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ABSTRACT

Recent developments of fiber lasers allow for edséam deliveryacilitating greater
applications for laser welding in industiWelding with high energy density heat sources alfow faser
travel speeds, fastcooling rates, and smallbeat affected zoseHowever,there is a still a lack of
knowledge base on holaser weldingorocess parameteaffect the weldability of austenitic nickel
alloys.

In this work, laser welds were made on several austarikel alloys fromdifferent alloy
families:HAYNES 214 alloy, HAYNES 282 alloy, HAYNES 230 alloy, HAYNES HR-120
alloy, HAYNES HR-160 alloy, HAYNES 188alloy, HAYNES 718 alloy. Welds were made at 25
mm/sat laser powers ranging from 469600 Watts. Solidiftation cracking was observed in cross
sections of the fusion zone HR-160 alloy andHR-120 alloy. Dendritic solidification was found in all
alloys, and partitioningvithin the dendritic structureompared well wittScheilcalculations performed
using ThermoCalc software. A eutectic liquid rich in carbide fogr@lements was found at the
interdendriticregions in 188, 230 282 , and 718&lloys and was quantified by processing backscatter
electron images of the fusion zoriéhisinterdendriticliquid was found to back fill solidification cracks
that formed in the fusion zone during weldability testing.

Transversé/arestraint and Sigmaig testing were performed to rank the weldabilityathdys.
During Transvarestrairtesting the ram drop timing wagcordedn relation to the laser output, aad
type R thermocouple was also placed in the laser, patlithe approximate cooling raté the fusion
zonewas recordedndused tocalculate the solidification cracking temperature range.

Rankings of the welability compared well betwee®igmaJig andTransvarestrainesting, with
the exception 0214 alloyand HR120 alloy,which ranledmuch betteandworse respectivelyin
SigmadJig tests A possible explanation for this difference is the higher theroradectivity and lower
yields strength of 214 allognd high temperatures, allowing it to accommodate more stréss 8igma
Jig test.The final ranking of alloys from more weldable tasdeveldable by Sigmaig testing is 188, 214,
282, 718, 230, HR20,and HR160. The final ranking by maximum crack length in Transvarestraint
specimens listed from more weldable to less weldabl8®; 282, HR120, 718, 230, 214, and HE50.

YHAYNES, 214, 282, 230, HR20, and HR160 are registered trademarks of Haynes
International, Incln this paper, a shortened version of these alloyshaillised that does not include the

trademark.
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CHAPTER 1IINTRODUCTION

Lasers anelectron beams are some of the highest energy density power smuriceksistrial
welding. The high energy density leads to good jeffitiency, high process speeds, fast coolingsrate
and a small heat affected zof®AZ) when compared to arc weldind.,2) Developments in fiber lasers
have allowed for even higher efficienciémwver cost of ownership and easier positioning of the laser
beam have led to a greater implementation of laser welding in igd(&#) Despite these advantages,
there is a still a gap iknowledge on how the high travel speeds, cooling rates, and small leedtchff
zone affecthe weldability of these alloys compared to arc processes.

A variety of tests have been developedharacterizehe hot cracking susceptibility of materials
during welding, but few are adapted for the solidification conditions duaisey Wwelding(5B10) A
summary of these tests is showrTablel.1 Note that aly a few of the weldability tests habeen
developed specifically for laser weldability. Because of thetfasel speeds, fast cooling rates, and small
heat affected zone in a laser weld, many of thersslfraint tests developed for arc welding are not
suitable in laser welding becauseytdonot develop enough strain during solidificatitminduce hot
cracking WeeterOs test was specifically designed for pulsed laser welding, but littleasdr&en done
on itsinceits inception in 1987(6,11) The circular patch test was originally developedaiar welding
and later modified for laser weldinBue to the limited amount of shrinkage in a laserdvaalditional
clamping and weld passes are needed to induce cracking in the giatglatest(12) Sigmadig,
Varestraint, andgonstant strain rate tedtave all been successfully adapted for laser weldability testing
and used to characterize the weldability of several alloys.

Due to the additional challenges and relatively negeowth of laser welding, there is still
limited published literature olaser weldability specifically of austenitic nickel alloyBatafrom a
search on Wb ofSciencein 2016shown inFigurel.1demonstrates the lack of papers on fiber laser
welding compared to related stutbpics. Journals in the search included OWelding in the WorldO, OThe
Welding JournalO, OMetallurgical and Materials Betiens AO, OJournal of Laser ApplicationsO,
OJournal of MaterialsO and many others.

The purpose of this present studlgisto add to the knowledge base on the laser weldability of
austenitic nickel alloysThe objective waaccomplished through characterization of laser welds and laser
weldability testing using th&ransvarestrairandSigmadJig tests on a series of austenitic nickel alloys

from differentalloy families.
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Tablel.1: A list of some tests developed for weldability tegtiSome are developed specifically for laser
weldability testing.

Possible Weldability Tests Adapted for laser welding

Applied Restraint:

SigmadlJig Yes

Varestraint Yes
Implarnt

Horizontal tensile Yes

Self-Restraint

Weeter Yes
Circular groove Yes
Lehigh restraint

Slot

Rigid restraint (RRC)
Tension restraint cracking
Longitudinal beaebn-plate
Controlled thermal severity

Cruciform
Lehigh cantilever
Cranfield
Nick bend
Cast pin tear
Strain tofracture

Reheat cracking
Gapped beadn-plate




CHAPTER 2IBACKGROUND

2.1 Characteristics of Laser Welding
Focused high power lasers are one of the highesignensity power sources available for
industrial welding whie compared to arc or plasma heat sources, as illustrakédure2.1 The high
energy density of focused lasers allows for good joininigieffcy and the possibility of keyhole welding.
(1) This section will desribe the effect of varying laser parameters on the weld pooland sf the

mechanisms and practical charaistic of laser welding metals.

Power density

Power density —»

Penetration (schematic)
Laser Electron beam Plasma Arc
welding welding welding welding

Figure2.1: Schematic drawing of the crassction of the fusin zone of welds from various power
sources with different power densiti¢$3)

2.1.1 Keyhole Welding

The heat transfer from the laser to the metal dependhe energy density of the radiation
focusedon thesurface of the material. As illustratedrigure2.2, at low surfae temperatures, only
oxidation and surface heating occur, as the energy density and corresponding wmfperature
increasea molten pool forms via heat conduction from the surfeiigher energy densities finally heat
the metal enough to vaporizeptoducing a keyhole.

In conduction mode, heat is distributed by convection and comahuictio the material
developing a shallow, hemispherical weld pool. Typically, this modeost oseful for thin sheets as the
aspect ratigdepth/width)is low. In keyhole mode, momentum from ejected metal vapor creates a vapor
cavity in the molten pool which deepens until the pressur frapor ejection balances with the recaoil
pressure of the keyhole wall from surface tension. As showigimme2.2, keyhole welding operates at a

much higher efficiency than conduction welding doénternal reflection in the keyhole. Keyhole welds



also have a higher aspect ratio of the fusion zone, makingfitlder joining thicker sections, bey
holing can also lead to the formation of porosity in the fusiorezdlfustrations of laser welds made at
low and high power densities can be observeegure2.3.

As indicated in the last paragraphetstability of a keyhole during welding is dependent on a
balance between the metal vapor pressure expanding the keyhole, andtsndmeeclosing the keyhole.
J.Volpp and F. Vellertsefl14b16) have demonstrated that theykole shape can be modeled by dividing
it into cylindrical sections and performing an energy and force balaneaatmsectiorFigure2.4 shows
a flow diagram of the energy balance for one cylindrical sectiba.pfessurgfrom surface tension and
ablationwere calculated as a function of keyhole radiusfrh element shown Figure2.5. Even
though two theoretical equilibrium points exist, even slight fluctuations in diantetgeesection will
cause the keyhole to expandntersectiorll. At equilibrium, the balance of pressures can be tised
calculate a spring constant which in turn can be used to prediostillation frequency of the keyhole.
(15) This model requireprior knowledge ofhe penetration depth, but can predict the width, stability,

and oscillations in the keyhole.
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Figure2.2 Lasermattercoupling coefficient as a function of surface temperature. Surfaqeetatmre
increases from left to right with increasing energy density of the $getron the material
surface (13)
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Figure2.5: Calculated surface tension and ablation pressure as a function ofekeldroent diameter.
Equilibrium is theoretically possible kéyhole radiil and Il, but even small fluctuations
in diameter at | expand the keyhole to(ll5)

2.1.2 Effect of Process Parameters on Continuous Wave LasEvelds

For a given laser system, the typical parareadjusted for a laser weld are laser power, focus
position, and travel speed. Increasing the power and decreasing thepead increase the penetration
depth.(3) These elationships can be seenkigure2.6 with weld penetration depth versus travel speed
for multiple energy densities and spot sizésthe extremes of low and high travel speed, and at
extremely high power densities, defects fotraw travel speeds lead to porosity. High travel speeds
cause undercut, and too high of power densities can cause hufi@yighese relationships are notated
on Figure2.7. Materials systems, laser optic systems, shielding gagoemdurface preparation can all

hawe an influence on thegmrameters

2.2 Solidification Cracking
Solidification cracking is a type of hot crackingttoccurs during solidification in the weld pool.
Generally speaking, solidification cracking is asated with a liquid film at the end of kdification
which cannot support shrinkage stresses that dewkidpg cooling in the solidifying metal in the weld
pool. The fundamental mechanisms for solidification cracking weiallgiproposed in the 19400s to
explain the formation of cracking fdets in casting, and later modified to explain the fatiom of

solidification cracks during weldingl17)

2.2.1 Development of Solidification Cracking Theory
Some of the original solidification cracking thearigere the shrinkagfarittieness theory18),
and the strain theorfl7). The Shrinkagdrittleness theory was originally developed to ekptaacking
in aluminum castings and weld4.8) This theory proposed a temperature range of crackisgeptibility
that starts when enough solidification has occurred to accumulate strairsolithend ends when
emough solidsolid bridging between solidification structures stréegis the melt pool. Above this

temperature range there is enough remaining liquid in the melt to fill any dretierm.
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Figure2.7: Penetration depth veavel speed for various powers and beam diankaser welds on ASIA
grade 304 stainless steBlegions where defects occur (porosity, urfding, and
humping) are notated13)

The strain theory was based on work done on staise®| and nickel based alloys. The key
difference between thgtrain theory and the shrinkdgdmittleness theory is that sol&blid bridging is not
predicted until the very end of solidification in the strain the(iy)

In 1960, Borland (19proposed a generalized theorysolidification cracking. Borland defide
solidification in four stages which can be seekigure2.8. Stage 1 is the mushy zone, where solid starts
to form, but is incoherent. In stage 2, solidification continues and may fackhscwhich are healed by
liquid remaining during solidification. During stage 3, there is insufficient liquicetd any cracks that
form due to solid shrinkage. Solidification ends witkige 4, where solidification cracks can no longer
occur due to thabsence of liquid.

Using high speed videand fractographyMatsuda et. a[20) observel solidification cracking in
GTAW welds on various stegand nickel alloys. The welds were instantaneously strainedglurin
welding to induce solidification cracks in all thensples. Matsuda et. al. found that solidificatioacks
initiate slightly behind the weld pool, and propagate in either direction (Awaydrairtowards the pool).
The fracture sdace of solidification cracks that propagate towardsatbkel pool are dendritic, indicating
a continuous liquid film that separates. Solidification crdblas propagate away from the weld pool into
lower temperature material have a flat surface withvthet parallel the cellular growth direction.
Matsuda suggested that the flat fracture indicdtasthere is no longer a continuous liquid filrthis

temperature range, but discrete liquid droplets.
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Stoge 3: Criticol solidification ronge. No “healing” of cracks possible.
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Figure2.8: Solidification stages proposed by Borlaii®) on a binary eutectic phase diagram.
Solidification cracking occurs in stage 3.

Matsuda(20) proposed that solidification cracks form in the range of008mean solidraction
based on fractographic analysis and Scheil calculations of theofrasttiid and brittle temperature range
of thealloy. Above 0.60.8 mean solid fractiorihe solid networkhas enough strength and ductility to
support strainbelowit, the liquid phase is continuous enough to accommodate strain. Based qguidhe ra
solid growth at the beginning of solidification, agifferentfracture surfaces away from the solidification
crack initiation, Matsuda et al. proposed a modified versiddoolandOs generalized theory shown in
Figure2.9. Matsuda et al. pointed out that in a typical fabrication weld, thdifszation cracks will
follow the heat source during welding, and the majarftyhe resulting fracture surface will be dendritic.
(20) In the modified generalized theory, the stages ddli§ichtion are much closer to the liquidlise,
due to norequilibrium solidification, and the rapid development ofcalk the beginning of
solidification. Stage 3(h) and 3(l) are separated aseqiible to crack initiation (dendritic fracture

surfac@ and propagation (flat fracture surface)
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Figure2.9: Modification of Borland®s generalized theory of solidification crackingdtguda et al20)

The discussion of solidification cracking theorigsta this point have been based on
metallurgical principles related to solidificatiorhe topological strength theory proposed by Pro&hor
(21) explains solidification cracking from a mechanical basis. In RsokvOs hypothesis, solidification
cracks occur when the weld material does not have enough ductiéitcommodate the strain that
accumulates during welding. Thsoposed mechanisim illustrated inFigure2.10, where I}y, is the

ductility of the weld metal!" , is deformation due to solidification shrinkade# is shrinkage of the

system or metal restraining the weld, andis the critical strain, above which solidification cracking will

occur.
Taking into consideration BorlandOs generalizedyram the physical conditiomequiredto
produce solidification cracks in a continuous casting, F€@@mproposedhe concept of a rate of
feeding (ROFRaNd a rate of shrinkagd®0S)during solidification. As solidification proceeds, the rate of
feeding decreases because of the increased tortuosiity bfuid path beteen the solidifying dendrites.
The rate of shrinkage is dependent on the coolitegaiad shrinkage of the solid. Once tHeRRfalls
belowthe ROS, solidification cracks start to form. Clyne and Dafd83%used this concept and proposed
a cracking susceptibility coefficient (CSC) for continuous ogstiof binary AIMg. The CSC is theatio
of time spent in the vulnerable zone (where ROS>ROF) during scditificto time spent in the recovery
zone (where ROF>ROS). The CSC successfully predicted the cratldngptibilityof aluminum alloys
with up to about 6% Mg, where it started to predict too high of a crackingtitsitity. Clyne etal. (24)

11



applied the CSC concept to predict the solidification behavioomtinuous cast steels with varying
carbon contents. In combination with a batiKusion model and a finite element analysis of the local
heating conditions in the casting, Clyne et al. made predictions ebtitlification cracking behavior of
steel as a function of carbon content and locatidheéncasting which correlated well wigxperimental

data.

T-liquidus

BTR

T-solidus

Temperature

e-deformation
D —ductility

Aey, | /Ae, | Aem

Figure2.10: Schenatic of Prokhorov's hypothesis for the topological strienlgeory of solidification
cracking.(21)
2.2.2 Solidification Cracking in Laser Welds

Chemicalcomposition plays a dominant role in the solidificationcepsibility of an alloy,
particularly the effectof solute elements on the solidification range. Durirsgtavelding, the extremely
high cooling rates can reduce partitioning in austenitic matewidlich together witlincrease
undercoolingcan have a significant impact on the brittle temperature rg@gpAdditionally, the low
heat input associated with laser welding can reduce the amountioigherad seHrestraint during
welding and solidification(5)

In 2016 Chun et al(25) used thélransvarestrainest to measure the effscif weld travelspeed
on the brittle temperature range of AlSI 316L and 310S grades of stastbsd. AlS| 310 stainless steel
solidifies as primary austenitic structure, which is ¢atly more susceptible to solidification cracking,
andAlISI 304L solidifies first ad -ferrite. Chun et al. calculated the seliguid coexistence temperature
range usin@ combination of th&urzbGiovanold®rTrivedi (KGT) (26) modeland the solid segretian

modelfor both grades of stainless steel, and found themrtegmond well with the brittle temperature

12



range.The KGT and solid segregation models were used to calculate thetitedarelidification start

and end temperatures respectively. Instefagsing a Scheil calculation, these modalsor in the
influenceof undercooling and segregation at high welding speeds on thdigalid coexistence
temperaturel-or the austenitic alloglSI 310S, partitioning and undercooling both increased waldw
travel speed. Overall, the soliiduid coexistence temperature range and the brittle temperature range

both decreased with increasing travel speed. These resultaistrated inFigure2.11.

2.3  Solidification of austenitic nickel Alloys
In this section, some key points from literature ongtiaification, weldability, and laser
welding of austenitic alloys pertinent to this work aeported on. Nickel superalloys do not have
standard designations like aluminum or steelyall@and typically go by commercial names. Nickel alloys
can be broadly separated into four groups: pure nickel-soligion strengthened alloys, precipitation
strengthened alloys, and specialty alloys. Severakhalloy systems within these categories are shown
in Figure2.12. The key characteristics of nickiehse alloys is a face centered cubic (FCC) matrix that can

be strengthened by a variety of methdds,27)

2.3.1 Typical Alloying Additions
The strengthening mechaniswisnickel alloys and alloying additions can be better understood in
the context of major phases typically found in nickel base alloys:

¥l Gamma matrix is the continuous FCC phase, makintpepnatrix common to all nickel
based alloys and typically containtaege fraction of soligsolution strengthening
elements.

¥ Gamma prime is an ordered precipitate phasgl{NAl) added to increase the high
temperature strength of nickel alloys.

¥ Gamma double prime is a body centered tetragonal' |B@dered precipitatéNisNb)
with a large mismatch strain with the gamma FCC mathiase. Gamma double prime is
an excellent strengthener at lower temperatures, but becomes uab@®e650;C. The
precipitation of gamma double prime is slower than gamma primehwékes gamma
double prime strengthened alloys more resistant to strain age cracking.

¥ Carbides in the form of MC, M, or Mx3Cs typically form with reactive alloy additions
in nickel such as titanium, tantalum, hafnium, and niobium.

¥ Borides typically form on graiboundaries.

¥  Topologically closepacked phases such as sigma, mu, or Laves can form in certain

compositions and are usually undesirable for strength, itycéihd poor corrosion
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resistance. These phases typically form in alloys witiigh fraction of bdy centered
cubic (BCC) transition metals.
This list above was adapted frd@i’). The effects of varioualloying additions on nickebase

and cobaklbase alloys is shown ifiable2.1: .
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Figure2.11: Effect of welding speed (ranging from speeds used in TIG welding tovetging) o the
solid-liquid coexistence temperature range and the brittle temperature Taregeeld
power was adjusted at each travel speed to produce a half peneatitioRigure
excerptedrom (25)
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| Nickel and Nickel-base Alloys |

l

Commercially | | Solid-Solution | | Precipitation Specialty
Pure Strengthened Strengthened Alloys
B NGu NA
@ Intermetallics
Ni-F Dispersion
e Strengthened

Ni-Cr-Fe
Ni-Cr-Mo-W

Ni-Fe-Cr-Mo

Ni-Cr-Co-Mo

Figure2.12: Classification ohickelbase alloys(18)

|| Ni-Fe-Cr-Nb-AL-Ti |

Table2.1: Effect of alloying additions on nickddase alloys. [15]

Effect

Solid-solution strengtheners

Element

Co, Cr, Fe, Mo, W, Ta

Carbide forners:

MC Type W, Ta, Ti, Mo, Nb

M-C; type Cr

M 3Ce type Cr, Mo, W

MeC type Mo, W
Carbonitrideformers

M(CN) type C,N
Forms!" Nisz (Al, Ti) Al Ti
Raises solvus temperature!6f Co
Forms!# (NisNb) Nb
Oxidation resistance Al, Cr
Improves hot corrosion resistance La, Th
Sulfidation resistance Cr
Increases rupture ductility B® zr
Causes graitboundary segregation B, C, Zr
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The resistance to solidification cracking for maiffiyhese alloys is dependent on the amount and
temperature range of liquid film #ie end of solidification, which is a strong functioinchemical
composition. Because these alloys are all FCC, partitionisiygdag and can depress the actaidus
temperaturgpotentially having an impact on weldabiliffL7,18)Partitioning data for alloying additions
in a series ohickelalloys is shown iMTable2.2 Note the similarities between the partitioning

coefficients in an alloy and in the simp-X binary systems.

Table2.2 Partitioning data for various nickel alloys and binary systems. Data wasreaygked and
referenced in (18)

Alloy Ni Fe C Co Nb Mo W Al T si C C
Monel 400 1 @ @— @ = o= = o — —_ = e OB —
B-2 106 10 — — — 08B — = = = = =
B-3 O = o= = = B = = o e e e
w .06 103 09 — — 08 — = = NS = 9=
c4 .04 09 096 — — 08  — = B = = =
C22 105 098 094 — — 08 091 @— @— @— —
C-276 .08 101 095 — — 08 101 @— @— @— =
C-2000 .02 106 09 — — 091 — - — — 08 —
242 .04 — 100 — — 08 — — e e s e
Ni-20Cr-12Mo 105 108 10 — — @7n — — e e—w e
Ni-20Cr-24Mo 108 — 102 — — 98 @ — U
Ni-44Fe-20Cr-12Mo 105 107 100 — — @671 2 — S
IN718 .00 104 103 — 048 08 — 100 069 067 — = —
IN725 — 11 099 — 05 079 — — 66— = e
IN738 .03 — 098 109 05 087 113 092 06 — — = —
IN625 — = == = 5 = = — = 05 = b
IN625/C Steel 104 102 105 — 046 — — — = = = =
IN909 097 110 — 102 049 — — — 065 067 — @ —
IN903 097 106 — 105 058 — — 095 076 — @— @ —
Thermo-Span 097 110 110 102 042 — — 079 058 069 — @ —
RR2000 —  — 110 108 — 097 — 097 060 — — = —
RR2060 — — 106 110 — 091 08 095 065 — — @ —
SRR99 — — 09 109 — — 106 100 068 — —  —
MAR-MO002 — = N9 11 = — 11T 09 0 — = @—
Ni-10Fe-19Cr-Nb-Si-C ~ 1.02 100 106 — 045 — — — = M. = 02
Ni-45Fe-19Cr-Nb-Si-C  1.00 106 102 — 025 — - s == OB = =
20Cb-3 097 108 093 — 033 — - = = OB = @
HR-160 09 — 101 108 —  — - — 04 071 @ — @ —
Ni-Fe = = = = = = = = = = = =
Ni-Cr - - 0% - - - — N —
Ni-Co o — N —
Ni-Nb — = = = @B — — — e e e
Ni-Mo — e = = = B — —  m o =
Ni-W N I (I SN
Ni-Al — e e e e e — R = = == w
Ni-Ti — e e e e e — — DB — o —
Ni-Si S — — e O —
Ni-Cu T - s e o PR
Ni-C I - T

Thechemical compositions and solidificatibehavior of the alloys investigated in this work will

be discussed in the next sectiofibe alloys investigated were all pided by HAYNES and are 214
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alloy, 282 alloy, 230 alloy, HR-120 alloy, HR-160 alloy, 188 alloy, and 718 allojyrhese alloys were
selected to represent a wide range of alloy systeméwtith austenitic superallegubsetHAYNES,
214, 282, 230, HR20, and HRL60 are registered trademarks of Haynes International, Inc.

2.3.2 HAYNES 214 alloy
HAYNES 214 alloy is asolid solution strengthened alloy that carpbecipitate strengthened
214alloy is based on the NCr-Fe system. The nominal composition digtahown inTable2.3. The
significant addition of Al in the alloy is tiorm aluminum oxide passivation layer which is morestasit
to oxidation at high temperatures than chromium oxide. Due to the high alumilditiorss, 214alloy

can also be precipitation strengthened by gamma prime with ag mgaiment(28)

Table2.3 HAYNES 214 alloy nominal composition(28)
Ni Cr | Al | Fe| Co| Mn | Mo | Ti W | Nb | Si Zr C B Y

wt% | Bal | 16 |45 3 |0.15| 05| 05| 05| 0.5|0.15] 0.2 | 0.1 |0.04|0.01| 0.01

(75) max | max | max | max | max | max | max | max | max | max

Dendritic solidification is observed in autogenousién welds o214 alloy and little
partitioning of the key alloying additions is observed. Some gamma prime@aweed during
solidification, which typically requires an agingatdéreatment to form(29) Cieslak et al(29) also
reported the formation of carbides and Zr compounds adifszdtion grainboundariesin comparison to
the more common Hayn&48 alloy, 214 alloywas more susceptible to solidification cracking, &nand

Zr additions increased this susceptibility.

2.3.3 HAYNES 282 alloy
HAYNES 282 alloy is based on the NCr-Co-Mo system with aditions of Ti, and Al to
precipitate gamma prime on aging. The nominal composition is shoWabie2.4. Titaniumand
Molybdenumadditions can also form carbides on solidification. The Hmation structure of the fusion
zoneof weld on 282 alloyonsists of a matrix of FCC with Ti and Mich carbides along the
solidification grain boundaries along with some chnamrich M»:Cs carbides. SomeD is observed at
the grain boundaries formed after solidificati¢@0,31)Compared to othesuper alloys282 alloyhas

good resistance to solidification cracking, but is very sensitive torBooncentration(30)

Table2.4 Nominal composition of HAYNES282 alloy. (wt.%) [31]

Ni Cr Co | Mo Ti Al Fe | Mn | Si C B
Bal 20 10| 85| 21 | 15| 15 | 0.3 |0.15| 0.06 | 0.005
(57) max | max | max max
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In laser welds made on 282 by Osaba et al. (31s82he cracking was observed along grain
boundaries just under the nail heakhis cracking was attributed to the liquation ofgpétates at the
grain boundaries in the heat affected zone. Increasing the heat irgpGpfaser weld from 60dim to

120J/mm was observed to decrease the extent of heat affected ackieg:(32)

2.3.4 HAYNES 718alloy
HAYNES 718alloyis a NiCr-Fe-Mo alloy with Ti, Al, and Nb additions to form bogamma
prime and gamma double prime precipitates, giving 718 exceptional stréemgtmaand high
temperature. NNb or gamma double prime can also be attributeditetier resistance to strain age

cracking.(33) The nominal composition limits of 718 are shown iblE&R.5.

Table 2.5 Composition limits oHAYNES 718alloy, taken fom specials metals websitevt(%) (34)

Ni Cr Fe | Nb Mo Ti Al Co C Mn | Si P S B Cu

50.00| 17.00| Ba | 4.75| 2.80| 0.65| 0.20| 1.0| 00| 0.3 | 0.3 0.01| 0.01 | 0.00| 0.3
- - [ - - - - 0 8 5 5 5 5 6 0
55.00| 21.00 5501330115080 ma| ma| ma| ma| max | max | max | ma
X X X X X

The strong partitioning in of Nb during solidificati of 718 alloycan inducehe formation of
Laves phase in intergranular regions, and has blesereed irdifferential thermal analysi€TA)
measurements af18 alloymade by Cieslak et al35) as shown imable2.6. A pseudebinaryphase
diagramof 718 alloywith Nb concentration is shown in illustrating theeeff of Nb partitioning on Laves

eutectic formation.

Table2.6. A summary of reactions reporteaiin DTA measuremd on 718 alloy (35)

Heating Cooling
Temperature: 1230 1297 1351 1328 1257 1188
Reaction: Dissolution ! Liquidus | Super cooled 1/MC I/Laves
of MC Solidus liquid solidification eutectic
(NbC)
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Figure2.13: Pseudebinary phase diagram of 718 allegth Nb. (35)

Compared to the other alloys studied in this waakel welding o718 alloyhas been well
reported in literature/18 alloyhas been welded extensively usingd#&3ers, fiber lasers, and pulsed
lasers. Powers in literature range from 0.4 to 12 kW, with travel speedsgdraimn?2 to 80 mm/s. A
typical parameter study fdaser welding is shown iRigure2.14. Generally speaking, thosssection
of a full penetration weld narrows as the heat input is decreg@&87)

Beam focus conditiom keyhole mode laser welds @8 alloyhas an effect on both the weld
guality andshape of theveld crosssection The maximum efficiencwith respect to penetration depth
wasreported at sharp focus 2mm below sheface, butvasmarredby undercut and spatt€i,36)

Argon and Helium are the most commonly used shieldagses(9,36E89) Nitrogen was used as
a shielding gas for CQaser welding in an early study of laser welding of 718 alloy conducted Balyic
et al. These authors also investigated the effects of shieldmgrgss flow velocity on the cressction
profile of weldsmade with a continuous wave glaser. At cross flow speeds in the vicinity of 2.6L/min,
a wine glass shape was observed, as the flow rate increased theahsifiens into a beer glass shape

(wider at the middle). Further increases led to cuti{#g)
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Figure2.14: Effect of laser power and travel speed on weld def@op), and fusion zorerosssection

(bottom)in 718 alloy.(7,37)

Microfissuring, or HAZ cracking is the most commosfekt associated with Laser welding of
718 alloy Microfissures occur in the heat affected zone wdraim boundaries that contain precipitates of
Nb-rich phases such as LavasNbC liquate and are stressed due to thermal expamagidrcontraction
during welding Other conditions thaxacerbat¢he tendency to develop HAZ cracking are welding in

the agedtondition, coarse grain base material, and high amounts ofi.bbhhe area directly under the
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nail head in a laser welttosssectioncan be a problem spdR,33,39,41,42HAZ cracking can be
avoided by using faster travel speeds and lower heat inputt sféed up the coolingte of the weld
metal and HAZ lower the residual stressttsmtoccurduring solidification and eliminate the nail head
shape(36,37)

2.3.3 HAYNES 230 alloy

HAYNES 230 alloy is based on thHi-Cr-W-Mo system The high concentration of Tungsten
and additions of Mo are added as solid solution strengtheRteesnominal compaosition limits are shown
in Table2.7. 230 alloywas originally developed for the aerospace industig to its high temperature
strength and fabricability, but its applications haxpanded to other industries such as the chemical
processing industry43)

230 alloyis a fully austenitic alloy with W and Mo in solution. Metal carbides can form to add
high temperature strength and grain refinement. Borides can prexigivaig the grain boundaries for
added resistance to grain boundary tearing. Dutréagthening primarily by tungsten instead of
molybdenum230 alloyis less susceptible to the formation of intermetallic phases which typically have a

negative effect on the high temperature properties and weldapit&yl4)

Table2.7 Nominal composition ol AYNES 230 alloy. (wt.%) (45)

Ni Cr W | Mo Fe | Co | Mn Si | Nb | Al Ti C La Zr
Bal. 22 14 2 3 5 05| 04| 05| 03]01]| 01 |0.02|0.015
(57) max | max max max max

In a study by Kim et al., 2mm thic30 alloysheet was autogenously welded using a Nd:YAG
laser.(46) Tensile and hardness testing showed similar stremgdhhardness between the base metal and
the welded samples. No shielding gas was reported, and no microstrulctueadterization or weld
defects were reportef#6) A study by S. C. Ernst used botlarestraintand restrained platgelds to
show that Boron can have a detrimental effect orstidification cracking o230 alloy similar to other

superalloys(43)

2.3.8 HAYNES 188alloy
HAYNES 188alloy is a solid solution strengthenedmilbased on the GHi-Cr-W system. The
range of composition of this alloy is shownTiable2.8 Annealed base material has a random

distribution of Mi,C carbides which are rich in Tungsten and Lanthar{di#tb0) Aging betweerv04
and 892 produce®# s& '"()*+,-./")0"01."2*),3"+453-)*,./6")3-".7.305)889":)7 ./[";1)/.<" =>?@
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Table2.8 Limiting composition oHAYNES 188 alloy. (wt.%) (51)

Ni Cr W Co Fe Mn Si La C B
20.0 | 200 | 13.0| bal. | 3.0 | 1.25| 0.20 | 0.02 | 0.05 | 0.015
240 | 24.0 | 16.0 max 0.50| 0.12 | 0.15 | max

Several examples ofdar welding 0fL88 alloycan be found in literature with G@nd Nd:YAG
lasers(47,52,53)0dabasi et. al47) performed a series of G@velds withvarying heat inputs from 61
Jmni* to 90 Jmrit. As expected, increasing heat input increased dendrite arm spacing isidinezione.
Increasing travel speed at a fixed powkangedhe cosssectional shape of the fusion zone from an
hour glass shape to a nail head shape. Characterization of the fus@hbyenergy dispersive
spectroscopyEDS) andscanning electron microscof$EM) showed little partitioning, but precipitates
enrichedm Cr and W, formed between dendritEhe smallamountof partitioningreportedagrees with

other studies done on laser welding and arc welding of 188 éhdy

2.3.7 HAYNES HR-120 alloy

HAYNES HR-120 alloy is aNi-Fe-Cr basedstructural ally designed for use in corrosive
environments. It is an austenitic alloy that is solid sofustrengthened by additions of cobalt,
molybdenum and tungsten. The nominal composition liarésshown inmable2.9. Cr,O3; and MNnCgO,

form on the surface diR-120giving it good to corrosion resistan¢85,56)

Table2.9 Nominal composition oHAYNES HR-120 alloy. (wt.%) (56)

Fe Ni Cr| Co| Mo | W Nb | Mn | Si N Al C B

bal. 37 | 25 3 25| 25|07 |07 |06| 02| 0.1 |0.05|0.004
(33) max | max | max

There & little known literature on the welding metallurgfyHR-120 specifically. However, the
Ni-Cr-Fe system is well investigateldR-120is expected to solidify as in the fully austenitic phase
region Fe, N) as shown irFigure2.15. The Nb alloying additions could leaditderdendriticcarbide
formation of MsCs or MC, which has been observed in other high nickeCNFe based alloy$18) The
susceptibility of stainless steels to solidification cragkihas been shown to be very sensitive to impurity
elements such as S and P, but the presence of Mn additions datentidd effect byyombiningwith
sulfur. (17)
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Figure2.15: Ternary phase diagrams of the-Gli-Fe system, with the composition of Hayh#R-120
alloy marked. (Curtosy of ASM internationgb7))
2.3.8 HAYNES HR-160 alloy

HAYNES HR-160 alloy is a solid solution strengthened alloy based on th€MNCr ternary
system. The nominal composition is showTable2.10. Silicon additions are added to improve
resistance to high temperature oxidizing and sulfigiamvironments. In arc welds, HR60 solidifies as
primary! with Ni, Si, and Ti segregating toterdendriticregions. Solidification is terminated with a
eutectic oft and (Ni,Co)¢(Ti,Cr)eSi;. (58)
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Table2.10: Nominal composition oHAYNES HR-160 alloy . (wt.%) (59)

Ni Co Cr Fe Si Mn Ti C W Mo Nb Al

Bal 29 | 28 2 | 275, 05| 05005 1 1 1 0.4
(37) max max | max | max | max

No reports of laser welding of HR60 alloywere found in literature. Due to the large
solidification ange, and termination of solidification with a eutedt®-160 alloyis expected to be

susceptible to solidification cracking when comparedlbys 718, 310 and 316 grade stainless s{&&)

2.4  Weldability Testing

The American Weldin@ocietydefines Weldability as:The capacity of material to be welded
under the imposed faibation conditions into a specific, suitably designed structure performing
satisfactorily in the intended servi€¥60) As discussed previously, for austenitic nickel adlogne of the
main concerns is solidification cracking. The twst$ethat are used in this work are designed tahest
susceptibility of alloys to solidification cracking. iBrsection will briefly outline the history and

development of these tests, along with concerns and test properties.

2.4.1 Transverse Varestraint Testing

The Varestraint test was developed in1860s by Lundin and Savaf@l) at Rensselaer
Polytechnic Institute to test the susceptibilityaofaterial to hot cracking during welding. It istaain
controlled test that is designed to isolate the metallurgicat&sfion hot cracking.ingenfelter(62) used
theVarestraintest to evaluate the cracking susceptibility of several nickel alloys and famad g
correlation between the test results and industry experiencevefitting these same alloys. The original
test setup consisted of a hydrautiechanisnthat would bend a plate over a die block at a specific point
during welding as illustrated iRigure2.16 (62). The radius of the die blocks can be changed to modify
the amount of strain that develops in the sample during bending. In this catifigustrain occurs along
the width of the weld into the heaffected zone, so solidification cracking and heat affected zone
cracking can be observed simultaneously. Because the Varestrairdgesver been fully standardized,
many modifications or different test setups exis) The transvers¥arestraintest, pictured ifFigure
2.17, bends the material transverse to the welding direction, inducing uniformatvamhe
temperature gradient from the weld pool into the solidified weld miditlsuda et al. used the transverse
Varestraintest extensively to examine solidification cracking and characterize the britietature

range for avariety ofsteel, aluminum,ra nickel baseéngineering alloyg63)
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Figure2.16: Drawing ofVarestraintest setup. Gauge block is interchangeable with a range of different
radii blocks to reach the desired strain at the spatsneace. (62)
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Figure2.17: Drawing of the transverséarestraintsetup used in Matsuda et al.'s wd@3) The positions
A, B, and C refer to: Athe weld start, B The weld pool position dending, and €weld end.

The strain at the surface of the test specimeriaseto materiathickness, Otahd the gauge
block radius, ORBY theequation: " #$%&' (#) . The test is performed on a range of gauge blocks of

different radii to fully chaacterize the solidification cracking behavior. The tgbbehavior ofmaximum

crack distanc@ersus augmentestrain is shown ifrigure 2.18. At very low strains no cracking will
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occur at all. After the threshold strain is reethincreasing strain increases the crack length until

saturation is reached, after which the crack lenglihn longer increasg64)

@ | Solidification
&£ | Cracking in the
‘ | FusionZone
(=] e e O
E 4
3]
o
(3]
£
=
g Threshold Saturated
(1} Strain Strain
=
Augmented Strain

Figure2.18 Response of maximum crack length to increasing surface strainVfatastraintest. This
type of behavior is also observed in Tr@ansvarestrairtest.(64)

One advantage of the transve¥&sgestraintest over thé/arestraintest, is that it can be used to
characterize the brittle temperature range. This is accomplishedrelating the crack length with the
measured temperature gradient in the weld 68l This concept is illustrated iRigure2.19. At
saturated strain, the brittle temperature range isd#he solidification cracking temperature range or
SCTR. This value can be used to rank the weldahfitglloys.(64) The following equation can be used

to calculate the solidification cracking temperature range:

ABCDEFGGHIJK"'LREOBRS @ 1)

Where MCD is the maximum crack distance and V isiktl speed. The advantage of using
SCTR to rank materials is thidite crack length measurement is adjusted for temperature gradient and
welding speeddiminating the effects of welding variables. The solidification cracking tenoes for

several alloys are shown Table2.11 for reference.
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Table2.11: SCTR for several engineegralloys.

Material Name: SCTR (jC)
Duplex SS Alloy 2205, FN 100 26
Type 304L SS, FN 6 31
Duplex SS Alloy 2507, FN 80 45
Type 316L SS, FN 4 49
SuperausteniticSS, AL6XN 115
Ni-base Alloy 690 121
Type 310 SS 139
Ni-base Alloy 625 200
A-286 418
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Figure2.19: illustration of how the brittle temperature range is calculated froansvarestrairtest
results. Positions a and b represent the beginningadaf the crack. Example cooling
rate curves fosteels and aluminum alloys are shown on the plot. Eigufrom(65)

Even though th&/arestraintand transvers¥arestraintest have been used primarily for arc
welding, recently it has been used to determindthte temperature range for laser welding of d&sia
steel by Chun et al(25) The results of this study have been briefly discd$sesectior2.2.2 The
difficulty with Trarsvarestrainof laser welds is the ram drop time in relation to the trgveéd of the
welding laser. This lagauses the weld pool and temperature gradient to move appreciahbly du
bending. Chun et al. used high speed video to track the positioa pbkie in relation to the laser head

and compensate for the ram drop time in the brittle temperatnge rcalculations.
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2.4.2 SigmaJdig Testing
The SigmadJig test was developed in 1987 ByGoodwin to test the susceptibility of stainless
steel alloys to hatracking.(66) Unlike theVarestraintand Transvarestrairtest, the Sigma jig test is a
stress controlled test, and is sensitive to welding prosessg parameterfs7) Pictured in Figur®.20is
a drawing of the setup. The two bolts pictured at the tadpheohissembly aréghtened to apply a load to
the square specimen in the center. The bolts have a stack of nested Belbslikgsywhich can be
inverted or removed to modify the spring constant. These bolts also havelisteain gauges, so that

the load can be accurately adjusted withisN (119 of resolution.

e
& O { 2 3 CENTIMETERS ECTION A-
i

O 0OS 10 INCHES

Figure2.20: Drawing of theSigmaJigtest.The specimen to be welded is pictured as the squdhe
center. The assymbly grips the sampe, and the tlte to the top left and right apply a
load depending on their tension.

Testing is carried out by welding along the centeriof the specimen while loaded. A series of
testswereconducted with increasing loads until centerline cracks begiorta. fAt high loads, the sample
completely separates. An example of crack length results is shdvigure2.21. AISI 316stainless steel
begins cracking at a lower stress t#d8| 304L, and reaches the point of sample separation at a lowe
stress. Goodwin also tested the sigma jig test on a yarfieteld processes and heat inp(és) In
general higher heat inputs resulted in a lower threshold streA8$FbB16 stainless steathich
corresponds to a higher susceptibility to hot cracking. @@odlsotestedpulsed laser welding and
electron beam welding and found both processes to be muchisespsble tdot cracking than arc
processes. For arc welding, even with a fixed heat input, the weldipapé had a large influence on the
threshold stress, with a round pool (low travel spaathigher current) being the most resistant, and an

elongated pool (lower current ahayh travel speed) being the most susceptible.
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Figure2.21: Goodwin's data on cracking of GTAW welds on 304 and 316 usin§igmeaJig test. This
is the typical format invhich SigmaJig data is presented in. The value used to rank
alloys is the threshold stress or the lowest stress thatiicgastarts to occu(66)

In 1995 Feng et al. (6§roduced a thermmechanical model of theigmaJigtest to explore the
development of longitudinal and transverse stress behind the weld pool 8igingJig testing.Sigma
Jigtests on a crack susceptible singtystal nickel alloys showed the formation of transverse ciacks
the free condition, and no cracks in a low strain condition. Centerline criacketdccur until the
specimen was welded at higher strain. This behaviorfewasl to be consistent withodeling of the
stress development behind the weld pool. Transverse stassalso found to peak at the beginning and
end of theSigmaJig welds.This findingis also consistent with observed behavior; cracking occurs
behind the weld crater in the second half of the weld, or it octting start of the weld and leads to

sample separation.
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CHAPTER 3IEXPERIMENTAL

3.1 Materials
The alloys used for this study were a rangausteniticnickel basedsuper alloysThe exact
compositionof the heats used in thiseshownin Table3.1 Generallyspeaking, the alloys can be
categorized as precipitation hardemedolid solution strengthened nickel super alloys. TheX®X
alloys were designed for specifiot corrosion environment488 alloyis the only Cebased superalloy
tested. Materials for testing were provided by Haynesiasx36 in. (7.6 cm x 15.2 cmdoupons, with
thicknesses ranging from 0.060 (1.5 mm)to 0.125in. (3.2 mm). FofTransvarestrairtesting, the alloys

were cut into 1.51. x 3in. (3.8 cm x 7.6 cm¥pecimens.

3.2 AutogenousLaser Welding
Autogenoud_aser welding was performed with a 1kW Yb:YAG fidaserto characterize laser

welds beforeéTransvarestraintesting Laser positioning during welding was aclédwia a threaxis
computer numerical controlled systevith 0.001n repeatability The weld parameters and beam
conditions used aneportedin Table3.2 As shown inFigure3.1, the impingement angld the laser was
7i from normal to the specimen plarand Ar shielding gas was applied at 45; froammal The
parameters and weld setup were chosen based on previous paramedsrostuiliS| 304Lstainless steel.
A fixed travel speed of 60 ipn2% mm's) was chosen to simplify the parameter developmenivédding
on nickel alloysFigure3.2shows the layout of the welds on a test coupon. Fdr eexterial, three welds
were made with gwers of 300, 400, and 500.Whe laser poweof 400 Wwaschoserfor
Transvarestraintestingbased on penetration depth. During the welds, shielding gas conditions were ke
constanusing the conditions reported Trable 3.2 Coupons were welded in t&ationary
Transvaestraintfixture to keep the process as consistent as pos3ihkefixture consisted of two rollers
on either side of the plate which restricts the material fverrding upward during welding, and a gauge

block positioned under the coupon directly betimel weld.

3.2.1 Metallography of Autogenous Laser Welds
Metallography was performezh thelaser wel@éd speciment examine the fusion zone and heat
effected zone microstructures. Three cresstions were takefinrom each weld as shown Figure3.2
The sections werprocessedby grinding to 600 grit Si@aper, polishing sequentially with$n, 3 $m,
and1$m diamond pasteand finished with colloidal silican a vibratory polishefior at least 1 hour until

no scratches from polishingene visible Electron and Xray characterization techniques were performed

30



directly on the polished sampldfadditional contrast was needed figtical microscopythe samples

were etched by swabbing the surface witB:1 mixture of concentratdyydrochloric anchitric acid.

|
| 701
45°

Laser Travel Direction
< \

Figure3.1: Schematic of laser impingement angle, travel speed, and shielding gaswuaimgle d
Transvarestrairtest welding.

Section 3 f
Section 2 f
Section 1 f

Figure3.2 Schematic of cross sections taken from laser welded plate for metalggegzh weld was
performed at a different laser power from 300 to 500 Watts.
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Table3.1 Compositionsn wt. % of alloys tested.

Alloy: Ni Cr Co w Mo Ti Al Fe Mn Nb Si Cu C B \Y Ta P S Other
282 56.48 | 19.34 | 10.24 | 0.0352 | 8.70 2.19 1.53 0.917 | 0.0481| <0.1 <0.05 | 0.0156 [ 0.06 | 0.004 | 0.0442 | 0.0135| 0.002 | <0.002 <0.002 zr
230 60.59 | 21.94 | 0.0934 [ 14.19 | 1.2047 | <0.01 | 0.32 | 0.9437 | 0.4692 | <0.05 0.37 0.0454 | 0.1 0.003 | <0.05 <0.1 | <0.005 | <0.002 0.0158 La
HR-120 37.2 25.05 | 0.0726 | <0.1 0.1345 | <0.01 | 0.07 35.83 | 0.6652 | 0.647 0.51 <0.01 | 0.058 | 0.002 | 0.0378 | <0.01 0.01 <0.002 0.220 N
HR-160 36.8 28.1 30.40 <0.1 0.2441 | 0.4557 | 0.106 | 0.3356 | 0.4855 | <0.05 | 2.7416 | <0.01 | 0.052 0 0 0 <0.002 | <0.002
188 23.0 21.6 37.69 14.07 | 0.3789 | 0.011 | 0.09 1.725 | 0.8168 | <0.05 | 0.4271 | 0.0189 | 0.1 0.003 0 0.0672 | 0.006 | <0.002 0.059 La
214 75.0562 | 16.15 | <0.01 | <0.001 | <0.1 <0.001 | 4.44 | 3.6638 | 0.4023 | <0.01 | 0.0351 0 0.04 | 0.003 0 0 0.003 | <0.0@ 0.02 Zr, 0.0045 Y
718 53.1 18.1 0.301 0.1 3.06 1.0604 | 0.537 18.5 0.2291 | 5.15 0.094 | 0.087 | 0.049 | 0.003 0 <0.05 | <0.005 | <0.002
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Table3.2 Laser and welding parameters faansvarestrainiesting ofnickel dloys.

Weld Parameters:

Total weld length 24.1 (0.95) mm (in)
Power 300, 400500 Watts
Travel Speed 25.4 (60) mm/s (in/min)
Shielding Gas UHP Argon, 45 from surface 1cm away
Shielding Gas Velocity 33 (70) | L/min (ft%hr)
Focus Condition Focused athte surface of the plate.

Optical Characteristics of the Laser:

Type: 1kW multimode IPG fiber laser with a 120mmlicahtor, 10Qum process fiber,
and 200mm focal length lens

Laser Wavelength

Theoretical Spot Size 167 pm

3.2.2 Electron and X-Ray Analysis d Weld Cross-Sections
Polished weld crossections were observed in a FEI Quanta 600i Enviroteh&&EM equipped
with a secondary electron detector, solid state $zatker detector, and enerdigpersive xray
spectrometefor chemical analysis. A workingistance of 10mm was used for all measurements.
Magnification, spot size, and accelerating voltaggenselected for optimum results and are reporeed p

image.Typical parameters were 15 or 20kV amiaperturesize between 4.6nd6.0.

3.2.3 Quantitative microstructural analysis

For several of the alloys tested, iaterdendriticeutecticliquid was observed in backscatteode
electronmicroscope imaged he area fraction of #eutectic was quantified using image analysis with
ImageJ softwarelento twenty images were taken at the center of the fusion zone in each sample
3500x(~0.008mm) with an accelerating voltage of 20kV anul @perture size of 6.0.

For image analysis, the images were first processtida bandpass filtethat allowed structures
betveen 5 and 25 pixels. The intention of endpass filtewas to prevent lighter grains from
influencing the thresholdhe OFFT bandpass filt&function filters image features based on length scale
in pixels. The length scale of the eutectic constitwead approximately 10 to 15 pixels. Other features
such as image noise was smaller, or the shading ofrhilgwas larger. Features whigkre not in the
band passvidth were reduced in contragdn the left side oFigure3.3the original image is shown (top),
and the filtered image is shown (bottom). Contrast betweére gmains is reduced, but the structure of
the eutectic constituemtas preserved. A high pass filter could have also been bsg¢dvould have
allowed imagenoise (22 pixels in length) through.

Initial processing was tried without usindandpass filterbut thresholding could not filter the

eutectic phase in light and dark grains simultaneously witheert or under filtering in one of the grains.
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Auto thresholding was performed using OMax EntyGpg thresholding algorithm in Image J. The same
algorithmwas used for all the images to improve consisteAayexample of the routine performed on an
image of fusion zone Gf18 alloyis shown inFigure3.3. Figure3.3also demonstrates the purpose of
using a bandpass filter before applying a threshold. After thresholdingraghadraction of lighter phase

was evaluated for each image and reported.

| Threshhold

Final Mask:

Figure3.3 Example of image processing routine on fusion zone imagés3ohlloy Without the use of a
bandpass filter thresholding shows a higher area fraction in lightesgra
3.3 Thermodynamic Calculations

ThermoCat was used to perfor@cheilsolidification simulations on the alloys. ThermoCalc
software uses the minimization of free energy to dateuthe phase equilibria for muttomponent
systems. Several iterations of each calculation wenferpeed and phasesghich did not match was
reported in literature were eliminated. In some casemehts that were not intentionally added to the
alloy were removed to simplify the calculation and produce moreatectesults. The database used for
the calculations was T8, and the databager diffusionwas MOBNI4. At the time of writing these are
the most recent versions of each database. Version 2017a of the Tadcmas usedn alloys
containing Carbon and Boron, both elements were selected asifdfasts, sthatback diffusion of
these elements into the solid would be considered.

To obtain results from ThermoCalc calculations, detalitput was selected with mole fraction
solid, temperature, and chemical compositions of dilli§ication phases. To calcukapartitioning

coefficients, differences in the composition of the initialiiijand the liquid at the end of solidification
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were used. In addition to the table values useddtmulation, the default mole fraction sotebkults were

plotted as a function of farisual aid.

3.4 Differential Scanning Calorimetry
Differential scanning calorimetfDSC)was performed with &eiko Instruments TG/DTA 320
with SSC5200H Thermal Analysis SystelNew alumina crucibles were used for each sample, and the
target mass foeach sample was 10 mg. The actual mass of eacHesampported imMable3.3 UHP

Argon was used as a shielding gas at 40 mifmin

Table3.3 Sample sizes used for different&ianning calorimetry.

Alloy: 188 214 230 282 718 HR-120 HR-160

DSC Sample: 10.1 mg 9.3 mg 10.8 mg 6.7 mg 13.1 mg 11.1 mg

For DSC experiments, samples were heated and caotextdingto the schedule shown in
Figure3.4. Initial temperatured; and T, were selectedt leas60;C below and abovesported melting
point, but were revised if the melting point was higher than reportedpiirpose of the first 30min hold
was to homogenize the microstructure to redheeeffect of iipient meltingon the first solidus
temperatureFor alloys 214HR-160, and 718, cooling rates of 10iC/min and 5;C/min were also tested in
an attempt to reduce undercooling. Several experiments were alsp allays 718 and 214 without the

first homogeization hold.

20°C/min

30 min hold / I 3

10 min hold

40°C/min

Figure3.4: Diagram of DSC experiment heatiagd cooling.
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3.5 Transvarestraint Testing

The Transvarestraitést requires a mechanism to quickly bend the test specimen over a gauge
block at a pedetermined time during the welthe test apparatus consists of interchangeable gauge
blockswith varying radij and tworolling pins which bendhe weld coupon over the gauge block during
welding, simiar to a thregpoint bend test.

Figure3.5shows a front view schematic of the lafeansvarestrairgetup at Colorado School of
Mines. The pins shown over the sample are attachactdraulic actuator, which is triggered durihg t
weld to bend the sample over the gauge bldtlese pins are supported by bearings, to allownglli
during bending and prevent friction from pulling the sample side to Brdehydraulic system for the
Transvarestrainvas controlled by an electronic valve triggered byaaxiliary output from theaker
system.The simultaneous data acquisition of the laser $iginé extensometer on the rathowed for
precise timing of the ram drop in relation to the laser w&ddhin at the surface of the sample is

calculated using equation 1:

#

! 1] m [1]

Where"t" is the thickness of the sampI®" is the radius of the gauge block, dtl is the strain
at the top surface of the sampauge blocks of 0.58in, 0.75in, 1.0in, 1.5in, 2.@in, 4.0in, 6.0in, and
12in are available for testing, allowingrfeurface strains ranging from2%%to 5.5% for 1.6mm thick
samplesAdditional strips of AISI 310 stainless steel werecpldon thesides of theoupon outside the
welded region to prevent buckling of the samplemlybiending Even though specimens veamly
susceptible to buckling at lower strains, supports weeel wn all tests to keep straiigs as consistent as
possible. Despitthese precautionghere was still some variation in the strain rate, and samples tested at

higher strains experiencéalster strain rates, as shownrHigure3.9.

3.5.1 Data acquisition
An extensometer was used (picturedrigure 3.6) to track the relative position of the ram during
the test. The laser output signal and tkieresometer signal were recorded during the test using a high
samplingfrequency Omega DAQ he laser program used is showrFigure3.7. Figure3.8 shows raw
data from acquisition after a test. The las# point on the data acquisition corresponds to tigeef the
weld crater, and was used to correlate solidificati@tk positions with the weld pool position and

various points during the weld.
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Figure3.5: Schenatic of front viewTransvarestrairgetup The rollers that load the specimen are on
bearings to prevent friction from Opulling the sampleO. Additional suppoeplaced
on the materials outside of the welded region (not pictured) to prbuekiling at the
weld.
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Figure3.6: Side view photograph of theransvarestraintetup at Colorado School of Mines.
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Figure3.7: Laser program used to conttaker weld andransvarestrairmam timing.
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Figure3.8 Raw data from acquisition during typicBlansvarestrairtest. Different gauge blocks led to
different drop times.
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3.5.2 Surface Strain Rate
As discusseidh the previous chapter, strain rate can have a significant effect on sdiidifica
cracking. The data acquired during the tests was used to calc@ateain ratesThese calculations were
performed by dividing the calculated maximum strain by the recorded drepTime displacement rate of
the ram was approximately constant, and it was assumed that the surfaceagralso approximately
constantA summary of the strain rates in all the tests mshin Figure3.9. The grain rate ranges from
50 to 100 %3 for the lower strain test. At higher strains, the straia i®150%3 and 300%%

350 " 1 L 1 N | L 1 L 1
~ ] X Calculated Surface Strain Rate
'n 300 4 >§ B
~ X
Q
©
¥ 250 - B
£
©
& 200 - n
S % |
‘150 1 %% s
(V] ] I
o
D 1004 X R
© § x
3 L
© 50 « B
O &
0 y T y T y T y T y T y
0 1 2 3 4 5 6

Surface Strain (%)

Figure3.9: Strain rates for allransvarestrairntests conductedstrain rate calglations assumed that strain
increased linearly with displacement of the ram.

3.5.3 Test Matrix
The following test matrix shown in TabB4was used folfransvarestraintesting of the nickel
alloys. Three duplicates of each test wmgde Note that the strains listed are the target strdihe.

actual strains varied h§0.05% depending on slight differences in sample thickness.
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Table3.4 Test matrix used foFransvarestrairtesting of nickel alloys.

Alloys to be tested: | 0.25% | 0.5% 1% 2% 3.1% 5.4%

718 3 3 3 3 3 3

HR-160
214 3 3 3 3

HR-120 3 3 3 3
230 3 3 3 3 3 3
188 3 3 3 3
282 3 3 3 3 3 3

3.5.4 Crack Length Measurements

Crack measurements on a typiéaansvarestrainiest can be made in relation to the ram drop point,
which is approximated as instantaneous. Becaudeedhst travel speed of the laser in relation eortim
drop, the crack start and end positions were measured in refeoetheectdge of the weld ceat so that
they could be compared to the weld pool positions during the ramThepalculated position of the
weld pool based on data acquisition is shamvRigure3.10 overlaid onan SEM image of a@30 alloy
specimen surface after testing at 3.2% stiaiterpretation of these measurements will be explained i

the results and discussion section.

Weld pool at

Weld pool at ram start

Figure3.10: Weld pool positions marked on an SEM image of fhecsnen surface at ram start and ram
end, measured from the edge of the weld crater at laser off. THewselmade 0230
alloy at 40 W and 25mm/sand bent to 3.2% strain.
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In addition to the crack length along the weld ceirterlthe total crack lenlgtand crack
projected area were also measured. Total crack length wasma@dy summing line lengths along all
the visible cracks in SEM images of the specimen surfaces. Cracks inltherater were ignored. All
images were taken at the same magnification to reduce bias from imaitye o#al crack projected

area was measured by tracing polygons around the edge of lalik digacks.

3.5.8 Metallography of Solidification Cracks
Fractography of solidification cracks was perfornbgdopening samples chilled liquid
nitrogen, and observing the fracture surface of the solidificatiokgnaging SEM. The fracture surface
of the solidification cracks was easily distinguished from the @ufrilcture of the surround metal.
Metallography of the cracked spe@ns was performed by mounting the cracked region face up
in clear epoxy resin, and grinding into the solidification cracks with 600 grit §&rpSamples were

finished by polishing with Lum diamond paste, arfataiory polishing in colloidal silica.

3.5.8 Codling Rate Measurements
Cooling rates of the weld were measured by placarg 8.2mm Rype thermocoupléplatinum
with 13% rhodium and pure platinum) wires in the tagelding path. During welding, the tips of the
thermocouples were submerged into the weld pool and produced aaampeeadingFigure3.11
shows the thermocouple wires in a weld on 230 as amhea Cooling rates were obtained by linear fit

of the cooling curve in the solidification rangalculated by ThermoGa

311312017 | HV M;’:\Q WD  Det X:-55 mm - 1.0mm
6:40:24 PM 20.0 kV 56x 14.3 mm ETD Y: 12.1 mm

Figure3.11: Thermocouple wires after welding @30 alloy.
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3.6 SigmalJdig Testing

The Sigmajig test is performed by applying a tensile4iwad to a sheet specimen, and
performing an autogenous full peradton weld transverse to the tensile load. The test apparatus was
constructed to GoodwinOs original design as picturEjire2.20. (66) Typically, 50 mm x50 mm (2
in. x 2in.)coupons are used for the Sigidig test. Due to limited material, sub siZsmm x40 mm (1

in. x 1.6 in.)coupons were cut off the tstrained ends dfarestraintcoupons and used for testing.

3.6.1 Laser Parameters
The laser paraeters used for welds the Sigmalig test had the same laser focus, travel speed,
and shielding gas as welds for the Varestraint test, but ampaw ® W was usedo achieve full

penetration of the test specimens.

3.6.2 Test Matrix
In a typical Sigmalig tes, a series of coupons are welded at incrementally increasing loads until

a threshold streds reachedvhere cracking is observed on the surface of thepkamdditional tests can
be conducted until the crack propagates through the entire sample, eféchtes along the centerline of
the weld. In order to determine the threshold stress more efficiently withctaspthe number of samples
used, a OhalvingO approastoutlinedelowwasused:

¥l Perform a weld with @si stress

¥ Perform a weld with 4@si (275 MPa)stress

¥l If the 40ksi weld cracks, perform a weld with R8i (137 MPa)

¥ If the 20ksi weld cracks, use i (69 MPa) if not, use 3ksi (207 MPa)

¥l Continue splitting the difference between the laatked and weracked sample until

the thresbld stress is determined within X5i (17 MPa)
!
The stress of0ksi (275 MPa)was chosen as an initial stress based on previgmsaslig test

data on austenitic alloys in literature. Prior to welding the wadhith thickens of the specimen was
measuredvith calipers, and the area of tbesssectionwas used to calculate the required load to reach
the target stress. To determine if a sample was cracked, the surface efdhveas observed at 50x

maghnificationin anoptical microscope immediately follang welding.
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CHAPTER 4I{RESULSTS AND DISCUSEON

4.1  Physical and Mechanical Properties ohickel Alloys Reported by Haynes

4.1.1 Thermo-physical Properties
The physical properties reported here are basedminal composition limits of theickel
alloys, and are reportdtbm the Haynes website Figure4.1, Figure4.2, andFigure4.3. (69) The heat
of fusion and melting rangeere measuredna calculated for the actual heat compositions used in this
work, and araliscussed in section 4.2 Mote that the values are nominally close excep2idralloy

with thermal conductivity.

Thermal Conductivity

282 188 230

214  HRI60 718  HRI20
Figure4.1: Thermal conductivity data from Haynas1000C
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Thermal Diffusivity

214 HRI60 718  HRI20
Alloy

60
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282 188 230

Figure4.2 ThermalDiffusivity data from Hayneat 100C
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Specific Heat

282 188 230

214 HRI60 718  HRI20
Figure4.3 Specificheat data from Haynest 1000C

Alloy

4.1.2 High Temperature Mechanical Properties
The yield strength as a function of temperatureHeralloys tested is plotted Kigure4.4. The
strengtls of all the alloys drops significantly from 800;C to 1000;C. As the termpee increases further
the yield stresssof all the alloys begins to converge. 214 allas the lowest yield stress at around
1000;C.
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Figure4.4: High temperature yield streng#isreported by Haynes.

4.2 Nickel Alloy Solidification
To determine the correct parameters to use/fmestraintesting, and ta@haracterize the
solidification behavior of the nickel alloys used liststudy, a series of autogenous welds were made on
weldscoupons antheir fusion zons werecharacterized. All the autogenous welds were made at 25.4
mm/swith laser powers of 3DW, 400 W, and500 W. The laser used had a theoretical minimum beam

size of 167 m and was used at sharp focus.

4.2.1 Weld shape
The effectof laser power on weld penetration depth is showFignire4.5. The measurements
shown are an average of penetration measurementsdai@ee different cross sections. The
relationship between power and depth is approximéitedar, which is expected based on welds made on
AISI 304L stainless steel, and literature data. The plate thickresapproximately uniform for all the
materialsat 1.55mm. 400 Wivas selected to be used fimansvarestrairtesting based on this expegnt.
Two parameters were used to evaluate the shape efdhl craters at the end of weldjnige
radius of the end of the weld crater, and the aspectafthe weld. The effect of power on each of these
conditionsis shown inFigure4.6 andFigure4.7. The Aspect ratio of the welttater end and radius
decreaseavith increasing power, resulting from greater Haptitin the material214 alloyhas a much
larger radius at the back tife weld craterwhich is possibly due to the higher thermal conductivity

compared to the other materials tested.
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Figure4.5: Effect of weld laser power on the penetration depth of autogenous lalskst w

300
—8— 188
250
—0—214
— 500 HR120
-
S HR160
%)
2 150
©
© 100 o—
m Kw\, .............’///’%.,4
50
0
250 300 350 400 450 500 550

Laser Power

Figure4.6. The effect of weld laser power on the aspect ratihve@ weld crater at the end of welding.

46



2.200

2.000
— 1.800 =
<
O 1.600
e
© —8—133
oc
+31.400 214
)
o HR120
v)
< 1.200 HR160

1.000

250 300 350 400 450 500 550

Laser Power

Figure4.7: Top: Effect of laser power on the radius at the backefteld crater for laser welds made
autogenously on nickel alloy sheet.

4.2.2 Fusion zone microstructure of autogenous welds

The fusion zone microstructure of thedA/ welds was observed using optical and electron
microscopes. Cross sections of the-MRX alloys revealed some cracking in the fusion zone. A
solidification crack was observed i#R-160 alloynear the center of the fusion zone, showRigure4.8.
Cracks inHR-120 alloywere observed to traverse the fusion boundary. lcangeks were observed in
the weldmade at 50 W. An image near the root of this weld is showrrigure4.10. Larger cracks are
observed extending from the heat affected zone to the solidificationlgyandaries in the fusion zone.
Laser welds made on all other materials were défeet Some liquid penetration of grain boundanes i
the HAZ was observed on all the materials ex@dgt alloy, but it didnat result in any cracking in the
autogenous welds. It is uncleahetherthis liquid penetration was due to liquation of the grain
boundaries, or wetting of the grain boundaries by liquid in the fusion 2opessible mechanism is that
fusion zone liquid penetratesong thegrain boundaries in the heat affected zone. As swlidion
progresses, thermal shrinkage in the already solid HAZ and shrinkageyfowth of new solid into the
fusion zone is sufficient to nucleate cracks which pgapa into the heat affected zone. In order for
sufficient strain to accumulate at thichtion, solidification would have to progress enough to prevent

liquid from the fusion zonto feed any cracks that fornomg the fusion boundary.
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Figure4.8 Optical image of solidification crack obsenvin polishectrosssectionof an autogenous

weld made on HRL60. Some contrast in the microstructure is due to mechanical etching
from the vibratory polisher. The solidification crack wasnd near the center of the

weld fusion zone.
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Figure4.9: Optical image of uretchedcrosssectionof 400 Wweld on HR120 alloy Cracksthat
traverse the fusion boundary are pointed out.
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Figure4.10: Higher magnifiation imageof acrosssectionof 500 Wweld on HR120 showing cracks
traversing thdusion line along grain boundaries in the HAZstdidification grain
boundaries in the fusion zorgomarskidiffraction was used to show topography, but
also highlightghe inside of the cracks, giving the illusion of backfilling.

For all the alloys teste@ dendritic substructure was observed within solidification grains. The
dendritic substructure was visible in optical microscope and in batteselectron imagedtar vibratory
polishing with colloidal silicaandfrom the top surface of welds at high magnifications in the electron
microscopeSome topography of the dendritic structure was ateskin optical microscopy using
Nomarskidiffraction. For alloydHR-120and 214, very little contrast was observed within secondary
dendrite arms in cross sections in back scattede electron imagetue to low partitioning, so the
microstructure appears to be cellular, but dendsiiidification was observed on the topfage of all
the weldsAn example is shown iRigure4.11. In alloys 188, 282, 230, and 718, a ligiterdendritic
phase was visible in backsca#drelectrorimages of the fusion zone, which was quantified uaing
spatial bandpass filter and thresholding describedereiperimental procedures section. The results are

shown inTable4.1.
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Table4.1: Area fraction of eutectic phase observed in badltter electron images of the fusion zone of
400 W25 mm/slaser welds.

Image #: 230 alloy 188 alloy 282 alloy 718 alloy
Area % Eutectic Phase:
1 2.403 2.497 2.542 7.702
2 2.2 2.357 3.106 10.046
3 2.305 3.027 2.925 7.644
4 2.268 2.785 2.93 9.461
5 2.193 2.165 2.812 7.799
6 1.936 2.279 2.812 8.758
7 2.493 2.166 2.87 7.303
8 2.43 2.341 3.153 8.341
9 2.206 2.259 2.657 7.989
10 2.226 2.889 2.863 7.397
11 2.419 2.673 7.584
12 1.875 2.715 10.112
13 2.96 9.105
14 2.677 9.771
15 3.136 9.462
16 3.136 7.309
Average(%) 2.3 2.4 2.9 8.5
Deviation 0.2 0.3 0.2 1.0

4.2.3 Partitioning during solidification

Partitioningof alloying elementsn the fusion zone across the dendritic sub structure was
observed in all the alloys except 214 allbyalloys 214 some portioning was visible in backscatter
electron images of the fusion zone, but it was not signifieaotigh to detect using EDS analysis. In
general, partitioning was similar to values reported in litersincematched patitbning in NiX binary
systemsA summary of the measured partitioning data anccéheulated partitioning data is shown in
Error! Reference source not found. Spot and line scans were both used to assessqartgibehavior.
For line scans witholAF correction, the ratio of peak intensities was usethlculate partitioning
coefficients. Additionally, for many of the alloys, eutectic stitnentswere quite smalllapproximately

0.5! m across) compared to the interaction volume of th& Efot &pproximately 1 m®).

HR-120 Aloy:

In HR-120 alloy, a dendritic solidification structure was observed with partitioning of Nb, Cr, Si,
and Mn tointerdendriticregions. Discrete particles were observed between degsdrnitd at solidification

grain boundries.Figure4.12 shows the full fusion zone of a@W laser weld orHR-120. Root porosity
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was observed in two of the three cross sectionseoé@® W weld. Figure4.13 shows a close up the
fusion zone with the EDS locations marked diathle 4.2 shows the composition and calculated
partitioning data at those points. Note that for points 2 and 4, Nb igertation is noticeably higher
comparedd points 16, while concentrations of the other elements that partition tmtaedendritic
regions (Cr, Si, and Mn), remain constant for poit Thisdistributionindicates that while Cr, Si, Mn,
and Nb partition, Nb is the majority element in the precipaBecause the precipitates are small(0.3
0.5 m diameteJ compared to the interaction volume of the EDS spoitif¥®), the concentrations of
spots 16 also reflect the surrounding composition of ititerdendriticregion, and even slight
inaccuracies in spot placement can affect the fraction of the precipitatalthat the interaction volume
of the EDS measuremerthe distribution of the lighinterdendriticparticles and the high concentration
of Nb suggests the presence of NbC precipit#ezibic MC carbide is predicted to complete
solidification in Scheil calculations, shownHgure4.32.

Y] h.SxE)ot' Mag
SSD|{10.0 mm|15.0 kV| 5.0 | 77x

Figure4.12: Fusionzone of 40 W autogenous weld made 61R-120 alloy.
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Figure4.13: Close up back scatter image of the fusion zonéR120with EDS spot locations marked.
Spots 16 were orinterdendriticregions while spots-12 were at dendrite cores.

Table4.2 Partitioning data for EDS measurement locations show#igiare4.13. Compositions shown
are all in at. %

Fe Ni Cr Si Nb Mn
1 31.85 35.46 27.75 2.67 1.39 0.89
2 29.56 334 28.56 2.64 4,91 0.92
3 30.75 34.63 28.4 2.84 2.42 0.97
4 31.14 33.31 27.64 2.52 4.4 1
5 31.86 34.83 27.7 2.81 1.86 0.95
6 32.03 35.35 27.63 25 1.53 0.96
7 36.26 35.79 25.47 1.67 0.2 0.62
8 36.69 35.93 25.29 1.59 0.16 0.64
9 25.96 35.87 25.77 1.44 0.22 0.75
10 36.35 35.96 25.37 1.51 0.21 0.61
11 35.61 35.89 26.2 1.49 0.12 0.68
12 34.25 35.8 26.96 1.89 0.38 0.76
Bulk 35.18 35.91 26.42 1.65 0.23 0.61

Partitioning: 1.10 1.04 0.92 0.60 0.08 0.71
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HR-160 Aloy:

Figure4.14 shows a backsdatr eletron image of a 4DW weld on HR160 alloy Within the
solidification grains shown iRigure4.14, a dendritic substructure was observed. An example of a
solidification grain boundary with dendritic substture in each grain is shown kigure4.15. The
contrast observed in the backscatter image of the fusion Eane€4.15) is due to partitioning during
solidification, aad mechanical etching that occurred during vibratory polishing. EDS cheamabisis
was performed on spots in the dark and light deiedegions in two locations of the fusion zone. EDS
data and spot locations are shown in figufigsire4.16 andFigure4.17 and table§able4.3andTable
4.4. This behavior igntirely consistent with partitionindata forHR-160found in literature. (18\Iso
note that even though there are difference in the bulk composétareén the two locations the
partitioning coefficients are very similar. Due to the small vawhtheinterdendriticregions with

respect to the interaction volume of the EDS spotp#rétioning is likely underestimated to some extent

Det| WD HV |Spot Mag
SSD/10.0 mm|15.0 kV/| 6.0 |200x

Figure4.14: Electron backscatter image ofGW weld crosssectionon HR-160 alloy The crosssection
was unetched. Within the solidification grains a dendritic microsttuve is observed.
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WD HV | Spot| Mag
SSD[10.0 mm [20.0 kV| 6.0 |3500x]

Figure4.15: Backscatter electron image showing the typical dendritic fusion zone icrose ofHR-
160laser weld. A solidification grain boundary is observed going through titeroef
the micrograph, separating two packets efidrites.

Det WD HV |Spot| Mag
SSD|10.0 mm|[20.0 kV| 6.0 [4275x]|

Figure4.16: EDS spot locations iRIR-160fusion weld.
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Table4.3 EDS spots oiR-160fusion zone. Partitioning coefficients were calculatgdiividing the
interdendriticregions (spots 1 and 2) by the core regions (spots 3)ard
measurements are in atonic

Spot: Si Ti Cr Co Ni
1 9.7 1.1 27.5 26.2 355
2 9.1 1.1 28.5 26.3 35.0
3 5.9 29.1 30.1 34.9
4 5.4 29.1 30.4 35.0
Partitioning 0.60 1.04 1.15 0.99

Det| WD HV |Spot| Mag
SSD|10.0 mm|15.0 kV| 6.0 |[3798x

Figure4.17: EDSspot locations itHR-160fusion zone.
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Table4.4 EDS atomic percent for spots showrFigure4.17. Spots 15 areinterdendriticregions, and
spots 610 are bulk regiongAll compositions listed are in atomic %.

Spot: Si Mo Ti Cr Mn Co Ni

1 125 0.33 0.39 30.17 0.65 26.63 29.33
16.79 0.3 1.16 28.12 0.57 23.7 29.37
16.76 0.33 1.08 28.31 0.48 23.64 29.39
149 0.27 0.85 29.38 0.64 24.54 29.42
18.81 045 1.95 26.75 0.82 21.86 29.35
10.34 0.29 0.35 30.29 0.38 28.36 30

10.86 0.35 0.5 30.46 0.42 27.45 29.97
11.88 0.29 0.56 30.32 0.46 27.01 29.47
10.5 0.32 0.35 30.35 0.54 28.27 29.67
10.44 0.39 0.36 30.32 0.37 27.81 30.32
Partitioning:  0.68 0.39 1.06 1.15 1.02

© 00 N O 0o b~ W N

=
o

188Alloy:

Dendritic solidification was also observed in theiduszone 0fL88 alloy However, discrete
particles rich in tungsten and silicon were observed ahteedendriticregions. These particles were
visible throughout the fusion zone, and are showkrigire4.19. It is likely that these are W or Si carbide
precipitates which form at the end of solidificatidm EDS line scan showing tledementapartitioning
to the interdendriticegion is shown ifrigure4.20 andFigure4.21. The peaks ix-ray intensities of W
and Sipeaksare associated with the whitegion between dendrites, and not necessariljnteedendritic
region. A summary of the partitioning coefficients for thajor elements is shown rable4.5.

Partitioning of Tungsten to thieterdendriticregions is higher thareported in literature for 188 alloy
(47)

Table4.5: Partitioning coefficients for ements in fusion zone of @0N laser weld orl88 alloy
Partitioning coefficients were calculated based atadrom the line scan shown in
Figure4.21. All compositions listed are in atomic %.

188 alloy Co Cr W Si
Partitioning: 1.2 0.9 0.7 0.7
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Figure4.18: Backscatter electron image ofG}W laser weld made ob88 alloy. Light particles are
observed in the base metal anterdendriticregions.

Figure4.19: Close up of dendritic fusion zone of laser weldl@8 alloy Lighter particles between
dendrites are visible.
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Figure4.20: Location of EDS line scan ib88 alloylaser weld fusion zone.

XRay Peak Intensity

0
0 5 10 15 20
Distance (um)
=—=Silicon Kal ===Chromium Kal Manganese Kal
——Cobalt Kal Nickel Kal Tungsten Mal

Figure4.21: X-ray intensities versus distance for EDS line scanerfukion zone 0188 alloy The
approximate dendrite cores are marked with dotted lines.
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214 Aloy:

Figure4.22 shows the macro solidification structure, which is sintitethat observed in thether
alloys discussedrigure4.23 shows the solidification substructure of a solidificatgyain, with locéions
that EDS was takem.able4.6shows the EDS data for the fusion zon@b4 alloy The partitioning
coefficients of all the major alloying elements is very closg. tib is possible that 214 solidifies as
dendrites, but dute the limitedpartitioning during solidification, the dendrite arms are not visibté wi

back scatter electron microscopy.

Figure4.22: Back scatter electron image of the fusion zone of a laser wd&ld4alloy
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Figure4.23: Locations of EDS spots it14 alloyfusion zone. Spots-3 were at intecell regions, and
spots 68 were at cell cores.

Table4.6. EDS composition data at spots indicatefFigure4.23. All compositions listed are in atomic
%.

Spot: Al Cr Fe Ni
1 18.49 17.25 3.55 60.71
2 20.39 18.17 35 57.94
3 18 17.02 3.76 61.22
4 17.59 17.21 3.65 61.55
5 18.89 17.59 3.65 59.87
6 17.94 17.05 3.71 61.3
7 18.78 16.89 3.69 60.64
8 18.36 16.91 3.59 61.14
Partitioning 0.98 0.97 1.01 1.01
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230 Aloy:

A macro BSE image of the fusion zone for & 48 weld made or230 alloyis shown inFigure
4.24. In 230 alloy partitioning was observed to reveal the dendritic substructure in solidificatdams,
and a lighteinterdendriticphase was also observed. A close up of this structure is visibigune4.25.
Partitioning to theénterdendriticdarker region or the lighténterdendriticphase can be considered. The
compositions and partitioning to each of these regionsomislin Table4.7. The strong partitioning of
carbide formes (Mo, Cr, and W) and depletion of Ni and Fe inltgbt regions suggest that these are
carbides which precipitate at the end of solidificatiaC and M3Cs are both predicted at the end of
solidification.The depletion of Ni and Fe also explain whystheegions are so much lighter than the

matrix in electron backscatter images.

Figure4.24: Backscatter image of fusion zone o0/ laser weld or230 alloy A larger number of
lighter precipitates are gbrved in the base metal of the alloys.

62



k3

Figure4.25: Close up of the fusion zone 280 alloy. Dendrite substructure is clearly visible along with a
lighter interdendritigghase Spots for EDS locations are noted.

Table4.7. EDS spots at locations of fusion showrFigure4.25. Partitioning from the bulk to both the
lighter and darker intelendriticregions is shownAll compositions listed are in atomic
%.

Spot: Mo Cr Fe Ni W
1 2.01 3550 1.18 53.73 7.57
2 0.95 27.23 1.15 66.07 4.60
3 0.89 25.75 1.59 66.42 5.35
4 0.86 26.51 1.38 66.32 4.93
5 0.68 2454 1.48 68.49 4.79

Partitioning todark region 0.78 0.94 1.00 1.03 0.93
Partitioning to light region 0.46 0.78 1.27 1.14 0.79

282 Aloy:

A dendritic substructure was also observed8a alloydue to partitioning during solidification.
Interdendriticregions were also populated with discrete precipit#tasxample of this fusion zone
structure is shown iRigure4.26. The partitioning of the dendrite was measured with an EDS line scan,

and the composition of individual precipitates was measurddEmS spotsshown inFigure4.27.
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Figure4.28 andTable4.8show the line scan a summary of the partitioning detta.discrete particles are
likely Ti and Mo carbids, which have been reged in solidified 282 alloy in literatur¢30) This

corresponds with predicted cubic carbide precipitation at the fesalidification calculations shown in

Figure4.37.

Figure4.26: Backscatter image of fusion zone structure of laser wekB@ralloy

Figure4.27: Secondary image of 282 fusion zone with EDS spot and line scan locatieds Tihe
diamond indicates the starting location of the line scan.
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Table4.8 EDS data for fusion zone @B2 alloy. Spots are noted figure4.27. All compositions listed
are in atmic %.

Spot Al Ti Cr Co Ni Mo

1 3.3 6.9 22.3 9.1 49.5 8.8

2 3.5 6.5 22.4 9.3 49.3 9.0

3 3.0 4.9 21.9 9.5 52.5 8.1

4 3.8 4.0 22.8 9.8 51.0 8.7

Average PPT 3.4 5.6 22.4 9.4 50.6 8.7
Sum of Line 3.2 3.0 22.5 10.2 54.9 6.2
Partitioning to PPTs 094 054 1.00 1.09 1.08 0.71
Partitioning within line 0.51 1.00 1.07 1.16 0.64

718 Aloy:

In 718 alloy, partitioning was observed both across dendrites and across sgodedirite arms.
Figure4.29 shows the position of line scamsthe fusion zone of 718 allogomparing line scan OAO in
Figure4.30 with line scan OBO Figure4.31, the same trends are observed in each, but partitioning is
more dramatic across secondary dendrites.Table4.9shows the calculated partitioning coefficients

for the elements 718 alloy

4.2.4 ThermoCalc results

ThermoCalc was used to conduct Scheil simulatiodscatculate composition of the liquid and
solid to gather partibining data during solidification. For some alloys, alloy elements or phame
omitted from the calculation so that predicted phases would betteh miaserved phasdsigure4.32
through 4.38 show the Scheil calculations alwiitlp a dotted line for equilibrium solidification.
Equilibrium solidification shows the solidificatigrath if elemental partitioning is ignored, or ifraplete
diffusion occurs during solidification. The parameters used for thell®aheulations are shown ifiable
4.11, andTable4.12 shows the interpretation of the ThermoCalc phase datsigrs. The compositions

used were actual composition from individual heat data of the alloys.
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Figure4.28: Line scan across dendrites in fusion zone of laser weld on 282 alloy

Figure4.29: Orientation of EDS line scans 1.8 alloy The diamad indicates the start position of each
line scan.
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Figure4.30: EDS line scan OAO across secondary dendrite arms.

Figure4.31: EDSOBO line scan across diétes.
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Table4.9 Summary of partitioning coefficients f@d8 alloy

Ni Cr Fe Mo Nb Ti Al
Partitioning: 1.1 1.2 1.2 0.6 0.4 0.7 1

The fraction solid vs temperature fdR-120, 188, 230, 282, and 7Hloys predict second
phases at the end of solidification. The phase labeled as FCC_L12¢&@Bde with NaCl prototype
crystal structureFor alloys 188, 230, and 282, a second phase (typically carbides) idguiadiform at
around 0.9 malfraction sdid. In 718 alloy, a second phase is predicted to form during solidification at
around 0.5 mdfraction solid. This trend compares well with the phizgetion analysis presented in
Table4.1.

Partitioning coefficients were callated from the ThermoCalc data based on the composition of
the liquid at thébeginningand end of solidification (0% solid and 99% solid).

Table4.10 shows acomparisorof the partitioning coefficients calculated with ThermoCadtad
with EDS measurements. In general, the values compalieWith elements that partition strongly to
interdendriticregions, ThermoCalc tends to over predict the amoupauitioning.This tendencycould
possibly beattributed to dendrite tip undemling in laser welds, which reduces the amount
microsegregatioduring solidification. Also note that an error of about 1% is expected D&
composition measurements. For partitioning coefficients abmalloying elements, thimeasurement
error can translate into significant errbor Al in alloys214, 282 and 718, no partitioning was measured
even though ThermoCalc predicted significant partition@@lgromiumin HR-160 alloywas found to
partitionto dendrite cores, whereas ThermoCalc predictedpattition tointerdendriticregions.

Two simulations were run fddR-160 alloy, onethat includedccarbon and onthat omitted
carbon With carbon, ThermoCalc predictions showed a significant amount of FZ&3la cubic MC
phasewhich did not correlate with SEMbservations of the fusion zone. Without carbon, ThermoCalc
predicted the formation of hase, which has been reported in literature. ThermoCalc tendedlict pre
more extreme partitioning in minor alloying elemento&e with a few percent adidins) such as Ti, Nb,
Al and Mn.

68



Table4.10 Comparison of partitioning coefficients calculatedni ThermoCalc with data from EDS measurements

Alloy Ni Cr Fe Co Si Al Ti Nb Mn Mo W C
HR-120 ThermoCalc| 1.19 | 0.66 [ 1.66
Actual 1.04| 0.92| 1.10 0.60 0.08| 0.71
ThermoCalc| 1.05| 0.8 1.86| 0.43 0.17
HR-160
Actual 1.02 | 1.06 1.15| 0.68 0.39
188 ThermoCalc| 1.69| 0.8 | 0.83 1.23 7.7 0.37( 0.12
Actual 1 0.9 1.2 | 0.7 1 0.7
ThermoCalc| 1.2 | 0.86 | 0.82 0.51 0.57
214
Actual 1.01( 0.97 | 1.01 0.98
230 ThermoCalc| 1.31 | 0.68 0.23] 1.1
Actual 1.14 | 0.78 | 1.27 0.46 | 0.79
ThermoCalc| 1.16 | 1.4 | 1.66( 1.39 3.38| 0.18 0.45 0.18
282
Actual 1.16( 1 1.07 0.94| 0.51 0.64
718 ThermoCalc| 1.09| 1.31 | 2.25( 1.55 33| 03] 0.27(0.23(0.18 2.06
Actual 11| 12| 1.2 1 07| 04 0.6
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Figure4.32: Scheil calculation foHR-120. The solid line shows the Scheil model, and the dotted line shows the equilibriwtidification with
complete diffusion in the solid and liquid.
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Figure4.33: Scheil calculation foHR-160
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Figure4.34: Scheil calculation fol88 alloy
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Figure4.35: Scheil calculation foR14 alloy
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Figure4.36: Scheilcalculation for230 alloy
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Figure4.37: Scheil calculation foR82 alloy
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Figure4.38: Scheil calculation for18 alloy
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Table4.11: Summary of parameters used Srheilcalculations with ThermoCalc.

Alloy: IncludedElements Allowed Phases
HR- Ni, Cr, Co, Al, Fe, Mn, Nb, - o | 15 | iquid, M23C6, M3C2, M6C, M7C3
120 Si,C
HR- . .
160 Ni, Cr, Co, Si All Default
Cl4_LAVES, FCC_L12, FCC_L12#2, FCC_L12#:
188  Ni, Cr, Co, Fe, Mn, W, C Liquid, M12C, M23C6, M3C2, M6C, M7C3,
MC_ETA, MC_SHP
214 Ni, Cr, Al, Fe, C All Default
. . BCT_D022, C14_LAVES, FCC_L12, FCC_L12#2
230 N“CH’MO\QLNM’S“C’ Liquid, M12C, M23C6, M3C2, MC, M7C3,
MC_ETA, MC_SHP
. . BCT_D022, C14_LAVES, FCC_L12, FCC_L12#2
282 N“C"’COJfO'T“Fe’C’ Liquid, M12C, M23C6, M3C2, M6C, M7C3,
MC_ETA, MC_SHP
. . BCT_D022, C14_LAVES, FCC_L12, FCC_L12#2
718 b Cr. Co, Mo, Ti, Fe, Mn, Liquid, M12C, M23@, M3C2, M6C, M7C3,

Nb, C, Al

MC_ETA, MC_SHP

Table4.12: Guide to ThermoCalc phase designations.

Phase designation in

ThermoCalc: Phase:
FCC L12 Gamma
FCC _L12#2 Gamma prime
BCT_D022 Gamma double prime
FCC_L12#3 FCC NaCl structure
Cl14 Laves Laves
MxCy, MC ETA, and MC SHP Carbides

4.2.9 Differential Scanning calorimetry and solidification sequence data.

The solidification range of alloys was measured eatimg using differential scanning

calorimetry. In all the atlys, significant undercooling was observed during cooling, making the

determination of théquiduson cooling difficult. Theliquidustemperatures reported frable4.13 were

taken from the last endothermic peak on heatirghould be noted that significant undercooling is

expected in a laser weld as well, so the solidification range nesheurheating does not necessarily

reflect what is actually occurring in each alloy durgadidification in a weld in norequilibrium

condifons. Typical peaks on heating are shown in the examplkégnre4.39. Table4.13 shows a

summary of the solidification sequence fr@ctheilcalculations, literaturdata and the solidification
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temperatires from calculations and differential scanning calorimetry. Inrgértee solidification range
calculated by th&cheilcalculations is much larger than the measured solidification famge
differential scanning calorimetry. The melting range usindithedustemperature fronThermoCaland
thesolidustemperature is also reported, because undercooling can significanthgslépe liquidus
temperature measured by DSC. The heat of fusion reporfeabie4.13 was determing using baseline
integration of the endothermic and exothermic peaks during melting anilication in DSC. These
were fairly consistent across all the DSC tests &mhealloy, as can be seen by thported standard
deviationcalculations for each dhese measurements

In alloys 214 and 718, a second exothermic peak Wwssreed after solidification at 1173
1176iC in718 alloyand at 916;C ir214 alloy The energy of th&18 alloypeak was 1.5J/g, and the
energy of the214 alloypeak was 8.8J/g. Thesond peak i718 alloycan be attributed to the formation
of laves phase at the end of solidification. This temperaturespmmnes well with the predicted
temperature of avesphasdgormation by ThermoCalc, shown Figure4.38. No similar solidification
phases are predicted for 214 allpgarticularly athat low of a temperature, and the peagdssiblydue

to the formation of a precipitate after solidification.

Figure4.39: Example of DSC data analysis on a melting run of 718 alltwg first point is the initial
deflection of the line and was taken to be the solidus temperatgeseEond peak was
taken to be the liquidugmperature. Baseline integration was used to deterthie heat
of fusion. The same process was used for all the other alloys.
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Table4.13: Alloy solidification data summary fromhermoCalc calculations araSC.

ThermoCalc Heat of
ThermoCalc  Temperature Melting range TC liquidusb Fusion
Alloy Solidification Sequence from ThermoCal Solidification range from from DSC quid from DSC
) ) DSCsolidus
Range jC 0.60.8 iC J/g
fraction solid
T T T T tis
liquidus™ 1 solidus liquidus™ 1 solidus
(difference) (difference) jtaf‘df”‘“‘
eviation
(1385 iC)L! L +! 13841229 14021358 148.5
HR-120 27 27
(1307 iC)L+!'! L+!+NaCl (155) (44) +1.4
13841186 13781321 169.8
- | |
HR-160 L! L+! (198) 13 (58) 83 434
(1407 iC) L! L +!
188 (1273 iC)L! L+! + MgC 13?28612%96 32 142(271)401 6 135 16
(1267 iC)L! L+! + McC + MpsCs
13871295 13961356
H | |
214 (1391 iC)L! L+! (92) 11 (40) 35 213 +8
(1387 iC) L! L +!
230 (1342 iC)L! L+!+ MgC 138(31)290 22 l4l(g§f77 10 1+32965
(1326 iC) L! L +! + McC + MysCs o
282 (1367 iC) L! L +! 13661235 35 13711315 52 148.6
(1281 iC)L+!'! L+!+NaCl (131) (56) +3.6
(1334 iC) L! L +!
(1296 iC)L! L +! + NaCl
718 (1175iC)L! L +! + Laves + NaCl 13981196 42 13421256 78 125 +11
(1138 iC)L! L+!+!10 + Laves + NaC (202) (86) -
(1112 iC)L! L+!+1O 400 + Laves -

NacCl

79



4.3 Transvarestraint Testing
The procedures outlined in the procedures chaptez used to preform transvergarestraint

testing on the alloys. Various methods were used to me#sel crack lengths and rank the weldability of

the alloys both sentuantitatively and qualitatively.

4.3.1 Crack Measurements

Figure4.40, Figure 4.4]1 andFigure4.42 show the maximum crack length and tateack length
measurements for each alloy. All the alloys appeaeach saturated strain at 1% surface strain, laad t
all cracked at the lowest strain level of 0.25% strimgeneral, the total crack length measurements are
about 50 times longehan the maximum crack length, indicating that contributions to the taakcr
length are predominantly from naxenterline cracksl'his makes some difference in the relative
weldability which is shown iTable4.14. Alloys 282, 214, 188, and 718 all have very similar total crack
lengthswithin experimental error which are not reflectedhia simple ranking.

Figure4.43 shows a summary of the maximum crack length of albtte/s for comparison. The
solidification cracks of several alloys continued to follow the laseld pool into the weld craters, as
noted by the circled measurements$igure4.43. In general, cracks followed the heat source into the
weld crater in alloys thatre highly susceptible to cracking at strains higher thanFt¥alloys 214 and
718, the relative weldability rankimgverses (718 creasingand 214decreasingfrom 0.25% strain to
1% strain. To more clearly see this behavior, the low stramplated inFigure4.44. A table

summarizing the weldability rankings is showrliable4.14.

Table4.14: Weldability rankings based on maximum crack lengthsuesments for saturated strain and

at low strain.

Saturated | g0 | oe5 | HR120 | 718 | 230 214 | HR-160
[0} Strain <@
¥=) 3
3 3
ey (D)
2 | 1% Strain: | 282 | 188| 214 | 230 | HR-120| 718 | HR-160| =
5 1%
o (]
= | Total Crack 3

olalLrack| 585 1 214| 188 | 718 | 230 | HR-120 | HR-160

Length
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In addition to he maximum crack length measurements to the edge of the weld trateeld
pool position at ram stavtere alsaused as a reference poifthesepositions werealculated by
multiplying the time from ram start to laser off by theld travel speed to ¢din a distance, and
measuring this distance from the edge of weld cratez.positions labeled Oram startO and Oram endO
represent the calculated position of the weld poal@lie centerline at the time the ram started bending
and finished bending trepecimen during the test. The bar plots are distancasured from the weld
pool position at ram start, which gives an indication of which dire¢tiercrack propagated during
bending and whether or not the crack continued to follow the heat sourcaftarghe specimen was no
longer being strained.

These measurements atown inFigure4.45throughFigure4.51. Formostof the alloysat
strains greater than 0.5%racks continued after the ram stopped. The length of the crack redgsam
the ram start to the back edge of the craekapproximately constant for most of the alloys, indicating
that even at low strains this portion of the crhekl saturatedExceptiors arealloys 214andHR-160
shown inFigure4.46 andFigure4 .51, where the crack length grows in either direction until saturation
the entire crack lengttin 718 alloy, cracks stopped propagating before the ram stopped for all strains.
This crack behavior in 718loy correlates with a higher fraction of eutectic liquid at the end of
solidification compared with the other alloys tested282 alloy, solidification crdcs tend to stop

simultaneously with the ram stop.

4.3.2 Solidification Cracking Temperature Range
The maximum crack length at saturated strain (~18ougr) can be used to rank relative

weldability of the alloys and calculate the solidiffion cracking temperatirangg SCTR) according to
procedures outlined previously. The purpose of the SCTR is to provide ajoenttative method of
ranking the weldability of alloys which is not depention the welding process or physical properties,
because the cooling mis compensated for in the calculation. The solidification cngclémperature

range is shown ifigure4.52. For comparison, the average maximum crack length at saturated strain is
presented ifrigure4 53. There are slight differences across the ranking due to differencesliingcrates
between the alloys. The error bars shown on the SCTR are notivefletthe total uncertainty due to

uncertainty in the temperature measurements; they represerdantarst deviation across the samples.
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HR-120

HR-160

188

Figure4.40: Crack measurements for allopiR-120, HR-160, and 188.
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214

230

282

Figure4.41: Crack measurements for alloys 214, 230, and 282.
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718

Figure4.42: Crack measurements féi8 alloy

Figure4.43: Summary of maximum cck length measurements for all alloys.
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Figure4.44: Maximum crack length for alloys at low strain levels. Note particular behafvailoys 718
and 214.

Figure4.45: Crack length measurements and weld pool at ram positiod8&oalloy
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Figure4.46: Crack length measurements and weld pool at ramiposifor214 alloy

Figure4.47: Crack length measurements and weld pool at ramiposifor230 alloy
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Figure4.48: Crack length measurements and weld pool at ramiposifor282 alloy

Figure4.49: Crack length measurements and weld pool at ramiposifor718 alloy

87



Figure4.50: Crack length measurements and weld pool at ramiposiforHR-120 alloy.

Figure4.51: Crack length measurements and weld pool at ramiposiforHR-160 alloy.
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Figure4.52: Solidification cracking temperature range (SCTR)

Figure453: Maximum crack length and saturated strain
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The solidification cracking temperature range wae @bmpared with the solidification range
measured by differential scanning calorimetry for cangon inFigure4.54. Over a wide range of nickel
and stainless steel alloys, there is some correlation obserweednethe solidification range and the
solidification cracking rangg18) It is possible that no correlation is observed duédosignificant
difference in thermal conditions between the DSC tests, andstevieeld pool in the rRnsvarestraint
test.For comparison, the solidification cracking temperatrange was also calculated using the crack
length from weld pool at ram start and compared with the solidification rdhgse calculations are
shownin Figure4.55. Again, there is no correlation between the solidification range and the SC&R. Th
second SCTR calculation is smaller as expected, musiill much larger than the solidification range,
suggesting that even with solidification cracks falilog the weld pool, there is still likely undercodjin
extending the solidification range in the laser weld pool.

In addition to these comparisons, tiiack susceptibilitycoefficient (CSC) as proposed by Clyne

and Davieg23) was also calculated using the following:

BBy

1"
Mo# EWE:

Where!. #lg is the time in the vulnerable zone to solidéiion cracking between 0.9 and 0.99
solid fraction and-4; $&; is the recovery zone between 0.9 and 0.4 solid fraction. For calculations in this

work the cooling rate was assumed to be linear bet@Wetand 0.9 solid fraction so that time could be
used instead of temperature.

Clyne and Davies original work was focused on piatlicthe cracking susceptibility of AWlg
continuous castings, and was later expanded to predict the cracigogptibility of carbon steell4)
The model is based on the presence of a vulneratéeduring solidifi@ation and recovertime during
solidification Theanalysis in this work is a crude first attempt and assuna¢4 xthe recovery and
vulnerable zones occur at the same solid fraction for all the attse local thermal conditions in the
weld are egivalent in all the alloys, and finally IhermoCalc predictions of the solid fraction for leac
alloy is accurateDespite all these simplifying assumptions, ther@nispparent correlation shown in
Figure4.56 between the CSC coefficient calculated in this work and the maxionack length
measurements from the Transvarestraint test. Exceyatiiotiis correlation are 214 and 282 alloys. This
suggests that the concept of a recovery and vulnerable during solidification hasalidity for Nickel
alloys as well. A more thorough investigation of the lobaktnal conditions in the laser weld and the
solid liquid interface structure in a laser wshtbuld be conducted he goal of an investigation of the
solid liquid interface wouwl be to determine the transition between the vulnerable and recovery tim

during solidification occur as a function of solid fraction.
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Figure4.54: Solidificationcracking temperature range compared wlithsolidification rangeneasured
by DSC

Figure4.55: Solidification cracking temperature range calculated using the crack leogthweld pool at
ram starcompared with the solidification range measurgdSC.
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Figure4.56: Maximum Crack Length plotted against cracking susceptibility coefficierdbasScheil
calculations.

4.3.3 Crack morphology

The top surface of Transvarestraspecimens for each alloy wepelished and viewed to observe
how solidification cracks propagate through the microstructure. Crasles abpserved to traverse both
solidification grain boundaries and between solidifmagrains. Examples of both are showrrigure
457. In 230 alloy some solid to solid network formed and was deformed during cracki@d8lalloy,
solidification cracks are observed to intersect sotidifon grains, where the dendritic structure appears
the same on either side of the solidification crack, and to follow solidification goaindaries.
Micrographs o214 alloyandHR-120show solidification cracks clearly separating solidifica grain
boundaries.

Back scatter electron imagekthe plan view of the cracked portion of Tsaarestraint
specimensre shown irFigure4.58 andFigure4.59 for each alloy. Differences in the apparent shape of
the polished region are due to the sensitivity of the technique to the polishithgaddmngleAround the

edges of the weld metal, particularly in alloys 188, 230, 288 718, solidification grains grow inward
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towards the crater, which is consistent with what was observed on the tapesofrfall the welds. Near
the center of the fusibzone, and in the entire fusion zone of 214 altmlidification grains are also
observed growing towards the viewing plane. The further the sampleskgualilown, the larger area
fraction of grains coming towards the viewing plaimealloysHR-120and HR-160, solidification cracks
around the weld crater can also be observed to continue to graiddries in the heat affected zone.

Upon closer observation of the solidification cragkalloys 188, 230, 282, and 718, some back
filling at the end of slidification cracks is observethis correlate well with the fraction eutectic
observations summarized previouslyTiable4.1.

. Crack healing in 718 is visible even in a macro electron image of the polisimedgw in
Figure4.59. Figure4.60 andFigure4.61 show solidification cracks iRlR-160with no backfilling for
comparison witi230 alloywhere some backfilling was observed. Back filled ksawere dvays
observed on the side of the solidification cracks closest to theonatter. This is behavior is intuitive due
to eutectic liquid forming at the end of solidification and arresting crack gré\gtdiscussed previously,
in 718 alloy, the crackength from ram start measures the portion of the solidification crack wiigisg
towards the already solidified weld metal. The growth of the solidification ¢nattis direction is
uninhibited by eutectic liquid, resulting in larger relative crack leagt lower strain and in the
maximum crack length from ram start measurements. Asotitéfication crack continue toward the heat
source, in718 alloyeutectic liquid plays a significant role in stopping crack ghown alloys 214 and
HR-160, whichshowed high crack susceptibility, cracks continuedltio the heat source at high
strains all the way into the weld pool.

718 alloyhad the most backfilled cracks (4%), followed by B#8y (2%). Alloys 230 and 282
had todlittle backfilling to quantiy with image thresholdinglhis is due to the inability for thresholding
to distinguish between eutectionstituentsn the fusion microstructure and back filled cracks7 18
alloy, the area fraction of backfilled cracks was significant enough tha¢ti@ning eutectic phase could

be filtered out with a simple noise reduction filter.
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HR-120 alloy 718 alloy

214 alloy 230 alloy

Figure4.57: Plan view optical micrographs of solidificatioracks inTransvarestraindpecimens.
Highlights on the inside of cracks is due to the afsdomarskidiffraction to make
topography more prominent.
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HR-120 HR-160 188

214 230 282

Figure4.58: Plan view ofTransvarestrairdamples tested at 3% strakpparent differences in weld pools size and shape are due to slight
differences in the amount and angle of grinding to reach a plan view gpp¢lsénens.
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Figure4.59:718 alloyplan view ofTransvarestrairgpecimen tested at 3% strain. Extensive backfilling is
visible at the OfrontO of the cracks

Figure4.60. Solidification cracks irHR-160 alloy. No backfilling is observed at the crack fronts.
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Figure4.61: Solidificationcracks in230 alloy Some crack healing is observed.

4.4  SigmalJdig Testing
Modified SigmaJig testing was also used to rank the welitghof these alloys with transverse

Varestraintesting. The threshold stress for cracking to occur was used to rankitiability of the
alloys relative to each other. Depending on the threshold crastiegs and the alloy, cracking was either
obsened to first occur as transverse cracks along in the weld pooériera cracks at the weld start, or
centerline cracks at behind the weld crater at the end of weldirgeTdracking locations are illustrated
in Figure4.62 for clarity, and results from the test are showirigure4.63. This behavior is expected
based on modeling of the local stress distribution during welding iBigmaJig test in literature(68)
Total sample separation occurred in some of the @ stresses above the threshold stress. The
threshold stress was used to rank the alloys testedH®ith60being the least weldable, followed by
HR-120, 230, 718, 282, 21, and 188.
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Figure4.62: Schematiof locations that cracks were found in BigmaJig test.

Figure4.63: Resultdfrom Transvarestrairtest. White regions/ere samples tested with no cracks. The
stress at the first crack was considered the threshokkstre

4.4.1 Discrepancies between in alloy ranking methods.

The threshold stress was used to rank the alloyakélty and compared with the maximum
crack length measurements from fransvarestraintest. In general, the rankings compare well. The
biggest discrepancy is 214 alloyhich ranked as much more weldable in 8igmaJig test than the

Transvarestrainiest.214 alloyalso ranked similarly in ranking based on the average total @agkhl at
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saturated strain, and in a ranking based on the maxionack length at low strain (0.25%) shown in
Figure4.64 compared withFigure4.65.

Also note the high weldality ranking of 214 alloybased on total crack length, showrFigure
4.66. Thisdataseems to suggest tH2it4 alloyis comparatively resistant to solidification crack
formation, but allows for easy propagation of solidifioatcracks to follow the weld podbincethe
threshold stress determined by Sigdig test is dependent on the initial formation of dfiddtion
cracks the high cracking threshold stress &4 alloyappears to be justifiahlét low strains in the
Varestrainttest, the weldability ranking is highly dependent on the formation and propagétio
solidification cracks to the back of the weld poot.Mgher strains, large solidification cracks form ih a
the alloys, and the maximum crack length is mapeahdent on the propagation of solidification cracks
towards the heat source rather than towards the cooled weld metal.

One possible explanation for the increased weldghifiR14 alloyin the Sigmgig test is the
local compressive strain that devel@wsund the back of the weld po@ll4 alloyhas a comparatively
higher thermal conductivity and higher heat of fusion than the other allstesltg@otentially leading to
high thermal expansion in the base mateAdlditionally, the tensile strength of 214 allolyops off
significantly compared to other alloys. This dropéndile strength could lead to more local yielding
around the weld pool durinfransvarestrairtesting leading to a lower local strain in the weld pool. A

similar effect is possible ithe SigmaJig test.

Figure4.64: Maximum crack lengths measured frd@mansvarestrairtests conducted at low strain.
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LessWeldable

Figure4.65: Alloy ranking from $gma Jig testing data.
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Figure4.66: Alloy ranking based on the average total crack lengths for saturated dtlaie that even
though 282, 214, 188, and 718 alloy are ranked by their average TCLsyidiBon
suggests they are equivalent.
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CHAPTER 5ICONCULSIONS

Initial welding tests on 188, 214, 230, 282, and &@ll&y sheetshowed good quality laser welds.
HR-160alloy andHR-120alloy had defects in the as welded state at 408nd/ 25mm/s The number
and lemyth of cracksn HR-120test welds increased witheld power. All alloys welded had dendritic
solidification in the fusion zone, and partitionindpieh generally matched the partitioning predictgd b
Scheilcalculations using ThermoCalc. In 188, 230, 282, andalb§s, partitioning caused the formation
of a second phase at the end of solidification, which was found to pidg im crack healing during
solidification test.

Characterization of the weld craters of test wetd#08 W and 25mm/sfound allthe alloys to
have similar weld crater shapes, except for 214 alldych had a larger radius at the back of the weld
crater. This corresponds with higher thermal conductivityteat of fusion ir214 alloycompared to the
other alloys tested. Thermo@airedictions of the solidification range were much larger thage
measured by DSC, but the comparative magnitude afdhdification ranges correlated well.

Transvarestraint testing was used to calculatedhéification cracking temperature rangad
themaximum crack lengthMCL) for these alloysDue to the fast travel speeds of laser welds iniozlat
to the ram drop time, the propensity for solidification cracks to follow the haetestontributed tahe
apparent behavior of the MCL. At lostrains214 alloyappeared to rank as more weldable than at higher
strains, and the reverse was true®®8 alloy Particularly in 718, and also in alloys 188, 230] 282, a
large fraction of eutectic liquid was shown to have a beneficial impact oty by preventing
cracks from following the heat source during welding.

NumericalScheilsolidification calculations performed with ThermoCalere used to calculate
the cracking susceptibility coefficient (CS®@hich is the ratio of the temperatusnge between 0.9 and
0.99 solid fraction and the range from 0.4 to 0.9 solid fracfitve CSC correlates well with maximum
crack lengtk except for282 alloy which had a low maximum crack length compared to its CSC.
Modeling of the local thermal conditas in a laser weld and modeling of the ligawid interface
dynamics to predict the recovery and vulnerable zones during solidificatibe icmprove the application
of the CSC to predict the solidification cracking behavior of nickeyalin laser wiling.

Sigmajig tests were also performed to give a weldglanking. The ranking compared well
with the maximum crack length with the exceptiorRtft alloy which ranked as significantly more
weldable than in arc weldingarestraintests or by SCTRThis conclusionis consistent with a low total

crack length irR14 alloyTransvarestrairdpecimens, indicating that4 alloyis comparatively resistant
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to the formation of solidification cracks, but has little resistance to crackgatipa once they fon. The
final ranking of alloys from more weldable to less weldaly Sigmalig testing is 188, 214, 282, 718,
230, HR120, and HRL60. The final ranking by maximum crack length listed from more weldabss
weldable is: 188, 282, HR20, 718, 230, 214, and HE50.The Sigmalig test is expected to better

reflect the laser weldability of these alloys for fixeddieg conditions, because welding parameters and
thermamechanical properties of the material have a gréafielence on the results companeith the
Transvarestraint test. The maximum crack length im3varestraint specimens is expected to correspond
better to the influence of alloy composition and solidification behaviohemsalidification cracking
resistance because it tends to isotheproperties of the mushy zone from the surrounding material

during testing.
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APPENDIX A:IDIFFERENTIAL SCANNING CALORIMETRY

As discussed in the experimental chapter, two melimdjtwo solidification runs/ere performed
for each alby. The temperature of the DSC sample is plogied function of timéor each alloy tested in
FigureA.1 to show the program. Measurements of the liquidus and solidus tempefatuseth of
melting runs were averaged to obt#ie melting range measurements, summarizddbieA.1, and
integrals of all the melting and cooling runs were averaged to producef figsibo measurements,
summarized iMableA.2. FigureA.2 throughFigureA.15 show the analysis of the DSC data on heating

and cooling for each alloy.

11C



FigureA.1l: Temperature versus time measured of the DSC sample during testiritg sdlales and units
are identical except for the time scale on-HEO. Different heating and cooling
schedules were tried on 718 and-HR0 alloy, but good results were still produced from
each of these runs.
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TableA.1: Solidusand liquidus measurements from DSC tests. Only measuremamtfi€ating were used to calculate the mgltange.

Measured First Endothermic | Last Endothermic Pea First Exothermic Summary:
Event: Deviation (Solidus) (Liguidus) Deviation
Step Heating: Cooling: Av_erage Average Melting Melting
During Initial 20 C/min | 20 C/min Initial Shutdown| Solidify Sﬂlldl:'s on| Liquidus RHaan . S?andged
Test Heating | Melting Melting Heating caing o caing iy
Heating Deviation
Alloy C C C C C C C C C C
HR-120 1350 1366 1398 1405 1330 1392 1358 1401.5 43.5 4.9
HR-160 1314 1327 1376 1380 1306 1280 1320.5 1378 57.5 2.8
188 1398 1406 1424 1434 1286.8 1428 1402 1429 27 7.1
214 1356 1356 1394 1397 1337 1390 1356 1395.5 39.5 2.1
230 1375 1379 1406.5 1413 1391 1407 1377 1409.75 32.75 7.4
282 1313 1316 1369 1372 1313 1350 1314.5 1370.5 56 4.2
718 1253 1259 1341 1342 1318 1294 1256 1341.5 85.5 4.9

TableA.2: Integral of melting and solidification peaks with respect to temperatued.dfiéusion was calculated by averaging integrals from both

heating and cooling tests.

Measured Event: | Absolute Value of Integral of Endothermic or ExotherEnent Summary:
. Heating Cooling Average Deviation
Step During Test: — - - - —
Initial Heating 20 C/minMelting Solidify | Shutdown|

Alloy Jig J/g Jig J/g J/g J/g
HR-120 148.6 146.8 150.1 148.6 1485 14
HR-160 167.8 167.3 169.3 174.7 1698 34
188 138.2 130.6 142 128.8 134.9 6.3
214 201.2 219.8 216.94 213.73 212.9 8.1
230 140.35 141.62 136.5 1395 2.7
282 151.26 149.47 150.17 143.37 1486 35
718 135.9 118.4 113.8 132.59 1252 107
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188 Alloy
Initial Heating

Melting

FigureA.2 DSC data for 188 alloy on heating. First deviatitonf linear was recorded as soldand
final endothermic peak was recorded as the liquidus.
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188 Alloy
Solidification

Shutdown

FigureA.3: Cooling DSC data for 188 alloy. First exothermic deviation from linear on gpolas
recorded but not used hguidus due to undercooling.
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214 Alloy
Initial Heating

Melting

FigureA.4. DSC data for 214 alloy on heating.
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214 Alloy
Solidification

Shutdown

FigureA.5: DSC data for 214 alloy on cooling. On shutdown, a second exothermidéspaabwn at
917;C with 8.8 J/g.
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230 Alloy

Initial Heating
Melting
+,-&)(*
%&'(&)(*

/

FigureA.6. DSC data for 230 alloy on heating. The second ngehim did not fully melt untillie hold,
so the integral was not used for heat of fusion.




230 Alloy
Solidification

Shutdown

%&'(&)(*

FigureA.7: DSC data for 230 alloy on cooling.
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282 Alloy
Initial Heating

& (&)(*

+’_&)(*

Melting

FigureA.8 DSC data for 282 alloy on heating. On the initialthepstep, a second endothermic peak was
observed after thmaximumendothermic peak was observed and recorded as the
liquidus.



282 Alloy
Solidification

Shutdown

%&'(&)(*

FigureA.9: DSC data for 282 alloy on cooling.
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718 Alloy
Initial Heating

f

+,-&)(*
Y& (&)(*

Melting

I\

H&) %8 (8)(*

FigureA.10: DSC data for 718 alloy on heating.
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718 Alloy
Solidification

%&'(&)(*
R

Shutdown

"#$%&
%S

1)*+),+%

FigureA.11: DSC data for 718 alloy on cooling. A second exotherpgiak is observed on shutdown at
1173 {C of 1.55 J/g. This second exothermic peak can be attributed torttegifor of
Laves phase.
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HR-120 Alloy
Initial Heating

/‘

'()"%$&
— I"#$"%$&
Melting
'()"%$&

I"#$"%$&

FigureA.12: DSC data for HRL20 alloy on heating.
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HR-120 Alloy
Solidification

I"#$"%$&

Shutdown

/ I'H$ % $&

FigureA.13: DSC data for HRL20 alloy on cooling. The sample was split into three separate pieces
during testingvhich likely undercooled to different temperaturassolidification,
causing distinct exothermic peakde integral of all the peaks was summed to produce
the heat of fusion.
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HR-160 Alloy
Initial Heating

e

(0"%$&

/ I"#$"%$&

Melting

'0)"%$& /

I"#$"%$&

FigureA.14: DSC data for HRL60 alloy on heating.
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HR-160 Alloy
Solidification

I"#$"%$&

Shutdown

FigureA.15: DSC data for HRL60 alloy on cooling.
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APPENDIX BITRANSVARESTRAINT CRACK LENGTH DATA

Presented in Tabld®.1-7 is maximum crack length and ram timing data from Transvarestraint
tests on each alloy. BesB.8 andB.9 contain the total crack length and crack projected area data for

each alloy.



TableB.1: Transvarestraint crack measurements for 748 all

Measured Times from Data
Acquired During Test

Calculated Distance
from Crater Edge

Measured from
edge of weld

(60ipm, 25mm/s) crater

Sample . * - a = - e

Designation: 0 @ 2 = o [ c 5

22 ) n N w o a) (vp} w w

S, oDx 3 £ 5 - o ° S = S

E G 5035 T € g 3 S o c c 85 &

c © O © = ol ol kY o € o) o) o8 o

n - Omnrx n v v 4 [ M m owm (@)

in in % ms ms ms ms I'm I'm I'm I'm
718 12in1 0.063 12 0.2625 3098.96 | 3102.77 | 3130.22 | 3.81 798.3804 | 701.073 743 1063
718 12in 2 0.063 12 0.2625 3174.57 | 3178.54 | 3205.25 | 3.97 783.5672 | 682.1734 | 746 1061
718 12in 3 0.063 12 0.2625 3154.65 | 3158.22 | 3186.85 | 3.57 822.388 731.2102 | 790 1090
718 6in 1 0.063 6 0.525 3074.5 3081.82 | 3107.01 | 7.32 830.3054 | 643.3526 | 666 1076
718 6in 2 0.063 6 0.525 3597.64 | 3605.17 | 3630.67 | 7.53 843.5862 651.27 776 1112
718 6in 3 0.063 6 0.525 4245.12 | 4253.411| 4277.66 | 8.291 | 831.0716 | 619.31946| 689 1146
718 3in 2 0.063 3 1.05 2288.18 | 2305.11 | 2304.76 | 16.93 | 423.4532 -8.939 293 967
718 3in 3 0.063 3 1.05 2158.27 | 2175.25 | 2182.11 | 16.98 | 608.8736 | 175.2044 | 182 989
718 3in 4 0.063 3 1.05 2247.61 | 2263.62 | 2270.77 | 16.01 | 591.5064 182.611 294 966
718 1.5in 3 0.063 15 2.1 3839.208| 3859.629| 3859.296| 20.421 | 513.04752| -8.50482 35 724
718 1.5in 4 0.063 15 2.1 2647.71 | 2668.62 2670.3 | 20.91 | 576.9486 | 42.9072 95 905
718 1.5in 5 0.063 15 2.1 2965.66 | 2986.23 | 2991.23 | 20.57 | 653.0578 127.7 119 1019
718 1inB 2 0.063 1 3.15 2195.57 | 2214.08 | 2226.91 | 18.51 796.036 325.882 385 1076
718 1inB 3 0.063 1 3.15 2247.24 | 2265.63 | 2277.13 | 18.39 759.206 292.1 373 1037
718 1inB 4 0.063 1 3.15 2919.21 | 2937.59 2950 18.38 782.066 315.214 | 435.6 | 1113
718 0.6in 1 0.063 0.584 5.39 3389.36 | 3407.46 | 3418.09 | 18.1 733.7642 | 271.4902 | 328 1031
718 0.6in 2 0.063 0.584 5.39 2450.47 | 2468.74 | 2480.08 | 18.27 | 756.2394 | 289.6236 | 372 1132
718 0.6in 3 0.063 0.584 5.39 2357 2375.09 2385.3 18.09 722.782 260.7634 | 280 999
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TableB.2: Transvarestrairntrack measurements for 282 alloy.

Measured Times from Data
Acquired During Test

Calculated Distance
from Crater Edge
(60ipm, 25mm/s)

Measured from

edge of weld
crater

Sample -
Designation: @ = ° = s 5 ° g 2
28 | 4 o & 7 5 | 5 & 5 ® |
S < oDx 3 £ 5 - e ° S S
£E2 | 388 & g g 2 | §¢2 5 5 g | g
SE Omx ) 04 04 S EB= 0 0 @) )
in in % ms ms ms ms I'm I'm I'm I'm
282 12in1 0.063 12 0.26 2063.44 | 2067.14 2096 3.7 831.5824| 737.0844| 835 957
282 12in 2 0.063 12 0.26 2776.64| 2780.12 | 2809.01 | 3.48 | 826.7298| 737.8506 | 904 1023
282 12in 3 0.063 12 0.26 3162.49 3166 3193.34| 3.51 787.909 | 698.2636| 831 910
282 6in 1 0.063 6 0.53 3455.69 | 3462.68 | 3487.93| 6.99 | 823.4096| 644.885 0 196
282 6in 2 0.063 6 0.53 3465.97 | 3473.® | 3496.87| 7.12 789.186 | 607.3412| 640 795
282 6in 3 0.063 6 0.53 3389 3395.82 | 3420.2 6.82 796.848 | 622.6652| 721 884
282 3in 2 0.063 3 1.05 3606.81 | 3623.56 | 3634.26| 16.75 | 701.073 | 273.278 | 298 746
282 3in 3 0.063 3 1.05 2928.68 | 2944.1 | 2953.75| 15.42 | 640.2878| 246.461 0 453
282 3in 4 0.063 3 1.05 2608.07 | 2624.92 | 2631.58 | 16.85 | 600.4454 | 170.0964 | 132 657
282 1.5in1| 0.063 1.5 2.10 2690.7 | 2718.43 | 2716.57| 27.73 | 660.7198| -47.5044 94 729
282 1.5in2| 0.063 1.5 2.10 2393.3 | 2421.34 | 2422.81| 28.04 | 753.6854| 37.5438 | 262 813
282 1.5in3| 0.063 1.5 2.10 2593.4 2621.3 | 2625.04| 27.9 | 808.0856| 95.5196 | 267 926
282 1inB 4 0.063 1 3.15 3227.44 | 3245.58 | 3256.29 | 18.14 732.79 272.034 | 335 799
282 1inB 2 0.063 1 3.15 2480.51 | 2498.61 | 2510.82| 18.1 769.874 | 310.134 | 245 820
282 0.6in1| 0.063 0.584 5.39 2511.06 | 2528.61 | 2538.32 | 17.55 | 696.2204 | 247.9934 | 280 807
282 0.6in2 | 0.063 0.584 5.39 2907.7 | 2925.36 | 2936.52| 17.66 | 736.0628 | 285.0264 | 259 894
282 0.6in 3| 0.063 0.584 5.39 2369.62 | 2387.33| 2399.36 | 17.71 | 759.5596 | 307.2462| 289 887
282 12in1 0.063 12 0.26 2063.44 | 2067.14 2096 3.7 831.5824| 737.0844| 835 957




TableB.3: Transvarestrairntrack measurements for 230 alloy.

Measured Times from Data Calculated Distance M easured from
Acquired During Test from Crater Edge edge of weld
(60ipm, 25mm/s) crater
Sample -
Designation: @ E - = g— 5 o 8 2
o2 0 & T S A o 0 ” L
o $ T35 c n L = = 5 S X X
EC S 9% '© S S 3 S o c c & &
© c O © = o S S o E o ) ° o
n - Omcx n 24 24 4 == m m O O
in in % ms ms ms ms I'm I'm I'm I'm
230 12in1 0.062 12 0.26 2990.88 | 2993.78 | 302299 | 2.9 820.0894 | 746.0234 | 858 1085
230 12in 2 0.062 12 0.26 2700.62 | 2704.04 | 2731.46| 3.42 | 787.6536| 700.3068| 791 1057
230 12in 3 0.062 12 0.26 2376.16 | 2379.68 | 2408.79 | 3.52 | 833.3702| 743.4694 | 842 1128

230 6in 2 0.062 0.52 3907.4 | 3914.68 | 3940.825] 7.28 | 853.6745| 667.7433| 743 | 1053

230 6in 3 0.062 0.52 3536.58 | 3543.96 | 3567.04| 7.38 | 777.9484| 589.4632| 565 877

230 3in 2 0.062 1.03 2330.61 | 2347.75| 2353.52| 17.14 | 585.1214| 147.3658 | 48 730

6
6
230 3in 1 0.062 3 1.03 3233.51 | 3250.15| 3256.52 | 16.64 | 587.6754| 162.6898 0 768
3
3

230 3in 3 0.062 1.03 2968.43 | 2985.38| 2990.99| 16.95 | 576.1824| 143.2794 0 808

2301.5in1| 0.062 1.5 2.07 2843.8 | 2871.91| 2872.64| 28.11 | 736.5736| 18.6442 0 957
2301.5in2| 0.062 1.5 2.07 1910.12 | 1938.46 1943 28.34 | 839.7552| 115.9516 0 1020
230 1.5n 3 0.062 1.5 2.07 2164 2191.85| 2196.88 | 27.85 | 839.7552| 128.4662 0 1108
2301inB1 | 0.062 1 3.10 6296.23 | 6314.59 | 6325.74| 18.36 | 749.554 283.21 231 958
2301inB2 | 0.062 1 3.10 2853.27 | 2871.45| 2884.78 | 18.18 | 800.354 | 338.582 | 347 | 1029
2301inB3 | 0.062 1 3.10 91.51 109.33 | 12299 | 17.82 | 799.592 | 346.964 | 231 | 1083
2300.6in1 | 0.062 0.584 5.31 2786.06 | 2804.61 | 2817.32| 18.55 | 798.3804| 324.6134| 197 | 1015
2300.6in2 | 0.062 0.584 5.31 2338.23 | 2356.17| 2367.59| 17.94 | 749.8544| 291.6668| 155 939
2300.6in 3| 0.062 0.584 5.31 2830.04 | 2848.05| 2860.49| 18.01 | 777.693 | 317.7176| 330 | 1044
230 12in 1 0.062 12 0.26 2990.88 | 2993.78 | 3022.99| 2.9 820.0894 | 746.0234| 858 | 1085
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TableB.4: Transvarestrairntrack measurements for 214 alloy.

Measured Times from Data
Acquired During Test

Calculated Distance
from Crater Edge
(60ipm, 25mm/s)

Measured from
edge of weld
crater

ngplg " o = = o = e = T

Designation: %§ %% 8 < g 5 ° g ) 8 (5 &)'g i

£ X 29T g = @ — £ S ge X x

S 2 omF n £ S @ [oRs < S S @

[ 14 x - = m @ 3] G

in in % ms ms ms ms I'm I'm 'm I'm

214 12in1 0.062 12 0.26 2761.68 | 2765.22 | 2792.03| 3.54 775.139 | 684.7274| 780 955
214 12in 2 0.062 12 0.26 2735.79| 2739.62| 2765.98 | 3.83 | 771.0526| 673.2344 | 828 941
214 12in 3 0.062 12 0.26 2786.23 | 2790.04 | 2818.54 | 3.81 | 825.1974| 727.89 951 1169
214 6in 1 0.062 6 0.52 3401.39 | 3407.65| 3428.24 | 6.26 685.749 | 525.8686| 581 892
214 6in 2 0.062 6 0.52 3109.04 | 3115.31 3136 6.27 688.5584 | 528.4226 | 225 943
214 6in 3 0.062 6 0.52 3462.19 | 3469.25| 3489.94| 7.06 708.735 | 528.4226| 344 960
214 3in 1 0.062 3 1.03 2436.01 | 2452.67 | 2462.08 | 16.66 | 665.8278 | 240.3314 0 994
214 3in 2 0.062 3 1.03 3468.54 | 3485.17 | 3494.17 | 16.63 | 654.5902| 229.86 0 1089
214 3in 3 0.062 3 1.03 3246.39 | 3263.39| 3271.19 17 633.392 199.212 0 1083
214 1in 1 0.062 1 3.10 394684 | 3969.31| 3976.1 | 22.47 | 743.204 172.466 0 1310
214 1in 2 0.062 1 3.10 3564.53 | 3586.38| 35949 | 21.85| 771.398 216.408 0 1242
214 1in 3 0.062 1 3.10 3064.94 | 3086.25| 30935 | 21.31 | 725.424 184.15 0 1322
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TableB.5: Transvarestrait crack measurements for 188 alloy.

Measured Times from Data
Acquired During Test

Calculated Distance
from Crater Edge
(60ipm, 25mm/s)

Measured from
edge of weld
crater

ngplg " o = = o = e = T

Designation: %§ %% g < g 5 ° g ) 8 (5 &)'g i

£ X 29T g = @ — £ S ge X x

S 2 omF n £ S @ [oRs < S S @

= 14 x - = m @ 3] G

in in % ms ms ms ms I'm I'm 'm I'm
188 12in 1 0.061 12 0.25 3382.01| 3385.11| 3412.73 3.1 784.5888| 705.4148| 870 1043
188 12in 2 0.061 12 0.25 3108.59 | 3111.85| 3138.48| 3.26 | 763.3906| 680.1302| 685 870
188 12in 3 0.061 12 0.25 3203.63 | 3206.66 | 3235.84 | 3.03 | 822.6434| 745.2572| 859 981
188 6in 1 0.061 6 0.51 2699.22 | 2705.77| 2726.56 | 6.55 | 698.2636| 530.9766| 593 808
188 6in 2 0.061 6 0.51 3404.01 | 3410.79| 3433.68| 6.78 | 757.7718| 584.6106| 634 844
188 6in3 0.061 6 0.51 3213.5 | 3219.99| 3242.74| 6.49 746.7896| 581.035 647 839
188 3in 1 0.061 3 1.02 2859.35| 2876.27 | 2884.82 | 16.92 | 650.5038| 218.367 0 765
188 3in 2 0.061 3 1.02 3000.65| 3017.69| 3026.76 | 17.04 | 666.8494 | 231.6478| 120 803
188 3in 3 0.061 3 1.02 2879.8 | 2896.46 | 2906.56 | 16.98 | 691.6232| 257.954 0 805
188 1in 1 0.061 1 3.05 3284.28 | 3304.4 | 3315.169| 20.12 | 784.5806| 273.5326| 249 838
188 1in 2 0.061 1 3.05 3758.51| 3778.43| 3789.43| 19.92 | 785.368 279.4 162 931
188 1in 3 0.061 1 3.05 3584.03 | 3605.31| 3617.17| 21.28 | 841.756 301.244 221 950
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TableB.6: Transvarestraintrack measurements for HES0 alloy.

Measured Times from Data Calculated Distance Measured from

Acquired During Test from Crater Edge edge of weld

(60ipm, 25mm/s) crater
Sample -

i ion: 1) < o = < o

Designation: ° § o %’ E £ g %j E g 5

ES | 933 g £ £ 3 T o E E g g

= © O © 5 © © S o E ) ) o o

Vo= O ) 14 14 | [ m m (@) O

in in % ms ms ms ms I'm I'm I'm I'm

160 12in 1 0.06 12 0.25 3506.88 | 3510.09| 3537.91| 3.21 792.5062| 710.5228 0 541
160 12in 2 0.06 12 0.25 3080.78 | 3083.73 3112 2.95 | 797.3588| 722.0158 | 882 1266
160 12in 3 0.06 12 0.25 3157.5 | 3160.39| 3188.19| 2.89 783.8226| 710.012 850 1316
160 6in 1 0.06 6 0.50 3256.61 | 3263.06| 3283.44| 6.45 | 685.2382| 520.5052| 133 977
160 6in 2 0.06 6 0.50 321493 | 3221.31| 3244.23| 6.38 748.322 | 585.3768 | 469 1375
160 6in 3 0.06 6 0.50 3226.25| 3232.5 | 3255.65| 6.25 750.876 591.251 516 1187
160 3in 1 0.06 3 1.00 3093.12 | 3109.07| 3120.5 | 15.95| 699.2852| 291.9222 0 1234
160 3in 2 0.06 3 1.00 3689.77 | 3705.% | 3718.92| 15.77 | 744.491 | 341.7252 0 1214
160 3in 3 0.06 3 1.00 3079.97 | 3096.38 3110 16.41 | 766.9662 | 347.8548 0 1309
160 1lin 1 0.06 1 3.00 2336.79| 2356.97 | 2367.36 | 20.18 | 780.7578| 265.3606 0 1457
160 1in 2 0.06 1 3.00 3163.73 | 3184.19| 3194.72 | 20.46 | 791.4846| 268.9362 0 1307
160 1in 3 0.06 1 3.00 3371.43 | 3391.86| 3401.47| 20.43 | 767.2216| 245.4394 0 1422
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TableB.7: Transvarestraintrack measurements for HR20 alloy.

Measured Times from Data Calculated Distance from | Measured from
Acquired During Test Crater Edge (60ipm, edge of weld
25mm/s) crater
Sample -

i ion: 1) < o = < o
Designation: ° § o %’ E £ g %j E g 5
£ES | 332 3 £ £ o o = 2 g g
= © O © 5 © © R o E ) ) o o
= O " 14 14 | 5 m m O O
in in % ms ms ms ms I'm 'm 'm I'm

120 12in 3 0.065 12 0.27 2848.92 | 2856.02 | 2873.73 7.1 633.6474| 452.3134 713 1036

120 12in 4 0.065 12 0.27 3230.37 | 3236.15| 3257.96| 5.78 | 704.6486| 557.0274 | 852 1057
120 12in 5 0.065 12 0.27 0 0 0 711 966
120 6in 1 0.065 6 0.54 2848.6 2856.1 2873.8 7.5 643.608 452.058 402 792
120 6in 2 0.065 6 0.54 3230.52 | 3236.04 | 3257.98| 5.52 701.3284| 560.3476 539 902
120 6in 3 0.065 6 0.54 3604 3609.73 5.73 | -92046.16 479 807
120 3in 1 0.065 3 1.08 3230.82 | 3247.56 | 3258.24 | 16.74 | 700.3068| 272.7672 0 922
120 3in 2 0.065 3 1.08 2924.27 | 2941.28 | 2951.03 | 17.01 | 683.4504 249.015 0 899
120 3in 3 0.065 3 1.08 3200.19 | 3216.48 | 3227.74| 16.29 | 703.627 287.5804 0 867
120 1in 1 0.065 1 3.25 3537.84 | 3558.69 | 3570.01| 20.85 | 817.118 287.528 53 888
120 1in 2 0.065 1 3.25 3882.88 | 3903.8 | 3914.29| 20.65 | 797.814 273.304 175 949
120 1in 3 0.065 1 3.25 3937.05| 3958.31| 3966.1 | 21.26 737.87 197.866 208 960
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TableB.8: Totalcrack length and total crack projected area for2R, HR160, 188, 214, and 230 alloys.
(Data for other alloys on next table)

Alloy Strain Total Crack TCL Deviation Projected Crack TCA Deviation
Abbreviation Length (TCL) Area (TCA)

% I'm I'm I'm I'm
120 0.27 968 104 4689 1244
120 0.54 1864 185 16681 714
120 1.08 4236 427 77834 8296
120 3.25 5343 255 131261 2242
160 0.25 2641 364 15298 1944
160 0.50 3240 422 43886 1469
160 1.00 8790 1437 94216 5416
160 3.00 7193 718 222894 16577
188 0.25 379 108 1243 631
188 0.51 872 123 8653 1885
188 1.02 3207 2269 45499 1461
188 3.05 2536 628 95186 5205
214 0.26 512 45 2201 1220
214 0.52 1247 237 17093 2268
214 1.03 2183 326 67118 5179
214 3.10 3530 581 221714 28462
230 0.26 965 157 6065 2755
230 0.52 1389 149 14105 1885
230 1.03 2997 324 41343 9229
230 2.07 4463 557 111691 3149
230 3.10 4175 700 106382 5379
230 5.31 4219 260 122351 5282
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TableB.9: Totalcrack length and total crack projected d@a282 and 718 alloys.

(Data for other alloys on previous table)

Alloy Strain Total Crack TCL Deviation Projected Crack TCA Deviation
Abbreviation Length (TCL) Area (TCA)

% I'm I'm I'm I'm
282 0.26 173 55 406 266
282 0.53 497 114 1913 477
282 1.05 1924 89 18547 1425
282 2.10 2966 321 47316 4738
282 3.15 2656 144 44742 2209
282 5.39 3112 634 80832 25508
718 0.00 555 144 3288 942
718 0.53 744 186 8817 765
718 1.05 1941 273 34071 1333
718 2.10 4221 2560 69190 4861
718 3.15 2627 220 75748 7435
718 5.39 3506 313 100189 5688
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APPENDIX CITABULATED NICKEL ALL OY DATA

TableC.1: High temperaturenermophysical properties reported by Hayhaernational69)

Alloy Specific Heat Thermal Diffusivity C(;I'nh deL:cr:T':i?/Iity
J/kg.C 10"-3 cm”"2/s W/m.C
at 1000C at 1000C at 1000C

282 676 52.1 28.9
188 590 53 27.6
230 617 48.2 28.4
214 742 54.2 32.7

HR-160 704 50.9 28.7
718 27.1

HR-120 663 50.7 28




TableC.2 High temperature yield data for nickel alloys reported by Halmesnationa(69)

Yy1buans pIsIA %2

MPa

353
225
215
212
110
66
32

19
14

alnmesadwa |

iC

HR-160

21
538
649

760
871
982

1093
1149
1204

Yy1buans pIsIA %e

MPa

719
554
503
412
247
128
66
97

alnmeladwa |

iC

HR-120

21
538
649

760
871
892

1093
993

Yy1buans pIsIA %2

MPa

718

1404
1215
1188
1131

792
275
94

alnmesadwa |

iC

21

427
538
649
760
871
982

Yy1buans pIsIA %2

MPa

282

699
632
631
624
612
567
501
303
129

alnmesadwa |

iC

21
538
649
704
760
816
871
927
982

Yy1Buans pIsIA %2

MPa

375
251
255
253
242
118

63

alnmeladwa |

iC

230

21

538
649
760
871
982

1093

Yy1buans pIsIA %2

MPa

214

577
537
498
279
41

27
20
14
10

alnmesadwa |

iC

21
649
760
871
982

1038
1093
1149
1204

Yy1Buans pIsIA %2

MPa

483

315
311
301
256
132

66

alnmeladwa |

188

21

538
649
760
871
982

1093
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