-850 hours were studied with four electrode compositions in litergtdte

Room temperature tensile and Charpyaftch tests in all weld metals shownFigure2.19

reveal the effect of post weld heat treatment, including both temperature and time, on ductility
(%) and impact toughness (J) at room temperature. The Larson Miller Parameter (LMP)
tempering quation (Eq2.1) was used to account for both temperature and time in comparison to
the aswelded condition:

000 [g3))
The four different weld metal compositions were quantified in the form gfa@d Niq

ratios as a means of comparison to other weld

ferrite during weld metal solidificatiorThe Cegq(EQ. 22) and Niq(Eg.2.3) are:

61 61 ™zZ0® 43
0 0Q ovwod ¢1O0 )

A higher CedNiegratioi ncr eases t he -fereteitdfermduyingther mor e
wel ding process, whil e a I-foemerri treata nd rsetdaubcielsi z
austenite phase during solidification. The initial drop in ductility at lower temperaturas occu
faster within weld metals with higher &iNiegvalues (higher Cr and Nb content relative td\C,
and Ni) Figure2.19a) , b e -plmse $oems faster at lower temperatures with the presence of
a hi gher -faneRgaré2.1% iemanstrates a similar trend in thevesdded impat
toughness as a function ofégNieq The effect ofmicro fissuringin all austenitioveld metakis
a common phenomenon and can contribute to microcracks during solidification that lead to
reduced impact toughne2]. While this may be #case for the aselded condition, a lower

CredNiegratio leads to a reduction in ductility at higher temperatures. The tests included all WM
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in the longitudinal direction and can be assumed that dilution was negligible in the test region

(i.e., minimum mixing with substrate).
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Figure2.19: @) Ductility dip in room temperature tensile testadb) toughness dip in room
temperature Charpy-notch tests as a function of the LMP (varying PWHT agémgyperatures
and times) of E347 20 thick wel 4 with four d

A study on elevated temperature tensile testing after various heat treatments show the
effects of strain aging temperature on ductility drophérange of 70800°C for a 18%GCr
12%NF1%Nb SS (older version of 347 with higher Ni and Nb contefigl(e2.20[28]).

Tensile specimens were solution heat treated ranging from temperatures-a3265G
followed by aging at a variety of temperatures within-B00°C for two hours. Therspecimens

were pulled to failure at the aging temperature and the ductility was measured. Ductility contours
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were placed in a plot of solution temperature vs. testing temperature to reveal the degree of
ductility dip as a function of both variables. Thighest degree of ductility dip occurs around
800°C aging temperature for all solution heat treat temperatures, while a higher solution
temperature leads to a lower ductility for all testing temperatures. The explanation for these
results pertains to thérain age embrittlement mechanism, where a higher solutionizing heat
treatment will lead to dissolution of coarse N N). During subsequent strain aging, formation
of fine Nb (C, N) at dislocation cores during tensile testing at lower testing tempesanay

lead to ductility dip.
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Figure2.20: Ductility contours from elevated temperature tensile tests after solution heat
treatments at 1050325°C and subsequent aging (83D °C) for 18%Ci12%Ni1%Nb SS
[28]
243Ductility Dip Cracking (AMicro fissuringo)
Ductility dip cracking (DDC) occurs typically in mulpass welds during reheating from
the weld process or elevated temperature service, where restraint and grain boundary tortuosity
are low. DDC typically occurs on migrated grain boundaries in reheaiebmetal, less
tortuous grain boundaries with high concentrations of segregant elements (S+P) and second
phases (or lack theredfj]. Some older reviews combine liquatioacking with DDC
mechanisms seen in mufiass weld$2]. However, Lippold distinguished the difference
between the two crack types by describing their temperature diffefgiiceguation cracking

is associated with a BTR at elevated temperatures, while DDC is manifested in the form of a
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ductility dip at solid state temperatuf@$. DDC may occur in 347H HAZ as well bist
primarily associated with the muldass WM[27].

Strainto fracture tests are used to measure DDC susceptibility, which is an elevated
temperature test where they apply a range of tensile plastic strains to determine when
microcracks begin tdevelop (particularly on a spot weld microstructiutg. Another literature
example determined the susceptibility of a weld microstructure to DDC through bend test on
multiple different austenitic weld filler mulpass welds with varying ferrite contefigure2.21
[21]). Micro fissuring is defined as the formation of intergranular cracks due to grain boundary
migration both during cooling after solidification and during rehed8&¢ Lippold[7] states
that fAmicro fissuringo is a representaritei on of
typically possesses more torturous gtamindaries and higher solubility for segregating
elementge.qg., sulfur and phosphoroubkpn austenite, providing better resistance to grain
boundary migration and micro fissuridge to stress/strain distribution along straightex
tortuousboundaris with respect to axis of maximum tensile strétence, a high ferrite content
reduces the tendency for DDC. Among fillers for 3xx stainless steels, E347 WM performed the
worst and needed more ferrite content to reduce the degree of micro fissurinepitedeleld
metal during multipass weld procedure. Reheated WM, depending on the peak temperature
experienced and cooling rates, may solutionize ferrite content during a subsequent weld pass and
reduce ferrite content. Higbegregation elements.(.,S, P not in solution with austenite
matrix, combined with sufficient cooling strains, lead to cracking along low torta@rated
grain boundarieduring reheating. High ferrite content reduces hot cracking and ductility dip
cracking susceptibility; howeveembrittlement may occur with excessive ferrite content due to
elevated temperature service where sigma phase may begin to form via diffusive transformation.
The best consumables that only need a small amount of ferrite to reduce cracking are E316 and
E308 E16.8.2, which is a hybrid of 316 and 308, is an alternative filler with low ductility dip

cracking and hot cracking susceptibility.
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Figure2.21: Fissurebendtestresults on shielded metal arc welding (SMAW) welds of various
fillers and ferrite conterfR1]. The plot resembles the number of fissure counts measured
optically versus ferrite number of various E8Xveld consumables.

2.4.4SRCand Rehea Cracking in 347H Welds
Many cracking mechanisms are closely associated with high temperature failures in
weldments and base materials, particularly creep, €egigue, and thermal fatigyd]. The
most likely cracking mechanism for mufiass weldments of 347/347H austenitic stainless steel
is a reheat cracking mechanism. There are ¢yipexs of names associated with reheat cracking
mechanisms from reports and literature:
1 Reheat cracking, a general term associated with cracking during PWHT
i Strainage cracking, associated with Ni base alloys such as 740H
1 Stress relief/relaxation crackin§RC) that occurs during service
SRC is a highemperature service related failure mechanism that occurs in preeipitate
strengthened materials, notably 3XX stainless steels abhd$¢i alloy$33]. About 50 failures
related to SRC were reported in 800H, 16Cr13NiN , 617, 625, 304H, 321H, 347H, 310,
25/35Nb, and 601 (combination of 3XX SS andhdsse alloys)8]. SRC occurs nmally in the
weld metal and heatffectedzone regions of higkemperature creep resistant materigigure
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2.22[9] demonstrates cracking in E347 WM during PWHT at 900°C, which can be observed
with a branching nature with cracks occurring along . solidification grain bounddgaes?2.23
[34] demonstrasan example of SRC cracks in a superheat tubafteg being in elevated
temperature serviogf 595°C for a few months

A list of characteristics of SRC haween collected from an extensive report of SRC
susceptibility in many austenitic stainless steels anblase alloys reported lilje Netherlads
Organization for Applied Scientific Research (also knowiid®) in which the 50 failures
mentioned above caspond to the following fingerprinig, 8]:

1. Failure occurs at operating temperatures between 500 and 750°C.

2. Failure occurs in new equipment mostly within 1 to 2 years.

3. Failure occurs after repair arodification often within 1 year.

4. Cracks are always located on grain boundaries, in front of cracks there are small
isolated creep like cavities (example of creep cavities ahead of SRC failure in
347H SS inFigure2.24b).

5. The fracture surface of the material shows a brittle appearance with visually no
deformation.

6. Cracks are present in the HAZ, weld metal and cold deformed areas (high
dislocation density)

7. Mostly ametallic filament is present on cracked grain boundaries. This filament is
enclosed by a Grich oxide layer, which is low in Ni and KseeFigure2.24a).

The chemicatomposition of the metallic filament itself is material dependent,
but always very low in Cr and high in Ni and Fe. Some other materials, like
Inconel Alloy 617, have no metallic filament present. Sometimes referred to as
Awh-phase f[5.#&shouldbenoted that a-@ch oxide layer mainly
develops in stress relaxation crack®r time after crack initiation in service,
while a Crrich oxide is not likely seen in stress relief cmélom PWHT.

8. Cracks are only present in areas wherethiec k @ardsesssis higher than 200
HV (load > 1 kg).
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Figure2.24: SRC crack in 347H SS after 6 months of service a{&BDDC Wlth a) presence of
metallic filament and Grich oxides and b)reep cavity formation ahead of SRC crack8h

As mentioned earlier, tharee main contributing factors are 1) residual stress, 2)

susceptible microstructure, and 3) elevated temperature in creep dominated regimes. The three
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factors together lead to reheat cracking or SR metallurgical mechanisms contributing to
crackingis hypothesized to be a combination of reprecipitation of niobium carbonitrides (Nb
(C,N))[6,7] in the grain interiors (in dislocation//s) and on the grain boundaries (as seen in
Figure2.2)). The reprecipitation of intragranular niobium carbonitrides during elevated T service
or PWHT strengthens the grain interiors, while grain boundary carbonitrides have a low

c o h er e n c yausenite¢ graintoduedaries. Therefore, a zone in between the grain interiors
and grain boundaries is depleted of niobium carbonitrides, which is described as a precipitate
free zone (PFZ). A microstructural evolutischematidllustrates the PFZ being betweenarse
intergranular precipitates and a zone parallel with a high densigyadivelyfiner precipitates

(with limited atomic mobility in comparison to grain boundariésg to dislocation pileips and

higher dislocation densities near grain boundafégure 2.25 [4]). This location allowdor

strain localization to minimize the energy contribution from the residual stress, which eventually
leads to cracking in this regi¢8,9]. Figure2.26 below shows an example of a PFZ for a niekel
based all oy I nconel 740H in the we33dARREt al wi
is also shown near the crack tip and creep cavities of a SRC failure in a 347H SS HAZ failure
(Figure2.27[35]). It should be noted that the PFZ for 347H SS welds in contrast to Inconel

740H is observed on a finer scale (< 500 nm), where arlggiution transmission electron
microscope (TEM) is needed tletect the PFZ. Also shown is a#ds carbide that resides on

the same grain boundary where the PFZ is observed. The PFZ has been established as the main

mechani sm that can explain Aintergranularo fa

HV 240 | fesss grain boundary

HXKICHNHK, K carbides
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Figure 2.25: Schematic of PFZlong grain boundaries due to solute deplefign
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e 5 = s
Figure2.26. SEM image showing PFZ in Inconel 740H weld metal near tha goaundary. The
mismatch of strengthening mechanisms enhance the susceptibility to SRC in PFZ3&gion

Cr denuded
zone at the
grain
boundary

<500 nm
——1 200 nm

Figure2.27. STEM-EDS maps of Cr and Nb near a creep cavity ahead of a toe crack in the fillet
of a 347H weld showing Cr depletion and Cr rich carbide (likepg@g) along a grain boundary
with the presence of a Nb rich carbonitride (likely Nb (C, N)) and a PFZhHas<500 nm wide

[35]. Image used with permission of collaborative research study funded by the Electric Power
Research Institute and executed by Dr. Geoff West of Warwick University.

Secondary phases other than gh ) formed in the weld and HAZ require important
consideration regarding SRC. For instance, U6
singleV groove on a boiler pipe due to transverse shrinkage of later weddgpas the HAZ of
pass 1 (root passirigure2.28) [36]. The shrinkage upon cooling in pass 2 creates a bending
moment on the root of the weld, thus creating sufficient tensile strain to trigger transformation

induced plasticity (TRIP)-igure2.28 illustrates the presence of a macro crack within HAZ
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(likely SRC), which is 2 mm away from fusion zone boundary, after five months in service at

595 °C. Hencethe presence dd & ma r t é\Nb(€,N)tmay siaggedt a higher susceptibility to
cracking in 347 SS during service at elevated temperatures byts&eimg the grain interiors

and complementing the PFZ mechanjgluUn der st andi ng -marensiteéBCEr si on
t o-augenite (FCC) may affe@@RCsusceptibility because of a phase transformdéadingto

a more densely packed structtinat may cause increases in dilation strain/stress during

reheatind37].

(a)

Fusion zone

Inner surface

Dark band

Figure2.28. Macro crack in a) HAZ, b) closeupofcc k, ¢) regi on of dar Kk
martensitg36]

Figure2.29 demonstrates the fracture micrographs and SEM images of reheat crack
related fracture surfaces at 700°C and 800°C witHqad of 10% plastic strain in HAZ of 347H
SS[6]. There are a significant number of secondary cracks that exist behind the primary fracture
surface when analyzing cross sections, which indicate low dyetiting grain boundaries. The
fracture surfaces, via scanning electron microscope (SEM), displays an intergranular failure with
small micro voids existing on the grain facets. All these metallurgical observations are evident
both of SRC and reheat craghpé characteristics, except SRC cracks contain oxides due to very

slow progressive cracking over time at elevated temperature.
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Figure2.29: 347H SS Secondary intergranular cracks ahead of fracture surface a) under 800°C
and 10 % plastic strain and b) under 700°C and 10% plastic strain, and fractography analysis
using SEM for 700°C and 10% plastic strain case: c) mmede fracture surface aWwing

micro voids on surface with grain facets, and d) void along grain boun{&ries

2.4.5GleebleTesting Methodologesfor SRC Simulation and Contributing Factors

A general way of evaluating the cracking t
curvesd or o6crack curvesdé as a function of te
creep rupture tests under constant]oaformation is usually displayed on a stress vs. time plot
with different temperature dependent lines. For 347H weld microstructures specifically, there are
only a few references pertaining to SRC susceptibility in weld metal, simulated HAZ, and a
recod of time to failure for various examples of failure in service and various weldability tests
(Figure2.30[4, 6, 9, 38]. The green line represents an overall inclusive curve on minimum time
to failure for various SRC tests and service fauISRC has been reported to be a significant
issue typically at 70@00°C in relatively short service tinf@, 39]. Some studies only provide a
certain time range about when failure took place. An example bfastest where the time to
failure or start of eonabekdiretaxationtestd a 347 SSpveld t ed i
[4]. After heating to a temperature range between 600 and 650 °C for 347H, they would displace
the center of the specimen to about 10% strain in the center of the specimen and watch load relax
for a duration of 96 hrs. After 96 hours, the sample containel@émse of microcracks on the
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surface bent in tension and in the middle of the specimen at the CGHAZ with a slightly higher
degree of cracking at 650 °C. These tests are used to mainly evaluate SRC susceptibility during

service.

For the case of Gleeble gpiec simulations of SRC on weld microstructures, as shown in
Figure2.30, three sets of data are shown, including data reported by Lif8jadd Kan{6].
The curves represent a minimum time to failure for situations in which constant displacement
(i.e., stress relaxation) conditions were implemented. A higher initial stress up to 100% of WM
yield strength reduces the minimum @&rto failure and increases susceptibility to reheat
cracking. A weld with relatively higher residual stresses will generally have an increased
susceptibility to cracking during PWHT. Based on comparative purposes, the data frojé] Kant
, Which is a simulated HAZ with an applied true strain of 21% (10% cold work), indicate similar
time to failure with WM samples. While there are SRCstéisat confirmed cracking occurs,
there is a lack in understanding of temperatiependent critical stresses and strains to failure.
When designing the PWHT, such knowledge is important in order to prevent reheat cracking
during PWHT.

1100 [
o = Kant, Gleeble 21% strain, 1325°C HAZ
1000 /.’ = =|ippold, Gleeble WM (100% Y.S.)
- L Lippold, Gleeble WM (75% Y.S.)
—_ ! 3 Morishige, various SRC tests and failures
P 900+ Y :
Y \ . —> Failure
| - \ 'o
2 800
@© N,
3 AN
e 700] \ —> Failure I
(0]
— No
600 Failure 1
500 1
10° 102 10

Time (hr)

Figure2.30: Literature survey of SRC susceptibility curves reported as temperature vs. time from
various SRC tests, and service failu@&s9, 38]
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The most recent methodology from literature was developed by Lehigh University
simulating stress relief cracking (seerfFigure2.31[6]). The test consists of four steps: 1)
thermal cycle representative of what CGHAZ experiences, 2) applied tensile plastic strain at
room temperature. 3) Heat to a PWHT temperature under zero stress, and 4) stress relaxation
under constant displacement with an applied stress equal to the 0.2% offset yield strength. The
current method developed by CSM applies a similar idea to simelaat cracking, except with
a stress present during heating to the designated PWHT temperature (step 3) instead of pulling to
a stress value at temperature. Ohio State University (OSU) has also another modification where
they pull at room temperature aaliow for thermal expansion to reduce while heating up and
then pull to an additional stress representative of the current temperature 0.2% offset yield
strength[40]. Theirresults of a E34B47H cross welded sample show no failure with an
approximated prstress that is 50% of the WM yield strength with a temperature of 900°C.

Based on the stress relaxation curves for 347H SS with a 10% cold work (CW) condition
(Figure2.32), failure occurs at all conditions, except the 900°C condition. Some tests with no
pre-plastic strain (no step 2) exhibited no failure for the 347H SS samples. Al@adlastic
strain was needed for cracking to occur in 347H SS HAZ, but there is no indication what
minimum plastic strain is needed to allow for failure to occur within a reasonable PWHT time.
The intention of this project is to determine a comprekensmderstanding of the interaction
between stress/strain, temperature, and time to failure.

As a comparison with other alloys, a SRC susceptibility statistical ranking was developed
by Kant et al. The six parameters that influence the SRC suscep#tipditl) ductility, 2) %
stress relaxed at temperature, 3) hardness near fracture surfaces, 4) failure time, 5) fracture mode,
and 6) presence of intergranular secondary cracks. Based on the Gleeble SRC tests, the
precipitation strengthened alloys rankbd most susceptible to cracking (including 347H, IN
740H and Haynes 282 alloy$jigure2.336]). Type | cracking represent intergranular fracture
surfaces with smooth grain facets, while type Il cracking represent intergranular fracture surfaces

with micro void coalescence present on grain facéts.347H samples with applied plastic

strain displayed primarily type Il failure (s€g&gure2.29C).
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Figure2.31: SRC Gleeble methodology developed by Lehigh Univefsity
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Figure2.32: Stress relief cracking results for 347H with 10% CW condit&jn
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Figure2.33: SRC susceptibility for various materials, stress, and temperatndiions[6]
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2.5 Mitigation Techniques for SRC of 347H SS Welds

SRC might not be the only cracking mechanism attributed to failwitethB mitigation
approaches could be generally effective in controlling the mechanically and metallurgically
related cracking mechanisms by: 1) stress control in the weld metal (FZ) and HAZ by PWHT
and weld procedure design, and 2) composition contigl, @ternative weld consumables). The

three specific potential solutions for mitigating SRC are:

1. PWHT: Develop guidelines for identifying optimal PWHT condition for 347/347H SS
similar welds as a function of plate thickness to reduce residual stress@Eoditie a

stabilized HAZ and FZ microstructure through a single or Rstétp process

2. Weld Procedure Desigidentify proper Welding Procedure Specifications (WPS) for
better control of weldnduced thermal profile, which, in turn, determines the weld
residualstress distribution and HAZ microstructure. Optimization of the welding process
include weld geometryasign €.g, using a groove or doubld/ groove instead of a

single'V groove) ancheat input controlThere is limited literature for this approach.

3. Alternative materialsse alternative welding consumables to prevent SRC in the weld
metal, and/or use #er consumables to lower the residual stress in HAZ and thus
mitigate straininduced reprecipitation (e.g., E16.8.2). Or use alternative base metals with
similar hightemperature properties but less susceptible HAZ microstructure such as
NUCL 167 SPH (i.e 316L with boron additions and lower carbon concentration).

The two main mitigation techniques observed in this project are 1) PWHT and use of 2)
alternative weld consumables and substrates, for reducing residual stress prior to service and
reducing suseptibility of the microstructure, respectively.
2.5.1Effects of PWHT

Post weld heat treatment (PWHT) has a dual purpose and benefits for components prior
to elevated temperature service: 1) reduce residual stress, and 2) stabilization of microstructure
[2, 3]. The effect of temperature on stress reduction is illustrategyure2.34 with a single step
temperature. As the temperature increases, there is an increased benefit of stress reduction. A
900°C/2hr PWHT reduced the peak longitudinal residual stress in the ID avektlne of a
347H SS pipe from nearly 350 MPa to 75 MPa (~7{88) 41] Some literature suggests a
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single PWHT of 875°C for a few hours as being sufficient for reducing SRC suscepbility
However, a PWHT near the solutionizing temperature (>1050°C) are needed feffioient
complete stress reli¢d8, 41-43] (Figure2.34) and is recommended to retain ductility (see
Figure2.19) in a highly restrained weld.

Therefore, two potential PWHT treatments from literature are lptapeisothermal
875°C for three hours, and 2) medtepprocedure with a stress relief, solutionize, and
stabilization (optional) heat treatment. A mugtep process PWHT could be the best option for
preventing SRC for 347/347H thick weldments, but the procedure must be carefully engineered
to prevent relaxadin cracking during PWHT. Parameters such as the heating rates, holding
times, temperatures, and quenching rates are all important parameters that influence the final
stress state and microstructure. A matep PWHT thermal cycle, using a thistep procdure
consists of 1) initial stress relief, 2) solutionize microstructure and full stress relief, and 3)
stabilization of precipitate?, 38, 44] The initial stress relief is recommended to reduce some
initial stress prior to ramping up to the solutionizing temperature, which helps dissolve
i ntergranul ar c a ffeorite by reverse ttamsfornaatiod in & peedammantly U
two-p h a s e -Nbi(G& N))dRedustion of the intergranular carbonitrides helps minimize PFZs
and allows for coarsening of intragranular X N). The final step of stabilization was initially
developed byorishige[38] as a step to further stabilize the microstructure by reducing any
remaining free C (i.e., tying up of C in nucleation and growth of remaining Nb (C,N) at 900°C)
to prevent any I¢Ce from forming during coolingFigure2.35 shows the overlay of PWHT
temperatures and time relative to criticat@ve formatio2, 3, 38, 44] A microstructure that
has mt been solutionized will have a craskisceptibility Gcurve synonymous with a TTT curve
of Nb(C,N) pr eci pi taasteniten gitting thé coarse NxC curve and avoiding the fine
NbC and Mz3Cs precipitation with little to no free carbon availalliering cooling. The three
step PWHT method has been successful in industry for decades, with an example of a furnace
PWHT schedule shown iRigure2.36 [44].
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b STEP 2: Hold 1100°F (595°C) STEP 7: Air cool to room temperature
s for 2 hrs./inch — 2 hours min. estimated still air cool rate of
g 38°F/min. (20°C/min.) minimum
o 1000
-
STEP 1: Load into hot furnace at 1100F (595°C)
Ramp-up rate 25F° to 45F%/min.
(14C° to 25C°/min.)
500
0
0 50 100 150 200 250 300 350 400 450 500

Time (Minutes)

Figure2.36: Example of 3step PWHT treatment used for thick 347H SS wgld$

Table2.4 below details four slightly different schedules. Method 1 only includes the first
two steps, while Method 3 includes only the first two steps with slightly slower rates. Method 4
uses higherdmating rates at the first two stg@gg]; however, heating rates are limited to a
maximum of 444°C/hr divided by thickness in inches according to AWS D10.10
ARecommended Practices for Local i[45¢ 8lowereat i ng
heating rates give time for grain boundary creep to occur along PFZs, which make it susceptible
to brittle failure during stress relaxation at PWt¢mperatures. Faster heating ratesargued

to reduce cracking susceptibility because higher heating rates allow for the slope to miss
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susceptible &urve regions for failurg3], but control of temperature gradients are important to
reduce udesiredthermal stresses. Cooling rates are @ibycrepresentative of atrooling
conditions and are more acceptable for PWHT having a third stabilization step, but there are
maximum cooling rates needed to prevent any formation.g€ddndminimum cooling rates
neededo prevent excessive thermal dients The maximum cooling raie 278°C/hr divided

by thickness in inches for localized PWHT under AWS D1(M4E). ASME B31.1 andSection

Il list similar requirements on heating and cooling rabeg the maximum allowed is the highest
for ASME B31.1 at 333°C/hr. divided by half the thicknd®8/HT has been vastly used to
reduce service SRC issues, but reheat cracking (the short time, high temperature failure term
used for cracking during PWHT) needs to be preventethése PWHT schedulés have
successn industry

Table2.4: Summary of a variety of PWHT schedules using multiple steps from literature

PWHT Purpose Method 1 [2] Method 2 [38] Method 3 [2] Method 4 [44]

Steps

Step Stress Ramp up to 593 Ramp up to 593 Ramp up to 600 Ramp up to 595 °C
la Relief °C at 167 °C/hr. °C at 167 °C/hr. °C at 150 °C/hr. at a rate of 840-

(2.8 °C/min) (2.8 °C/min) (2.5 °C/min) 1500 °C/hr (14-25
°C/min.)

Step Stress Hold at 593 °C Hold at 593 °C Hold at 600 °C Hold at 595 °C for

1b Relief for 2 hrs. for 2 hrs. for 2 hrs. 2 hrs./in. (4 hrs. for
2 in. thick)

Step Solutionize Ramp up to 1052 Ramp upto 1052 Ramp upto 1050 Ramp up to 1050

2a °C at 333 °C/hr. °C at 333 °C/hr. °C at 315 °C/hr.  °C at 18-30 °C/min.
(5.55 °C/min) (5.55 °C/min) (5.25 °C/min)

Step Solutionize  Hold at 1052 °C Hold at 1052 °C Hold at 1052 °C  Hold at 1050 °C for
2b for 2 hrs. for 2 hrs. for 2 hrs. 2 hrs./in.

Step Stabilize none Air Cool to 900 none Ramp down to 954
3a °C °C at 1.5-3 °C/min

Step Stabilize none Hold at 900 °C none Hold at 954 °C for
3b (no time 1 hrlin.

specified)

Step Finish Air cool to room Air cool to room Air cool to room Air cool to room

3c PWHT temperature temperature temperature temperature at a

minimum rate of 20
°C/min

2.5.2Alternative Materials: Weld Consumables

An in-depth review into an alternative wire, 168NMi-2Mo, shows that it can be used to
weld thick sections of 347H SS, with a particular need for repair welding of 347H SS welds that

cracked3]. While providing enough solidification cracking resistance with only a ferrite number
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(FN) of 2, the 168-2 weld consumable provides embrittlement resistance for elevated
temperature service conditiof#6, 47] The 168-2 consumable provides a higher straggture
ductility than 347H SS as a matching consumable. With a lower resistance to embrittlement
(formation of sigma, chi, or Laves phase) due to a low amount of weld metal ferré€, 6

more resistant to micro 8srring and loss in ductilitf46]. The creep ductility of E16.8.2 is

consistently higher than E347 weld metal for elevated temperature applications, thereby proving

better thermal stabilitj47]. A mentioned earlier, mcro fissuring is defined as the formation of
intergranular cracks due to grain boundary migrabiotin during cooling after solidification and
during reheating, which could act as initiation sites for stress relaxation sa¢kk addition,

the mean coefficient of thermal expansion for8tB is lower than 347H SS. Thus, upon cooling,
there is less transverse weld shrinkage, (ess residual stress and yielding of the weld metal) in
a 20 thick 347H SS -8lcault educelSRC sascdptibilitytirmtlee u s e
weldment by providing a less susceptible microstructureamttld metal as well as potentially

less weldinginduced residual stress by means of a lower mean coefficient of thermal expansion

[46].

Another potential weld consumable in place of E347H would be E308H for elevated
temperature applications. The composition compatietween three weld metal candidates is
displayed inTable2.5. The main composition differences between the three is lower Ni and Cr
content and more Mo in E16.8.2, agldnination of Nb in both E16.8.2 and E308H. E308H acts
as the matching filler to E304H SS and has strength sufficient for a 565°C. However, E16.8.2

still has better thermal stability.

Table2.5: Composition comparison in all weld metal of three electrodes that are candidates for

welding of 347H SS substrates

Wt % C N Ni Cr Mo  Mn Nb Si
E 16.8.2 0.05 003 86 16 12 17 - 0.3

E 347 003 003 101 195 02 15 036 05
Typical E308H40] 0.06 0.03 10 18.7 003 0.6 - 0.7

The Schaeffler Delong diagram can be used to compare the solidification microstructure
and an approximation of how much ferrite content would be present based off Cr and Ni

equivalence values (séggure2.37 [46]). E16.8.2 WM may develop very small amount of
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martensite since the martensite start temperature is close to and slightly above room temperature,
but is very unlikely due to dilution effects with the substfd@. An instance of PWHT of

E16.8.2 WM increased the magnetic response of the weld metal by four times because of the
formation of more BCT martensite upon cooling from a PWHT of 705°C within a range of one

to five hourg40]. t he b e n-efrite,twhiah fs préhé 6 . 8 .
to transf or mi-phgsefsin E&4W WM. Thetfdrmatiog of thartensite does not

However, mai n
negatively influence the Charpy toughnes&6.8.2 WM compared to E347 WMigure2.39

[40]). The E16.8.2 WM outperformed the 3 YWM toughness with a 347H SS substrate. Also,
the E16.8.2 WM was shown to have higher retained Charpy toughness than E308H after 168
hours of aging at 705°C. Additionally, SMAW electrodes of E16.8.2 WM showed better low
temperature-196°C) Charpy toughrss and lateral expansion values than E316L and E308L
welds using the SMAW procesBigure2.39 [46]). As a more stable electrode at aging
temperatures than E308H and E316H, E16.8.2 WM would be the preferable alternative to
replace E347.
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Figure2.38. Charpy impact toughness in AW condition, ¥hrs, and HF168 hours for four
different cross weldesdets. The 347H welds were aged at 1650°F (90RRQ})
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E308LT, E316LT, and E316LMn T FCAW weld metals H86°C[46]

2.5.3Alternative Materials: Substrate

An alternative 316L with B additions (a nuclear grade developed by ArcelorMittal
NUCL 167 SP) has been an alloy of interest in the case of new hot tanks that may consider
incorporating another alloy with similar mechanical properties to 347H SS. The low carbon
content restricts its use at temperatures of 565°C according to ASME Se®@iafidivable
stress tablefl1]. However, content shared BycelorMittal claims that NUCL 167 SPH
contains similar creep and yield strength propette®7H SSn the solution annealed
conditionwith additional bororj48]. Theequilibrium pseuddinary phase diagram for the

modified 316L is displayed as a furanti of Boron contenas shown irFigure2.40.
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Boron lowers the solubility of carbon in austenite and thus increases the propensity for
carbonitrides forming, which ineases the creep strength, but too much boron addition could
contribute to weldability issues since boron affects the segregation of elements and wetting
capability of grain boundarig8, 49-51]. To be more specific, the boridesB4) that form upon
cooling may be detrimental to weldability (e.g., increase the susceptibility to liquation cracking).
Therefore, B content needs to be controlled to a low value to ensure weldability while being kept
sufficient to provide additional creepsistance. Low carbon content allows for improved
resistance to stress corrosion cracking (SCC) and intergranular corrosion while boron additions
(up to 20 ppm) allow for increased high temperature creep strength and ductility and inhibits
wedge cracks ancreep cavitie$49-51]. Composition used for experiments showTable3.1.
Molybdenumallows for more stable carbide formation while allowing for good substitutional
strengthening in absence of Nb (Q,in NUCL 167 SPH. As a primarily solid solution alloy,

NUCL 167 SPH may not need PWHT and is very likely to be less susceptible to SR¥3 Tiain
SS. As shown irrigure2.40, there are a few phase constituents that could be detrimenték M
(leading to loss of corrosion resistance), sigma and Laves Réadimg to embrittlement).
However, these phases might not directly affect SRC susceptibility.

y-FCC

/ y-FCC + M3B2
' ] y-FCC + M3B2+M23C6

/V_Fcc + M3B2+M23C6 +HCP_A3+Sigma

Temperature ['C]

y-FCC + M3B2+M23C6
+HCP_A3+Sigma+Laves Phase

y-FCC + M3B2+M23C6 +HCP_A3

AN ‘ Mass povcej'.nvtug VVVVV
Figure2.40: Pseudebinary phase diagram of modified 316L predicted from CALPHAD
simulations usin@ hermocalc© software (B~ 0.0008 wt%o)
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CHAPTER 3:EXPERMENTAL AND MODEL METHODS
The overall objective of this project is to determine the susceptibility of 347Hamdld
alternativemicrostructures relative to a range of PWHT temperatures and then determine the best
PWHT schedule that would provide the least susceptible SRC microstructure while preventing
reheat cracking during PWHThe list of materials and corresponding alloying chemical
composition is shown iable3.1. The approach for completion of the overarching gaats
answering the research questie investigate impacts of welding and PWHT procedures on
SRC susceptibility using a variety of labanat scale experiments and simulations including:
T Welding experiments on 1 and 20 thick 347
1 Gleeblereheat crack testing atldermemechanical testing on simulated HAZ and
extracted WMo determine whereheaftcracking would take place as a @tion of
microstructure, temperature, and strasdstrain;
1 Finite element analysis (FEANd modeling (FEMdf welding process determine
residual stresses and effect of PWHT on stress reduntisaldsand Gleeble testinfpr
validation of creep pamaeters and critical strains to failure;
1 Thermodynamic calculations using Thermocalc © (results are shown in the Background
section on composition and base microstructure of 347H SS)
1 Metallurgical characterizations using light optical microscopy (L@ scanning
electron microscopy (SEM).

Table3.1 Chemical composition of main alloying elements of all experimental materials
(including substrates and consumables)

Material wt pct. Cc N Ni Cr Mo Mn Nb Co Si B Fe
0.04- 17- 8 x
ASTM A240 %/ - 913 g - 2 oy 075
Gleeble 0.05 0.031 911 17.29 0.32 101 058 - 051
Experimental
347H 20 pl 0049 0025 919 1729 011 1.06 059 022 05
10 plegoas 0025 919 176 011 1.06 054 028 0.48
batch 1
1o pligosy 003 917 1758 014 1.06 057 053 0.53 . Bal.
batch 2
NUCL Gleeble
167 : 0.025 0.074 1216 17.27 242 1.7 0004 003 0.34 0.0008
Experimental
SPH
E347-16 Armg'ld 003 003 101 195 02 15 036 0.5
F16.8.2-  Allweld 0.041 003 85 16 1.17 178 - 0.22
15 metal
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The path of completion of experiments involved a critical paghseen ifigure3.1. The
welding experiments were first completed based on welding parameters given from a
manufacturer of the hot tanks (details in AppendixTe welding experiments were inputs for
theweld FEM, including parameters and material properties. The welds completed in the lab
were used to generate weld samples for neutron diffraction residual stress experiments (details in
Appendix B)and extract cross welded samples for Gleeble testimgweld FEM provided
guidance for the Gleeble reheat crack experimental design and the Gleeble FEM. Finally, a
combination of Gleeble results, FEM stress results and metallurgical characterization were used
to develop the critical stress/strain maps as atifumof temperature and recommendations for
weld and PWHT design.

It should be noted that a lot of help was received from agms{Dr. Yu Hong) to gather
the weld and Gleeble FEM results with the input of welding parameters and material properties
gattered from the author. Without his help, the FEM results would be very limited. His guidance

and effort in this project helped provide a complete story. His assistance is greatly appreciated.

Figure3.1 Critical path ofexperimental and modeling tasks for answering research questions
Welding experiments were first completed to help complete the other tasks in the project,
including the Gleeble experiments, needed to gather the critical stress/strain niAp$ifbiand
weld design.
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3.1Welding methodology

A variety of welding experiments were completed using 347H SS as the substrate plate,

with two different thicknesses and two different filler metals (Eafgle3.2). W.2 was originally

planned to include a third filler (E309L), since this filler was considered as an alternative for

reducing SRC susceptibility. However, due to a low carbon content (w08 the service

temperature of

compl et ed

diffraction experiments. All of the WM Gleeble sangple we r e

(two of

W.

565

AC i s

primarily for

4 and W.

b

hi gher than all owed
metal |l urgical analysi
extracted from

3). As a
for the first three welds of W, while batch 2 plates were used for making the final W.3 and W.4

t

not eTableBhwaslised pl at e

welds. Two of the W.4 welds and two of W.1 are used for neutron diffraction bulk residual stress

measurements, which one from each beingiwelsled condition and the other having a PWHT

of

875AC/ 3

hr .

The

ref

ND i

n

t he

Apur poseo

to extract reference stresslieved samples for neutron diffraction measuresient

Table3.2 Welding experimental atrix (MA=metallurgical analysis; GE=Gleeble extraction;

ND=neutron diffraction; ref ND=reference sample extraction for neutron diffraction)

. Heat
Weld | Base [Batch| Weld Weld Thlc_:kness Input Passes | PWHT | Purpose
ID# | Metal # |Sample Metal (in.) :
(kJ/in.)
ref ND
1 31 - '
Max MA
W.1 2 E34716 2 from 40 - ND
WPS =
3 40 B75°C/3 MA, ND
hr
W2 - - E309L NA - 40 - -
w3 | 347H | 2 1 | E16.8.2 1 S%(/ni Sl 16 - |mA GE
MA, GE,
1 1 ) ref ND
1 2 - ND
Same as
W.4 E34716 1 16 =
1 3 W.1 875°C/3 ND
hr
2 4 - GE

a7

c
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3.1.1Weld Setup

The weld setup consisted of multiple components, which includes run off aat run
tabs, a copper backing bar with a gas line and water lines, and weld length of 12 inches as shown
in Figure3.2. The copper backing bar was machined at CSM. The cross section of the backing
barwithasingy 50A 1/ 80 r oot g alpigug33oTboevbackingbar,al so sho
including Argon back purging gas, was used for the open root and hot passes (the first two
passes) with the gas tungsten aetding (GTAW) process. After completion of the first two
passes, the backing bar was removed for the remainder of the passes that used shielded metal arc
welding (SMAW) process. Argon backing gas was used to prevent heaviehiglerature

oxidation(ieeisugaringo) on the backside unprotected

Run on tabs

Figure3.2Sol i d Wor ks Assembly of the experi ment

Figure3.3 Closeup SolidWorks cross section of weld and backing bar showing machined
grooves for water lines and gas lines for back purging with Argon gas

3.1.2Weld parameters for all welds
The weld parameters used for the weld expents are summarized Trable3.3 (for 31-

pass weleW1.1) andTable3.4 (used for all remaining welds with 6  t4B-passdndl €6
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passweldsW1.2-3, W2 and W3. The first two passes are the root and hot (notice higher

currents) passes completed with GTAW foled by SMAWfor the remaining passebhe

welding process was adopted from the welding procedure specification (WPS) and

corresponding prgualification record¢PQRs)used by Brahma, Inc. for welding of the tank

seam welds. The records are displayefippendixA. The2 0

t-3h-passkveldW1.1)

requires a high deposition raaad heat inputand thus slow travel speeds (minimum allowed by

the WPS)were achievedlong with a weaving technique to achieve max deposition with the

specific weld geometry. Hower, the2 0

t-40-passkveld (W1.23) uses a milder heat input

via faster travel speeds with max currents of &8s using a stringer deposition method. The

sameweld parameters used for tBed

t 4B8-pass kveld weremplementedor the 10

passwelds, including weld geometnA maximum interpass temperature @%61C (350°F)is

t b6t c k

specified in the given WPS and was followed for all welding experiments, with the highest

interpass temperature measured at 93°C using color temperature sticks to oraemize total

al

weldtimeThe size of the electrode used for
GTAW wires were 3/320 diameter.
Table3.3 Weld parameters f@1-passw.1-1
Interpass
Volt SG. BG.
Qurrent TS  Avg. Arcknergy Temp.
Process Pass#  age - How How Qup #
A IPM)  Range (kJin.)  Ran
) A (IPM) ge (kJin.) (coge (@H) (@H)
GIAW Root (1) 115 128 1.6 56.4 RT 45 40
GIAW  Hot(2) 13 150 1.9 60.8 RT 45 N/A
MAW 3 24 150 49 44.0 520C
MAW 411 25 150  32-42 544714 52-660C
MAW 1215 25 140  32-36  58.9-66.4 79-93cC
MAW 1628 25 150/145* 27-3.7  60.6-83.0 21-93cC
MAW 2931 25 145 2932 671751 52-79cC
Table34We |l di ng p ar-d0npass wetd®/1.23@ndp & 0a me t e r sl6 passe d
weldsW.3-W.4
Pass Travel | Arc Energy | Deposition Rate |Interpass Temp.,
Process |~ | Amp. | Volts | g o0g | ediin.) (Ibs/min.) Range (°C)
GTAW 1 115 11.5 2.2 36.7 0.0096 RT
GTAW 2 160 13 2.7 46.2 0.0076 RT
SMAW 3-40 155 23 4.5+0.6 49.1+7.7 0.0541+ 0.0046 50-135
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3.2Finite element modeling (FEM) of weld simulations

In this study, two types of models are established using ABAQUS: 1) simulation of weld
induced stress before and after PWHT, and 2) simulation of Gleeble thermomechanical test. The
second model will be discussed after Gleeble experiment methodology. Ekidgsr
comprehensive information of the strain and stress evolution as a function of testing stage, which
is critical for understanding the dependence of threshold stress/strain to cracking as a function of
temperature and thus the optimization of PWHTapaaters.

3.2.1 Model setup, including mesh and boundary conditions

ABAQUS software was used to build the 3D model for the simulation ofzad$ twe
inch singleV groove multipass weld and PWHT, as showrfigure3.4. Two base plates of 6
inches wide and 12 inches long (152.4 mm x 304.8 mm) with a thickness of 2 inches (50.8 mm)
were welded together. The size of the meshes gradually increase from tleemteltine to the
edge of the plate to make sure the important information in the weld area will be captured, while
minimizing the computation time. In total, there are 72160 elements, witmadelinear brick

type. The minimum element size is 0.5 mm.

) 3
28 =22= 30 gl

Figure34( a) FE model mesh of whole 120 x 120 mode
pass number, and (c) cross section of weld zod&-phssexperimental sample
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Additionally, four other models witdifferent joint geometries and thicknesses were
examined to evaluate the effect of plate thickness on residual stress distribution. The conditions
include: 1) singléV joint with oneinch thickness, 2) doub with oneinch thickness, 3)

singleV joint with onehalf inch thickness, and 4)gtoove with onench thickness.

Two boundary conditions are applied for the weld (Sigeire3.5). The clamped
boundaryconditions include approximately three inches wide area with X, y, and z fixed on the
edge of each side of the welgigure3.5a). This boundary condition is maintainfat the
duration of the welding procedure. After completion of the weld process and cooling back to
room temperature, the model is Auncl ampedo by
Y, z motionon another cornandfixing z motionon the thid corner and fourth cornergwo
corners on the other side of the waklseen ifrigure3.5b) in order to simulate the actual
experimental proceduid unclamping after welding completion and complete cooling to

ambient temperaturdhe unclamped condition is maintained for the PWHT simulation as well.

In the models, nonlinear transient heat conduction analysis was performed first to get the
thermal hisory during each welding pass with thermai@le DC3D8 element. The geometry of
the weld pool and the sequence of each pass used in the model are depiciede B4, with
different color representing the element sets of each pass. The model change option was used to
simulate the weld metal deposition, which means during the first weld pass, the otheasgeld
elements were killed. After the first weld was finished, the elements for the second pass were
made active to simulate the weld metal deposition into the groove. The calculated thermal profile
was employed as a thermal body load in the subsequetiiiean mechanical elastjglastic
calculation to obtain the residual stress distribution with different element type C3D8R. Clamped
condition was considered in this simulation by adding boundary condition to fix the clamping
area during the welding simtien. Then the clamping boundary condition wasmovedafter

the welding simulation to determine the effect of unclamping on stress redistribution.
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(a) 3 inches 3inches

Clamped
Boundary
Conditions-
X, y, z fixed

z fixed

X, Y, z fixed y, z fixed

Figure3.5 Boundary conditions for (a) clamped and (b)larmped models

3.2.2 Goldak moving heat source weld model

Doubleellipsoidal heat source model developed by Go[82kwas used to simulate the
weld heat inputFigure3.6 demonstrates the Goldak model and example of temperature
distribution during weld pass 5 during a weld thermal cycle in thea48 weld model. The front

andrear of the heat flux are described by E@sl)(and @.2), respectively:

qoauin A Agp— — — o8

i

(IERIAL Agp— — — o8

n
where the front and rear quadrant fractiohthe ellipsoidsfs and t, are set as 0.6, 1.4
respectively. The heat i nput anQeuNentilfate, where (
dependent on the pass number (Bable3.4). The travel rate of the heat source is dependent on

the weld speed specific to each pagsaa and c are dependent on the specific pass number so

that the region of solidification perte to the width and depth of the corresponding elements.

The interpass temperatures were maintained similarly as the experiments (~80°C), which

included roughly a 2@ninute cool time after the completion of each pass prior to each

succeeding pass. Conveticooling was allowed with an ambient temperature boundary

condition of 20°C.
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(a) Heat flux

Centerline

Figure3.6 (a) Goldak heat source modBR] and p) example temperature contour during
welding simulation

Another example of thermal calculation is demonstratdtignre3.7, which records the
temperature profiles at three nodes during pass 34@passweld. The three nodes monitored
are located: 1) in the WM (peak temperature of 1843°C) that experienced mel#iglb
1450°C), 2) in the HAZ that experienced a peak tm@jore of 1354°C, and 3) the unaffected

BM with a peak temperature of 774°C. The temperature profiles demonstrate heating and cooling
rates commonly seen in weld thermal cycles.

(b) node-21938 node-21942  node-60756

(a)

e
.......

e==node-21938
===node-21942
node-60756

1800 1843C°—

1354 C°

774C°

0.01 0.015 0.02 0.025 0.03 0.035 0.04
Time (Hr)

Figure3.7 Temperature piides experienced by (a) the whole plate, and (b) a cross sectional
view and (c) three nodes as marked in (b) during pass 31 of 4ba&s4Gveld
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3.2.3 Material properties

The temperature dependent material properties are tabulafadlgB.5, which includes
Mo dul

density[53], specific heaf54], thermal conductivity54],

[54], thermal expansion coefficief4], and electrical conductivif§p5]. Note that the material

properties were assumed to be the same forlB@47weld and347Hbase metal since the weld

model simulates the case with a matching filler metal

Table3.5 Material temperature dependent mechanical and thermal proB&igS]

Young?o

us

Density - _ Young's nermal - Electrical
Teomp. (E-9 Specific h*eat Conductlrlty modulus SXPansion Polss_on’s conductivity
(°C) kg/mmA3) (E+8 mJ/(K*kg)) (mW/(mm*K)) (GPa) cn:-(taEﬁlst;;:nt ratio 1/(mm*Q)
20 7.9 4.42 15 200 16.5 0.278 1389

100 - - - - 17.5 - 1282
200 7.8 5.15 17.5 185 18 0.288 1163

300 - - - - 18 - -

400 7.7 5.63 20 170 18.5 0.298 1000

500 - - - - 19 - -

538 - - - 156 - 0.298 -
600 7.6 5.81 22.5 153 19 0.313 901

700 - - - - 19.5 - -

800 7.5 6.09 25.5 135 20 0.327 826

850 7.45 - - - - - -

900 74 - - - 20 - 794
1000 - 6.31 28.3 96 20.5 0.342 -
1100 7.3 - - 70 21 0.342 -
1200 - 6.54 31.1 50 21 0.35 -
1300 - - - 10 22 0.351 -
1340 - 6.69 33.1 - - - -
1400 - 6.75 - - 22.5 - -
1500 7.2 - - - 22.5 - -

and

In addition to the properties already listed, the temperature dependent flow stress/strain

data was extracted from Gleeble thermomechanical experiment results and NIMS data sheets

[14] from 20-1050°C Figure3.8). As will be discussed later, the stress upon reaching the

temperature and pigtrain level (step 6 in the methodology) in the 347H HAZ Gleeble reheat

crack tests was used to construct the-80B0°C stress strain curves, while the true stress strain

curve was extracted from room temperature (20°C) step 3Natiae there is no strain

hardening effect at 1050°C, which is a reasonable assumption astheresistance to multiple

cross slipat early strains.
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Figure3.8 True gdressstrain curves used in the materials database using Gleebldtiata §nd
red) and literature datayfey) [14]

3.2.4 Setup of PWHT model

As mentioned in the former report, Nortono
to investigate the effect of PWHT on residual
by EQ.3.3

- L, (0139)

where- is the creep strain ratg,is the applied stress (resil stress in this study) amdande

are material constants for each temperdBe57] There are only a few literature studies
focusing on the creep test 347H SS based on the Norton creep law equii®®0], which

could provide useful data as inputs to build the numerical model for simulating the stress relief
behavior during the PWHT proces$s.this work, PWHT simulation was carried out using a
combination of literature ahexperimentally collected creep parameters {s##e3.7). A user
defined subroutine was developed for the PW#iddel,and the schematic of a calculation loop

of stress and creep strain update is showkigare3.9. The temperature used for PWHT

analysis is primarily a single step at 950°C with a heating rate on the surface equivalent to the

heating rate used for the Gleeble experiments at 58°C/min.
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step1

ABAQUS supply information at time ¢,
Time increment At

Total strain increment Ag™/(t,)

Total strain ®%i(t,)

l

At AEtata{(tn) Eta!aﬁ(tn) o,

UMAT | step2
Norton’s creeplaw Ag = Ko™

Aetori(t,) = Aee(t,) + Ae (t,)
Asew(tn) = AEED‘“’U (t,) - AEU (t.)

Stress update l

Aa(t,) = JeAes(t,)
O, = O(t,*At) = 0, + Ao(t,)

Strain update l step3

ABAQUS update
E!ota{mLI = glotal (tn + ﬂt} = glotal (tn) + AEIDL‘GF(tn)

l step4

ABAQUS generate new
26°t,..)

l stepbd
ABAQUS equilibrium
iteration at time t,,,;
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v
[rconerse |

gotostepl

r
»
»

Figure3.9 Flow chart of stress and strain calculation during the PWHT simulation using creep
law in ABAQUS

3.3Gleeble SRC test methodology
The objective of the Gleeble reheat cracking weldability test is to detetinemeheat
cracking susceptibility during PWHT for four sets of samples:
1. 347H plate with simulated HAZ thermal cycles
2. NUCL 167 SPH platémodified 316L with Boron additionsyith simulated HAZ
thermal cyclesdlternative base allgy
Cross weldedE347347H weld samples for determining E347 WM susceptibility
Cross welded E16.8.247H weld samples for determining E16.8.2 WM susceptibility

(alternative weld consumable
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The intention of this test methodology was to determine critical stresses ansl stra
(minimum values where microcracks begin to form) as a function of temperature and rank the
SRC susceptibility of the four sets. The most recent study that ranks alloys to their SRC
susceptibility comes from Lehigh University including Haynes 282 afd 128onel 740H and
617, and 347H6]. 347H, Haynes 282 and 740H ranked the highest in SRC susceptibility using a
specific methodologghown in Background section. This test methodology did not account for
stress reduction during heating, which was incorporated in this Gleeble reheat crack test at
Colorado School of Mines (CSM). In addition, our tests incorporated larger variations of

stress/strain and temperature for fewer sets of materials.

3.3.1Sample Geometries

A closeup of the Gleeble 347H SS tensile specimen (shown in the Gleeble grips)
displays a @auge clamped in the center of the reduced gauge section where the thermocouples
are placed, which is the geometry used for three material sets (347H HAZ, E347, and E16.8.2)
(Figure3.10). The grips used are stainless steel that ditmva moresteady, shallower
temperature gradient than copper grips. Hgawge displacement during tensile testing is used
to measure the true diametral strain when pulling to a desired strain. This is used as an alternative
to a longitudinal extensomet® measure longitudinal strain. The true diametral strain3&y.
is calculated with inputted change in the diameter (assuming uniform plastic strain with volume

conservation):

Sl T— (3.4)

Wi tQlbeing the initial diameter YQasn) tsét Ut mceh agnague

in diameter due toat hermadd steapnstphastic st

The true 3s)tbreas b&qgcalculated with the <ch

measurement of force (F, kN) from the | oad ce

— (3.5)

As temperature varies, the true stress will be calculated since the diameter is meastued in
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(b) Units: inches

0.50 ' 0.50
. ~8.5 revolutions
Figure3.10 (a) Gleeble experiment setup using stainless steel (SS) gripsgadye, and (b)
geometry ofGleeble cylindrical samples adapted from ASTM E8-size requirement®1]

The 347H HAZ samples were extracted from
anneal after hot rolling f@dwed by water quenchingyhe 347H HAZ tensile samples were
machined with the uniaxial stress applied perpendicular to the rolling direction (RD), i.e.,
parallel to transverse direction (TD) of the plates for all samples. The manufacturer reported bulk
chemical composition of the substrates are tabulat&alre3.1 and compared to the
standardized limitations of 347H according to ASTM A240]. The carbon content in wt% is
0.05, and the Nb content is 0.58 wt%.

The cross welded samples were all extracted froriratethick welds perpendicular to
the weld direction to maxim&number of samples to be extradiemn the 16 pas¢ 6 t hi c k
welds(W.3 and W.4)The gauge section includes both the WM and HAZ on both sides of the
fusion boundary~20 mm width)so that these represent cregsided samples (sdégure3.11).

The samples were extracted at roughly the % thickness position (6 mm) from the top side of the
joint. Thus,the gauge section includes passd8é the 16passl 0 tweld, with most of the
gauge section making up of passekl8The gauge section exists within the top subsurface

region of the weld, which is the most desired region due to significant residual stresses existing
in this region.The width of the WM is generallyncaverage 120 mm located at the center of

the 32 mm (~1.25 in.) long gauge section. It should be noted that the E16.8.2 samples had a
slightly off-center gauge section by 2 mm; however, the center of the gauge section is mostly

WM. The temperature gradie inherent due to the resistance heating nature of the Gleeble,

ensures failure within the WM for SRC test s.
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geometry relative to the bulk weld and welding direction is illustrat&dgare4.6. All the
samples extracted from the welds were taken within the cedi@iirtches of the weld along the
welding direction, which were enougih provide 1820 samples per mulpass weld, while
providing samples within a reasonable steady state portion of dmetifveld.

/!

Figure3.11Gl eebl e sampl e extracted dtioom 10 thic

The second set (NUCL 167 SPH HAZ) of samples were extracted frommnokeehalf-
inch plate with the same pulling orientation as the 347H HAZ samples (stress applied along the
TD normal to the RD). A different geometry (flat dbgne) was used to rede machining time
and costs since the samples were extracted fromb 0 platéas pravided by ArcelorMittal
(seeFigure3.12). However, the same gauge length a&srthund tensile samples were used (1.25
inches) and the-gauge was used to measure thsiin change of the gauge width (w). The
strain and cross section area were calculated using the measured width (w), and the rate of
change was used to determine ¢hange in the thickness direction (t) for a final area
calculation. Simpler versions of the strain (Bd) and stress (E§.7) equations are used as

follows:

- 1 T— o8p
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with! representi ng Y hepresemirgthe ehdngednraeaitu. A okkrance of
20 thousandths was used for the samples; however, the initial area values for each sample were
recorded separately.

6.17

®0.20

L

S -]

1.68

0.80 0.80
0.80 1.25

080 |
Figure3.12 Dimensions of the degone flat tensile sample for NUCL 167 SPH samples (inches)

3.3.2 Reheat cracking Gleeble test procedure
To physically simulate SRC in the HAZ/partialiyeltedzone (PMZ) samples, multiple
steps are needed, as illustratedrigure3.13, which includes stress, stroke, and temperature as a
function of time.
1) Apply thermal cycle based on FEM results with a heating rate of 66°C/s to the
designated peak e mper at ure and held at peak tempert
control is equal to 0 using an inert atmosphere (<30 ppm O
2) Control cooling to room temperature (with an initial cooling rate of 16 °C/s down to
1200°C, 23°C/s from 1200°C to 800°C, 95@&0m 800°C to 500°C, 2.5°C/s from
500°C to 300°C, followed by air cooling to room temperature).
3) Pull to desired stress/strain representative of the welding condition at room
temperature (RT) with a 0.00% strain rate.
4) Then, swit ch disptacefment) comrkl andl sef the.cuerent stroke value as
the A0O0 point.
5) Heat up to designated temperature at 58 °C/min relatedstruice conditions or
PWHT temperatures (e.g., 60Q@050 °C) while pulling the stroke to account for
thermal expansion (&ke value depends on the reheat temperature.).
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6) While stildl in Astroked contr
failure.
7)) Cool to ambient temperature i
l evel h e amandmwill begriygeiedy amd the sample will return to room

ol ,

f no

hol d

f

temperature. Failure may occur during cooling, since samples are constrained.

8) Repeat for another 24 h if failure does not occur the first 24 h:

Steps 1-2: HAZ stress at room
thermal cycle

600

500

400

Stress (MPa)
8
(=]

2007

100

a.

b
C.
d

Heat up to the same temperature under a OkN force.
Pull to the ending load before the first-B4est finished.

Constrain the stroke from moving.

. Wait for 24 h or until failure.

Steps 3-4:Pull to
Step 5:Heat up

temp to temp. Step 6:Hold at temp. until failure
1500 \ —r > .1
—Temp. (°C)
—Stroke (mm) 0.9
—Stress (MPa)
0.8
0.7
1000
3
< 0.6
e
3
2 05
L]
[=}
E 0.4
500 i
! Failure \ 0.3
0 — 1 ] 1 1 1 1 1 1 1 L O
0 20 40 60 80 100 120 140 160 180 200
Time (min.)

Figure3.13 Six step Gleeble reheat crack test methodology displayedsisitbs, stroke, and
temperature as a function of time for HAZ simulations (1335°C HAZ peak temperature, 0.174
pre-strain, and 800°C reheat temperature condition shaNQTE: WM tests use the same
methodology, except steps2l(HAZ thermal cycle))

ai

The coss welded WM samples did not include stef@s dince the microstructure in the

machined, aseceived condition already contains the desired starting microstructure. The

remaining steps were applied similarly to the HAZ tests. Note that the mechanpztigoof

the two regions are different, particularly the 0.2% offset yield strength.
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3.3.3Steps 12: HAZ thermal cycles

The first two steps of the reheat crack test for the 347H HAZ samples include a weld
HAZ thermal cycle with one of three peak tenmgiares (1150,1275, and 1335°C) under a zero
load Figure3.14). The thermal cycle was applied ensuring a chamber oxygen content less than
30 parts per million (ppm) to prevent heavy surface oxidation, since the shielding gas during the
welding process hgs protect the FZ and surrounding HAZ from oxygen contaminafiouns, a
combination of a rough vacuum and purging the chamber with Argon is used to provide a near
oxygen (air) free atmosphere with 20 ppm as the most accurate Va&ibeating and coolin
rates are the same for every simulation. There is noticeable liquation for the 1335°C ,sasnples

will be shown later

O 4 sec. hold | 13359
1200 | Dg o) — -1275°C |
G‘IOOO- $ %‘ - =1150°C
% v ‘830 Most active Nb (C,N) T region

(@)

o

o
T

Temperature (°
()]
o
o

400 r |
200 r 1
0 J ' ' ' '
0 100 200 300 400 500
Time (sec.)

Figure3.14 Thermal cycles used for generating HAZ microstructures in 347H with, 1258,
and 1335 °C peak temperature (details listed on st@p®ireheat crack test)

Thermocalc simulations, using PRISMA interface, were implemented to determine the
effect of cooling rate on NI N) precipitation kinetics during the weld thermatigfor two
heterogenous nucleation sites: 1) grain boundaries, and 2) dislocatiorFigues3.15 shows a
0.001 volume fraction detectidimit (about a sixth of th equilibrium phase fraction amount of
Nb ( C, -austgnitetorshow the smallest amount during cooling, assuming cooling from

1335°C with zero Nb@, N) in solution at time = (Based on the simulation predictions, grain
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boundary precipitation is most liketg occur during the HAZ cooling cycle, while a much lower
nucleation rate is present at the dislocation cores (assuming a dislocation densityrof) 18
minimum 9°C/s coling rate would be needed to reach 0.001 volume fraction ofONbIY

present on dislocation cores, while a minimum of 27°C/s is needed to reach a 0.001 volume
fraction of Nb (CN) precipitation on grain boundaries. The main conclusion from this analysis
is that the majority of the NIC( N) precipitation occurs along grain boundaries, whileghe

less precipitation along dislocation cores. Upon reheating during s&psére will be a driving
force for continued nucleation and growth of N ) precipitates while under a stress. Since
step 3 leads to an increasing plastic strain prior to reheating, the time to formation of the
dislocation Nb (CN) is proportional to the amount of ps&rain appliedThis mechanism helps

explain the influence oniragranular precipitation on the cracking mechanisms present on grain

boundaries.
— -~ = = — ~ - -
-
1200 + AN 1
— A
@) AN
Q_ \
® 1000 - J
-]
-
I
—_
1)
o
g 800 | —am0.001 % v GB |
- -8 (0.001 % vf. disloc.
- = 27°Css \
600+~ — 9°:Is .
Gleeble HAZ
10° 10" 102 103

Time (sec.)
Figure3.15 Continuouscooling transformation (CCTgurve calculations, using Thermoc@alc
showing three different coolingtes, including the 347H HAZ cooling rate o2 with
respect to a 0.001 volume fraction detection of grain boundary (GB) Nb (C,N) and dislocation
Nb (C,N) precipitation ir-austenite using 347H experimental composition

The 167 SPH samples had the sgmak temperature of 1335°C only and same heating
rate of 66°C/s; however, the cooling rates were slightly slower since the area is larger than the
347H HAZ samples. The generated microstructure will be discussed in detail in later
experimental result sgons.
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3.3.4Steps 34: Apply stress at room temperature

Steps three and four follow the completion of the HAZ thermal cycle (or first step for

Gleeble WM tests). Room temperature tensile tests were performed foBE347E16.8.2

347H, and NUCL 16 BPH HAZ (peak 1335°C) samples, as summarizdeilgare3.16, to

generate the true stresgain curves. These data are used to determine thegpplied plastic

strainsfor desired stress levels, especially for the 0.2% offset yield strength. As a comparison,

room temperature tensile test was not performed on 347H HAZ material, and therefore two

stressstrain curves with strains up to 0.1 and 0.174, respectively, frotht&&ts of the 347H

HAZ samples (which is generated with a heat treatment temperature of 1335°C) are included to

demonstrate the yielding behavior, as showhRigure3.16. Here are some of the results

observed from the data:

T

The 0.2% offset yield strength for WM is approximately two times higher than the HAZ
generated with a 1335°C peak temperature.

The E347 WM is slightly stronger than the E16.8.2 WM. It should bedrtbiat failure in

the E16.8.2 WM347H cross weld sample resulted in necking in the HAZ/base metal of
the 347H, which means the E16.8.2 WM may have higher toughness than the 347H HAZ
and BM. This behavior was not observed with the E347H samples, for kich failure
occurred in the WM.

The true stress at 10% true strain of 347H HAZ is equivalent to the yield strength of the
E347 WM (~450 MPa). Since the yield strength is different between WM and HAZ, the
room temperature stress values, rather than strdirbe used for comparisons of SRC
susceptibility between the HAZ and WM samples.

One test with a known void in the gauge section (1y.4reatly reduced the ductility of

the E347 WM sample, but still exhibited the same yield strength as a defectrgle s

from the second weld (W-4). The presence of already existing defects greatly increases
crack susceptibility.

The yielding behavior of 347H HAZ and NUCL 167 SPH HAZ generated from 1335°C

peak temperatures Gleeble heat treatrbehivesimilarly atroom temperature.
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Figure3.16 Room temperature true stress vs. true strain results for all four sets of materials
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3.3.5Step 5: Stroke calibration for heating up step at 58°C/minute

After switching tostroke mode in step four, the sample heats up to temperature while

under zero stress for step five. All samples undergoing a SRC test require a stroke calibration

curves, as illustrated iRigure3.17, with a heating rate of 58 °C/min. The data was extracted

from the thermomechanical tests that ramped up to 1050°C. To avoid stress reduction caused by

thermal expansion, additional stroke during heating was applied andltieedepends on the

designated temperature. The designated stroke valu€gbtss.6) for all tests was ramped in

the same heating step at a linear rate. The Gl&&e provides comprehensive information of
the thermomechanical profile experienced by the samples, such as additional plastic strain

potentially

ntroduced dur i t hi

ng

S

step,

t hat

Generally, the cylindricadamples all behaved similarly in terms of thermal expansion rates, but

the flat dogbone sample used for NUCL 167 SPH had more stroke compared to the cylindrical

sample data set due to a larger cresstional area.e., more material undergoing thermal

expansion). Specific stroke values were collected independently from the calibration curves for

each material and was applied consistently for all the same target temperatures but with

variations of prestrain/stress.
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Figure3.17 Stroke vs. temperature under a ztorce condition for all experimental Gleeble
samples to account for thermal expansion

Table3.6 Stroke calibration values used for heating step ftln Bd7H HAZ and E347/E16.8.2
WM SRC tests

Temperature (°C) HAZ (mm) WM (mm)
750 0.70 0.66
800 0.75 0.71
850 0.80 0.77
900 0.85 0.82
950 0.90 0.88
1000 0.95 0.95
1050 1.00 1.02

3.3.6Experimental Variables

The three main variables for the HAZ tests are: 1) peak temperature during heat HAZ
thermal cycle, 2) prstrain/stress during start of SRC test and after HAZ thermal cycle, and 3)
the reheat temperature during the reheat crack tests. Each of the véuaatdegariation range of
parameters listed below for both 347H HAZ a&&¥ SPH HAZ Note that the conditions
underlinedare forboth 347H and 167 SPH, while the others are for 347H only:

1) Peak CGHAZ temperature at 119@75,1335 °C
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2) Prestrain/stress of 275 MPa, 0.01 strain (250 MPa), 0.025 strain (300 MPa), 0.04
strain (335 MPa), 0.05 strain (350 MPa), 0.08 strain (415 MR&)irue strain
(=450 MPa) and 0.174 true strain (~600 MPa)

3) Reheat Temperature: 6050,800,900,950, 1000, and 1050°C

Two-step PWHT tests were conducted to get a better understanding of potenstpwo
PWHT. 550, 600 and 750°C were the first step (held for a couple hours) followed by heating to
950 or 1050°C. These tests did not show dramatic differdrmmasthe single step experiments
in terms of time to failte. Therefore, only five tests were completed with a$tép method.

The single step PWHT tests were the primary focus of these experifieatsummary table of
variables and test results are tabed inTable5.1 andTable5.5.

Some of the low strain tests did not result in failure during isothermal hold due to stress
relaxation to near zero, and during the subsequent cooling stage while constrained no failure
occured either. The results are categorized based on whether failure occurred during cooling or
while at the designated holding temperature.

The two main variables for the WM SRC tests are 1) initial room temperature stress and
2) temperature. The specificnable values for E347 and E16.8.2 samples are listed below with
conditionsunderlinedfor both E347 and E16.8.2. Thasetalicsare for E16.8.2 only and the
others for E347 only:

1) Stress: 155, 220, 280, 328)0,475520 (1% strainpand550-590 (6% stram)
2) Temperature: 80@50, 900, 9501000, and.050°C

Table5.6 has the specific values listed along with the specific weld each test sample was

extracted from.

3.4Gleeble FEM
Finite element analysis (FEAX the Gleeble tests was established to gain a
comprehensive understanding of the strain and stress evolution during rehaatl testerate
the creep database necessary for PWHT simulation. ABAQUS software was used to build the 3D
model for the Gleeble test, and the mesh maddlboundary conditiorese shown inFigure
3.18. The total specimen length is 119.6 mm, the gage length is 31.75 mm, and radius of the gage

section is 3.175 mm. The element size has a minimum value of 0.59 mm, and a maximum value
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of 1 mm. h total, there are 15360 elements, with amo8e linear brick type. In the model, a
thermalelectricatstructural analysis was performed with element type Q3D8. This fully coupled
analysis provided temperature distribution and-lne@ar mechanical elastplastic calculation

to obtain the stress and strain distribution. Concentrated current was loaded on grip area to heat
the sample. Displacement loading were applied on the side area to simulate the strokes in the
Gleeble test. The model accounts for armtary condition of 10°C on the surface where the

stainlesssteel grips are.

Smooth unreduced length Grip width

| 15 |

1.18
Units: inches I— ~|

T=10°C 1.25 T=10°C
Gauge length

Figure3.18 FEA simulation model of Gleeble test sample

The same material and mechanical properties used for the weld Féedtion 3.2.6
were used for this model. In additiohgetcreep parameters were determined based on Gleeble
experiment results to for 347H SS in the HAZ condition. The measured data depends-on the c
gauge to measure creep strain and strain rate and thgedhnastress during step 6 (isothermal
hold). An example of creep strain and strain rate for the 750°C with 0.1-84ragire (sample 6)
is illustrated inFigure3.19. The creep data extracted westimated to be secondameep in
whicha minimum creep rate (as observed in steady state creeprhiased with increasing
time. Since stress relaxation occurs with decreasing straiamdtecreasing time in contrast to
constant load/stress creep tests, the parameters were generally extracted from steady state creep
rate regions from the extracted creep strain and strain rate clinegeneral creep rate

equation (Eq3.8) is expanded into the format in Eq. 11.:

-0, o, Aob — 08

where A* is a creep constant, Q is the activation energy (k))/aral R is the universal gas
constant of 8.314J/mol*K. K is a creep constant that includes the temperature dependent

exponential term and A*.
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The creep data is plotted in ) (vs In (, ), so that the slope of the line is n (creep

parameter, and In (K)(constant) is the intercegigure3.20) due to the natural log form of the
creep rate equation (E8.9):

- 110 tag o8y
K and n were collected from 750, 800, 850, 900, 950, 1000, and 1050°C tests that had sufficient
steady state creep and time to edllinformation before cracking (lower ps&rain and stress
ranges for higher temperature tests).The creep data was broken down for multiple temperature
and stress range$dble3.7) so that smooth transitions in creep strain were observed during
heating and isothermal temperature siapghe Gleeble FEMsteps 56 of Gleeble testsCreep
behavior was assumed to be negligible below 625°C as the creep rates arealkty be

effective. Thus, no creep strains were calculated below 625°C.

-3 10°®
6 10 , [ . 1.2
5°¢ 1
4r 0.8
— : —
03l stra!n 0.6
- gstrain rate —
W
2+r 104
1F 0.2
0 1 L 1 1 O
0 1 2 3 4 5
Time (sec) % 10%

Figure3.19 Example of creep strain and strain rate collected frayjauge during steady state
creep at isothermal holding step #50°C/ 0.174 strain condition (sample 5)

69



-10

-11

12}

/ —-—750°C ||
—4—800°C

131 / 850°C |-
—4—900°C

-14 | 950°C |
—1000°C

-15 ——1050°C ||

16 | -

_17 1 1 L 1
2 3 4 5 6 7

In(c (MPa))
Figure3.20 Creep data from Gleeble experiments used for FEM
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Table3.7 Creep parameters obtained from Gleeble exprtsfor temperatures ranging from
6251075 C (grey-interpolated; whiteexperimentally fitted). €activation energy (assumed
constant), Ryas constant

Temp range (°C) n A* K Q (J/mol) | R (J/mol. K)
(+b, 62 0.00 0 0 556400 8.314
[625,675) 5.45 | 6.66E+09| 2.18E22 556400 8.314
[675,725) 5.45 | 6.66E+09| 9.06E21 556400 8.314
[725,775) 5.45 | 6.66E+09| 2.61E19 556400 8.314
[775,825) 5.41 | 3.66E+09| 3.02E18 556400 8.314
[825,875) 483 | 2.36E+10| 3.12E16 556400 8.314
[875,925)} 4.06 | 7.06E+10| 1.19E14 556400 8.314
[925, 9757 1.57 | 1.24E+15| 2.14E09 556400 8.314
[975,1025% 1.77 | 2.18E+14| 3.23E09 556400 8.314
[1025,1075) 1.46 | 2.81E+14| 3.03E08 556400 8.314

1 The parameter is adjusted based on creep data (derived fra2080Pa within the total range of 832 MPa)
2 The parameter is adjusted based on creep data (derived frdi#ivi®a within the total range of% MPa)
3 The parameter is adjusted based oegmata (derived from 421MPa within the total range of &7 MPa)

3.5Gleeble Thermomechanical Testing at 600°C with and without PWHT

All four sets ofmicrostructuresvere tensile tested at 600°C after a thermomechanical
and heat treatment process. Both 347H and NUCL 167 SPH substrates were given a 1335°C
peak temperature thermal cycle followed by a 10% plastic strain at room temperature to simulate
a HAZ with accumulted plastic strain (like the first three steps of the SRC test methodology).
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Then, the load dropped to O prior to the heat treatment. The WM sets did not include these
thermomechanical steps as the microstructure in its given state is the desired starting
microstructure. Each set underwent at least three types of treatments with the following
conditions prior to pulling to failure at 600°C:

1. No PWHT and 4. service age at 600°C

2. 950°G2 hr. PWHT followed by 4hr. age at 600°C

3. 1050°G30 min PWHT followed by 4r. age at 600°C

The 347H HAZ data set included two more tests with the same service age condition: 1)

2-step PWHT at 750°@hr with a second step of 1050°C for 30 minutes, and 2) an overheated
sample to 1200°C for approxately 30 seconds during a 950°C heat treatment for 2 hr. The
profiles for four heat treatments are summarizeéigure3.21. The strain rate applied was
0.001/s (approximate displacement rate of 3 mm per minute). The same heating rate and cooling
conditions as the SRC tests are applied for thermomechanical tests.

1200 T T (I T T T T
«— PWHT " Service
— |
1000 ! _" e ]
5 | ; | 1! MostActive Nb (C,N)
Q_ 800" l' ' : temperature region -
o) i '
= I ! :
© 600 a' 1 ! 1
S 400 ) ] I |
- | w0 PWHT
200 | | == 950°C-2hr |
J I I = =1050°C-30min
1 I 750-2hr/1050°C-30min
O 1 1 1 1
0 1 2 3 4 5 6 7
Time (hr)

Figure3.21 Thermomechanical test heat tireents prior to tensile test at 600°C
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CHAPTER 4WELD EXPERIMENTAL AND FINITE ELEMENT MODEL RESULTS

The welding experimental characterization results and weld FEM stress results are shown
in this chapter. The welds developed in the lab were used to develop the weld FEM. Some initial
neutron diffraction measurements of elastic strain are sihowppendixBf or t he 20 t hi c
validation.Therearead di t i on al neutron diffraction exper.i
wel ds that were intended to validate the 10 t
collected. Thus, the FEM results hare assumed to be accurate based on the trends seen in the
20 thick weld using one s Thoseiara shown heeecwithtoen (t r a

specific information shown in Appendix B.

4.1 Weld Experiment Characterization
4112 0 t-3lipasdweld (W1.1)

Figure4.1 summarizes the microstructure characteristics observed in W1.1 weldment,
including the weld sequence. In all the weld metal agcaphs, ferrite etches dark, while
austenite etches whitéigure4.1b shows a typical single pass weld metal microstructure in pass
30, which consistef acicular and skeletal ferrite dendriteggure4.1cr e v e a th aa efdroe
region between pass 30 and 26, which shows very minimal ferrite contetit ¢goiaxed
ferrite) at the base of pass ¥Figure4.1.d shows the fusion boundary of pass 26, which contains
a ferrite gradient when transiting from the HAZ into the Figure4.1e shows fine equiaxed
microstructure irthe root pass as a result of the fesbling rate, indicating a fast growth rate at
the root, which is associated with the wateoled Cu backing plate. It should be noted that
solidification rates (known as growth rate, R) and temperature gradients (G) greatly affect the FZ
grain morphology (e.g., columnar dendritic to equiaxed dendritic transition). In W1.1 weld
specimen, a relatively higher G/R ratio leads to more columnariienmicrostructure in
Figure4.1b-d while a lower G/R ratio leads to an equiaxed dendritic microstructufigime
4.1le.

Ferrite measurements in the WM and HAZ are of significance in terms of potential
embrittlement for high temperature applications. Little amounts of ferrite in the weld metal (~2
% ferrite) is desirable for mitigating hot cracking (aka solidification cracking). On the other
hand, ferrite may transform to sigma phase during service temperatures based on a-diffusion

based phase transformation where ferrite dissolves at the expengmafphase nucleation and
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growth[12, 62] which can lead to high temperature embrittlement . An understanding of the

ferrite content in the awelded condition may be necessary for mitigathigh temperature

embrittlement.

Figure41Mi cr ostruct ur e -3lepgssweld(@ mace cross sectianfof wald

(b) FZ microstructure of pass 30 indicating columnar morphologymi@pstructure of

intersection between pass 26 and 30 showing reduction of ferrite in pass 30 due to reheating
effects, (c) transition microstructure of FZ and HAZ of pass 26, and (d) FZ microstructure of root
pass showing equiaxed microstructure.

Ferrite scans across the top layer of thep84s weld reveal the ferrite behavior across the
weld (sedrigure4.2). Gradients of ferrite begin in the HAZ and increasgadly into the WM
(~2 A 8% ferrite). There are dips in ferrite content that exist within the weld metal region. These
dips may represent the intersectionahesbetween the weld passes. There is a dip from 12 to
10% near 0.45 on theaxis, which is thentersection between passes 29 and 31, and another dip
from 12 to 10% ferrite within 0:0,7 on the »axis. which is the intersection between passes 30
and 31 (se€&igured.la where the red boundaries represent the intersection between passes). The
top passes had relatively higher reading of ferrite (+4%), while the root pass measured about
~8.5% ferrite (not shown in figure). Thus, the middle passes in the weld tdbe top surface
(most undiluted weld metal) are most susceptible to sigma embrittlement.
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Figure4.2 Ferrite scan across the top layerof 31gass t hi ck wel d

The top surface CGHAZ are regions of specific interest due to the highest Von Mises
residual stress existing sub surface near the top (shown in later seéligns4.3 below shows
a scan of micrgraphsn the HAZ and BM adjacent to pass 29 (top left passgnre4.lawith
an aeragearc energy per unit length of 70.9 kéfin The grains in the CGHAZ near the FZ
showed sizes up to 83 pum in diameter, which is significantly greater than the ASTM grain size of
6 (~45 um) that is labeled on the material test report (MTR) forebeived 347H SS weld
plates. Image 1 to 10 represents the microstructures transiting from CGHAZ, fine grained HAZ
(FGHAZ), and base metal. BM has an approximate grain size closer to 45 um. The peak
temperature and cooling rate experienced during the eyelle of pass 29 cause the difference
in grain sizes in the different regions, e.g., CGHAZ experiences temperatures above 1200°C.
With a avg. arc energy per unit length of 70.9 kJ/in, a relatively small cooling rate occurs which
then allows for coarse gin growth. It should be noted that pass 29 represents the maximum
allowed arc energy per unit length specified in the Brahma WPS. Thus, slower cooling rates and

high heat inputs create a CGHAZ with large, coarse grains.
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Figure4.3 HAZ-BM microstructure adjacent to pass 29 going from the FZ boundary, CGHAZ
(1) to the BM (10)

4122 0 t-40ipaskweld (W1.2B)

The 40pass weld has 18 vertical layers, which is slightly differemhftioe 3tweld pass.

After pass 7, each succeeding layer has 2 passes and so on to accommodate a maximum fusion
zone width of a halinch (recommendation from Table 3.5 in AWS D&8uctural Welding
CodeStainless Stegb3]). Note that the very top layer has five pasgesexample of a 4pass

weld (W.12) shows significant distortion even before unclamping, indicating significant residual
distortiondeveloping during the weldingrocess Eigure4.4), which islike the 3kpass welds

and 10 thick welds as well. More clamping for
ultimately increase residual stresses.

Metallurgical characterization was not emphasized as muchon{head® s 20 t hi c Kk
welds, since alloftn Gl eebl e samples were extracted from
characteristics can be seen between the two different thicknesses since the same welding
parameters and weld consumables were used. The effect of PWHT (875°C/3 hours) on
microstructire can be seen in the W3lweld Figure4.5). Electrolytic etching was performed
on the polished surface of the welds for 20 seconds with roughly 30% nitric adidrsaiu
water and 23 V. A mixture of coarse columnar morphology of the solidification grains and finer
columnar solidification grains was revealed.
that exist along 1) fusion boundary or 2) reheated wedthl undergoing recovery and
recrystallization during welding reheating or during PWHT. The preceding weld metal and base

metal microstructure (texture orientation and grain size) and temperature field determines the
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evolution of succeeding weld metalarostructures. The epitaxial growth initiates
instantaneously from the fusion boundary followed by grain growth towards the weld center
following the maximum temperature gradient. The relatively slow cooling rate away from the
fusion boundary leads to foation of coarser columnar grains in comparison to the finer grains
forming at the fusion boundary as showrFigure4.5. Further grain coarsening could take place
during PWHT at 875°C. The grain structure, including morphology, tortuosity and orientation of
stress relative to long, straight grain boundaries, influences the susceptibility to reheat cracking.
The coarse columnar grains would have lower strength, so #tkirog, with sufficient stress,

would initiate and propagate most likely along coarser solidification grain boundisiesuld

be noted that no microcracking was detected visually when inspecting the cross section after
PWHT.

Figure4.4 Example of weld (W.22) a) after completion of root pass from top view, b) top view
after completion of pass 40, and c) side view after completion of 40 passes showing angular
deformation (measured to be 14°)
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Figure4.5 W.1-3 microstructure after PWHT (875°C/3 houo$)a) bulk 40 pass weld, and (b)
intersection between top layer and secondssukace layer

4131 0 t-I6ipaskwelds (W.3 and W.4)

The oneinch thick 16pass welds were used primarily for the purpose of obtaining
Gleeble extraction samples. The weld parameters usedikestiee twoinch thick 40pass
welds but only up to 16 passes, and the parameters are liStaedl@B.4. The only difference
other than the thickness is the sequence placement after pass 5. After the completion of pass 5
with all passes centered on the weld centerline, the next layer in¢ludgasses and so on until
the top layer with three passes (§&gure4.6 for E347%347H SS weld an#ligure4.7 for
E16.8.2347H SS weld). The extraction location of the Gleeble cross weld samples were
primarily centered on passeslZ, with a gauge section length of 32 mm which includes2018
mm wideFZ. Furthermore, the gauge section includes the HAZ on both sides of tRgy&ie
3.10displays the dimensions of the cylindrical round tensile sasnflhe weld bead width for
the E16.8.2 welds are generally smaller than the E347 weld passes when using the same weld
parameters, which may be caused by the differences in the electrode coating flux. For E16.8.2
15,-15 designates limestone flux whichaigaster freezing flux and leads to a more convex bead
shape than the E34I6 welds. For E3416,-16 designates titanidased flux which leads to a

smoother arc transfer behavior and wider weld puddle during welding.
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/ HAZ

Microstructure reconstruction along transverse direction in gauge section

Figure4.6 Cross section of E34347H SS weld (W.4}) with Gleeble sample extraction
location outlined (top) and microstructure reconstruction in gauge section of Gleeble samples
(bottom) (TD=transverse directioNjD= normal direction; LD=Longitudinal direction)

D

ciln 9 5
! : 6
Microstructure reconstruction along transverse direction in gauge section
Figure4.7 Cross section of E16.8247H SS weld (W.A) with Gleeble sample extraction
location outlined (top) and microstructure reconstruction in gauge section of Gleeble samples
(bottom) (TD=transverse direction; ND= normal direction; LD=Longitudinal direction)

A higher magnification of pass 15 (most undiluted pass) using LOM shows a higher
a mo u n {ferrite pres@nt in the E3416 microstructureRigure4.8) than E16.8.2. ThE347
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and E16.8.2 microstructures are mostly representative of a FA solidification mode, meaning

ferrite forms first in the melt followed by austenite. After completion of solidification and

cool i ngysttérei toe c o nfergteltecomesnstabdeaThecasnouat ©f refiained
t-content depends on the compositierg(,CredNieqratio) and cooling rates. Slower cooling

rates and lower GyNieqgr at i o0s gener al | y-femite rtaireeein thehweld a mo u n t
metal microstructure. The weld npdrology consists of a mix of lathy and skeletal ferrite in both
cases, with the tendency for more lathy ferrite to exist in the E347 WM due to a higfieretcr

ratio (assuming similar cooling rates between the two welds).

(a) LE 0 EsaEl TR (1) | Eiema2iast

~.200pm N J.OT A D o Terfite 200pm -

e R B L VA AN O S L TR AL B i

Figure4.8 Weld morphology of center of weld metal in pass 15 (representative of the higher
ferrite regions) in botlja) W.4-4 (E347) weldand (b)W.3-1 (E16.8.2) TheU-ferrite etches dark
ando-austenite is the light phase.

The WRG192 diagram illustrates the range of solidification modes (A,AF, FA, and F)
and amount of ferrite predicted based on thg/Rieqratio only for austenitic and ferritic
stainless steel$-{gure4.9 [64]). The corresponding weld metal composition (undiluted) and
oneinch-thick plate (347Hbatch #2) are labeled using points on the diagram (composition used
from Table3.1). As predicted, the solidification mode is FA, with low ferrite amounts in the
E16.8.2 WM versus the E347 WM. An average ferrite content from the center of the gauge
section based on Feritescope measurements in the weld metals for the Gleeble samples are
3.7£0.7 % volume for E16.8.2 WM and 10.8+1.5 % volume for E347 WM. A ferrite gradient
across the transverse direction is very minimal for the EX848/H weld since th847H base

plate has similar predictions of ferrite content to E16.8.2, in contrast to the33#7welds. It
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should be noted that localized differences in chemical composition may change the solidification
mode slightly, e.g., AF for E16.8.2 WM since tt@mposition lies close to the AF/FA
demarcation line.

Higher ferrite content generally leads to a more rapid diffusion transformation for sigma
phase (0) during el evat e-800°C,evhigheeduaes the teughwess vi c e
and ductility of he weld metal as service time progresses. The benefit of E16.8.2 versus E308H

and E347 WM is the tendency for reduced 0 con

Figure4.9 WRC 1992 diagranfb4] with predicted points for undiluted weld metal and 347H
base metal (batch #2)

Microhardness measurements in the welds are observed to have a depreciable drop in
hardness in the coarggained heat affected zon@ GHAZ) of the asvelded conditionKigure
4.10). From a mechanical strength perspective, the CGHAZ is weaker than the PMZ, BM, and
FZ. There is not a distinct differencemicrohardness between the E16.8.2 and E347 WM,;
however, the CGHAZ microhardness for the E347 weld is lower than the CGHAZ of the E16.8.2
weld. A steeper hardness gradient from the CGHAZ to the FZ may increase chances of crack
susceptibility in the CGHZ. Since ductility and strength is lower in the CGHAZ, this region
would generally be more susceptible to reheat cracking than the FGHAZ and BM. However,
there are many factors that affect SRC susceptibility, such as dislocation density (proportional to
amlied strains) angveld morphology in which straight, notortuous columnar solidification

grain boundaries may be more susceptible than more tortuous equiaxed grain boundaries (such as
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