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SYNOPSIS

Austenitic stainless steels (SS) are the primecttral materials for sodium cooled
Fast Breeder Reactors (FBRs). The underlying resafmmpreferring this material are
its superior creep strength, better corrosion t@st® and compatibility with liquid
sodium. However, as large components of the breed@tors made of this material
are fabricated by welding, the assessment of csgepgth of the weld joint is also
essential in addition to that of the base metals T$1because of significant variation
in creep strength across different constituentsvelld joint viz., fusion zone, heat
affected zone (HAZ) and base metal. Rupture lif¢hefweld joint is usually inferior
to that of the base metal and failure occurs in ftleon zone. Considering the
reduction in creep strength of the weld joint, ddastrength reduction factor (WSRF)
is incorporated to the base material data whilegdesy the components of FBRs.
The WSRF are often over-conservative as they take account the significant
scatter in the data obtained from testing weld hema weld joints. The source of
scatter is the variations caused by a number dbfa@ssociated with the welding
processes. These variations result in formation aofcomplex microstructure
comprising of many types of inhomogeneities. Syst@mstudies are required to
understand the evolution of various inhomogenetied their influence on the creep
rupture behaviour of the joints. This can helpriptet the reason behind the scatter in

properties of weld joints.

This study presents the various types of inhomageseresent in 316 LN stainless
steel weld joints. The influence of these inhomaifees on creep behaviour of the

joints has been assessed. The study has helpedeétoding a clear understanding of



creep damage evolution during elevated temperatsposure under stress. The
understanding could satisfactorily explain the &@ons in rupture life brought about
by changes in welding process and parameters. Abaumif characterization tools
have been used in this study, which could illustrite various inhomogeneities

associated with microstructure and micro-strain.

The microstructure of the fusion zone in shieldestaharc (SMA) welded joints are
tailored in such a way that 3-5 vol.% of delta iferns retained along with the
austenite phase to prevent hot cracking during wgldHot cracking has been
reported to occur in stainless steel fusion zonge tb the presence of some
deleterious elements in this region which aid trenfation of low-melting eutectics. It
was understood that the main source of these delgseelements is the electrode.
The intentionally added delta ferrite in the sdiat fusion zone usually exists as
continuous stringers comprising a ‘vermicular’ stire. But, upon deposition of
subsequent weld beads, the vermicular morphologgstorms in to a globular

structure. This is because of the shape instabisplting from a higher surface to
volume ratio in the vermicular morphology. This nséormation to globular

morphology pertains to a narrow region in the prasly deposited weld bead just
adjacent to the weld pass interface, where theienfte of the weld thermal cycle is

relatively more pronounced.

Apart from the morphological variations in deltarfie, the same region adjoining the
weld pass interface in the previous bead is aldgested to thermo-mechanical

processing (TMP) due to the thermal cycling aristhge to subsequent weld metal
deposition. The TMP results in significant variagdn dislocation substructure across

the weld pass interface. The region pertainingh® previous weld pass contains



denser dislocation tangles even within the deltatée suggesting that this narrow
region adjoining the weld pass interface has hadeto a greater extent. The
misorientation evaluation along both sides of tleédwass interface by electron back-
scatter diffraction (EBSD) and hardness support ghesence of the TMP zone
conclusively. It can be stated that globular ferrgggion not only exhibits a change in
delta ferrite morphology but is also hardened du¢he TMP by the deposition of
successive weld beads. Therefore, two types ofnmuyeneities i.e. morphological
changes in delta ferrite and sub-structural chamge$se in the fusion zone of weld
joints fabricated by multiple passes. It is necessaunderstand the deformation and
damage behaviour of the fusion region during crefegustenitic weld metal, before

assessing the implication of the two inhomogenzibie the rupture life of the joint.

It has been shown by many researchers that elevetgoerature exposure results in
the precipitation of intermetallic brittle phasekel sigma, chi and Laves from the
delta ferrite. It has also been reported that dugreep, the precipitation of these
phases is further accelerated due to generatiordigibcations which provide
additional diffusion paths for Cr and Mo which dieese transformations. Under the
influence of external stress, cavities nucleaten@ldhe austenite/intermetallic
interface due to the strength mismatch betweenrémsformed phases and austenite
matrix. It has been documented that the propagatidhe cavities occurs under the
influence of the external stress and failure ocesulssequently after significant loss in
load bearing cross sectional area. The influengriofostructural inhomogeneities on

the nucleation and propagation of cavities hadoeen addressed adequately so far.

As the vermicular morphology is more continuous, diiffusion of Cr and Mo is more

feasible in this morphology when compared to thebglar morphology. Hence, the



transformation to intermetallic phases is likelydocur earlier in this region. The
presence of TMP globular ferrite region on the mes pass generates a stress
gradient across the weld pass interface during pcrdéne preferential plastic
deformation of the softer vermicular region resuftscavity nucleation caused by
stress concentration at the matrix/intermetallndserface. The propagation of cavities
is enhanced in the vermicular delta ferrite regime to its continuous morphology.
On the other hand, creep cavities could not prajgagasily into the globular ferrite
region as it was strengthened to comparatively drigixtent due to the TMP effect.
Thus it can be stated that in the fusion zone 6f 34 SS, both the inhomogeneities
have a synergistic role in influencing both cawitycleation and propagation which

ultimately dictates the rupture life of the joints.

In order to clearly understand the influence of TH#veloped due to the deposition
of the subsequent weld passes, the influence td thetite is needed to be minimised.
316 LN SS joints fabricated by Activated-Tungstaert Gas (A-TIG) welding offer
the precise perspective in this regard. Since A-iBl@n autogenous welding process,
where external filler wires are not used, whichvprds deleterious elements present
in the electrode from entering into the weld poldierefore, the A-TIG weld joints
are completely resistant to hot cracking and tihere requirement of delta ferrite in
the microstructure. Comparison between single arad plass A-TIG weld joint of the
same section thickness would clearly demonstragerttiuence of TMP. The dual-
pass weld joint was fabricated by incorporating tpasses of comparatively lower
heat input than what was used for fabricating timgle pass weld joints. It was
ensured that in the dual pass weld joint, there avamall overlap between the two

passes.



Since the width of various regions in the A-TIG dgbints was higher than that of
the SMA weld joints, impression creep techniquelddoe used to evaluate the
localised creep properties. Impression creep isngatnre specimen technique which
can be used to assess localised creep propertidssitechnique, a compressive load
is applied to specimen of comparatively smallee ¢y using an indenter of 1 mm
diameter. The penetration of the indenter agaimstelapsed time is monitored; this
helps in generating the impression creep curve.stémdy state penetration rate of the
indenter obtained from the impression creep cufvih® unaffected base metal was
comparable to the steady state creep rate obt&ioedthe uniaxial creep testing. For,
the dual pass weld joints, the penetration rat¢han fusion zone of the first pass
especially around the overlap region was signifigdiower than the penetration rate
obtained in the second pass. This clearly demdsstrthat the deposition of the
subsequent pass strengthened the previous pas#icaigy. The complex
deformation characteristics in the dual pass wailst$ would drastically influence its

rupture life under uniaxial testing conditions.

It was found that the rupture life of the dual pAs$IG weld joint was significantly

higher than that of the single pass weld joint. ddgtothere were evidences of creep
cavitation in both the joints, the creep damagelapism was quite different. In case
of the single pass weld joints, the propagatiorcreep cavities in the fusion zone
proceeded without any hindrance. This is contrashé dual pass weld joints, where
cavitation was more prevalent in the second pasnwbmpared to the first pass. The
strength mismatch across the weld pass interfamidteel in initiation of cavities in

the second pass region which was less resistamtetp deformation. These cavities
did not propagate in the first pass and were adeat the weld pass interface. Thus

the presence of an additional interface and sthemgid first pass improved the



rupture life of the dual pass weld joints. The fogtaphic examination of the dual
pass weld joints showed inter-dendritic facetshie $econd pass region and dimples
relating to ductile failure in the first pass ragid his suggests that the propagation of
creep cavities occurred along the inter-dendréaets of the second pass and ultimate
failure in these joints occurred in a ductile manimethe first pass after significant

loss in cross sectional area with relatively higictdity.

It was clearly demonstrated that the formation &harmo-mechanically processed’
first pass generated a microstructural inhomogegneithe fusion zone of the dual-
pass weld joint, which delayed the propagationaditees and improved the rupture
life. It would be rational to study how much mohe strength of the weld joint can be
enhanced by increasing the number of weld passegédmerating more such
‘beneficial’ microstructural inhomogeneities. Towarthis perspective, SMA weld
joints were fabricated with two electrodes of vagydiameters viz. 2.5 and 4 mm. For
the same section thickness, the number of weldepaggjuired to complete the weld
joints was considerably higher when using the 2rb etectrode when compared to

the weld joint which was fabricated using 4 mm etede diameter.

As the fusion zone contained 3.5- 5 vol.% of d&dtaite, the morphological changes
of this phase were evident in both the SMA welat®i Since the volume of weld
metal deposited in subsequent passes was higltas@of the joint made with 4 mm
electrode, the extent of the globular delta feraibel the extent of TMP region in the
previous passes were higher in this joint. The #&iram of the TMP region in the
previous pass adjoining the weld pass interfacddcbe successfully mapped by
EBSD technique by estimating the localised varmaiio orientation. The calculated

variations in local misorientation and hardnessimietd across the weld pass interface

Vi



confirmed that for the weld joint made with largdectrode the formation of TMP

region was more pronounced when compared to thenuade with smaller electrode.

It was found that the rupture life of the weld jsirfabricated with larger electrode
diameter was considerably higher than the weld jmiade with smaller electrode size.
The variations in microstructural inhomogeneitythe two weld joints influenced the
rupture life significantly. The cavities nucleatedthe vermicular region adjacent to
the weld pass interface in both the weld jointswieeer, the propagation of creep
cavities across the weld pass interface was resdrto a greater extent in case of the
weld joint made with the larger electrode diametdue to the presence of a
comparatively stronger TMP globular delta ferrigggion. Another attribute which
influenced the propagation of creep cavities isgpatial distance between the cavity
nucleating regions. In case of the weld joint maaté smaller electrode diameter, the
cavity nucleating vermicular regions adjoining theld pass interface were present in
closer proximity. This was favourable for interling the cavitated regions, thereby
resulting in shorter rupture lives when comparedtie joints made with larger

electrode diameter.

There was one noticeable observation pertaininthéofailure location of the weld
joint made with larger electrode size at certaresst levels. In case of austenitic SS
weld joints, the fusion zone is the weakest regnrere creep cavitation is more
pronounced; therefore failure usually occurs inftieton zone. But for the weld joints
made with 4 mm electrode diameter, the failure oeclat the fusion zone/HAZ
interface at certain stress levels. Whereas, ferweld joint made with 2.5 mm
electrode diameter, the failure occurred withinfill@on zone at similar stress levels.

The deformation properties of the individual regiaf the weld joints are needed to

vii



be evaluated to understand the variations in failocations in both the joints. In
addition to the localised creep properties whicd baen obtained from impression
creep testing (ICT), the tensile properties of itidividual regions of the weld joint
were also obtained using automated ball indentaésting (ABI) system which is yet
another miniature specimen technique. Using ABRinnggechnique, tensile properties
were obtained on various regions of the weld joising 0.76 mm spherical silicon
carbide indenter. The obtained load-displacemestt\pas converted into true plastic

stress and true plastic strain plots by establisloedersion factors.

The tensile results obtained from ABI tests showed the yield stress (YS) of the
fusion zone was highest followed by the HAZ andebatal. The YS was highest in
case of the fusion zone due to the presence ofh#lnd as-cast structure, which
contains higher dislocation tangles produced by #tess generated during
contraction of the weld pool. The HAZ has higher W8en compared to the base
metal as it is subjected to multiple thermal cysddsch results in work hardening of
this region. The trend in variation of YS among theee regions was similar in both
the weld joints. However, the values of YS in i three regions were higher in case
of the weld joint fabricated with smaller electrodemeter when compared to the
similar corresponding regions in the weld joint @hiwas fabricated by larger
electrode diameter. This is because this jointi¢abed with smaller diameter is
subjected to comparatively higher degrees of wakdéning due to deposition of

more number of weld beads.

The steady state creep rates obtained from thest@ived that the fusion zone had
the lowest penetration rate, followed by HAZ aneé thase metal. This trend was

evident in both the weld joints. However, for theldv joint made with smaller

viii



electrode diameter, the HAZ and the fusion zoneibetdd almost equal rates of
penetration. The base metal of this weld joint sigghificantly higher penetration rate
when compared to both the fusion zone and HAZ akeof the weld joint fabricated
with larger electrode diameter, the penetratioegaif the base metal and HAZ were
almost equal. But, penetration rate of the fusiomezwas considerably lower than that
of the base metal and HAZ for this weld joint. Tihgpression creep tests were carried
out at varying stress levels at 923 K to obtainvdleies of coefficient A and exponent,

n in the Norton equationé, = Ac ") which relates the steady state creep rateand

stressc. Geometries corresponding to the two weld joinesrevgenerated using
ABAQUS Finite element analysis (FEA) simulationtsadre and the localized creep
and tensile properties obtained from miniature speo testing were incorporated in
the respective regions. FEA simulation was caraeton both the geometries under
the external stress of 175 MPa and duration offitafls. The steady state von-Mises
stress and the principal stress contours showedthieastress gradients across the
HAZ/ fusion zone interface was steeper than thesstgradients in the HAZ/ base
metal interface for the weld joint fabricated wiéinger electrode diameter. This could
be the possible reason for failure to occur at ithtisrface. In case of the weld joint
fabricated with smaller electrode diameter, thedmmas were steeper in the
HAZ/base metal interface. However, the damage chbgecavitation in the fusion
zone was more dominant which prevented the fafhar@ occurring in the HAZ/ base
metal interface for the weld joint fabricated wiimaller electrode. For the weld joint
made with smaller electrode diameter, the damagsechby creep cavitation was
more prominent and therefore failure of this jaturred in the fusion zone. The tri-
axiality factor derived from FEA simulation, whidenotes the propensity for creep

cavitation, was significantly higher for the joimade with larger electrode diameter.



Though formation of cavities was more prevalentase of the weld joint made with
larger electrode, the cavity nucleating sites wast as interlinked as in case of the

joint made with smaller electrode diameter as noseil earlier.

Since the mechanical properties of the fusion zd#&Z and base metal vary
substantially, it generates a complex stress Higion across these three regions on
creep exposure, which result in gradients in stritirs difficult to use conventional
methods for estimating the localized strain gradiexcross the sample gauge. In this
work an effort has been made to estimate the vamiadf strain across different
regions in the weld joint by an EBSD based techaidthis method has a potential to

be used for remnant life assessment for servicesegcomponents.

EBSD can estimate the orientation of the individuatanned points on the sample
with respect to the sample orientation. In the tofu annealed condition, the
orientations within a grain does not vary signifitg. However, with the application
of plastic strain the orientation of each of tharspoints within a grain begins to vary.
In other words an ‘orientation gradient’ starts @wolve within a grain. This
orientation gradient increases with increase irstmastrain. Therefore, quantifying
the orientation spread can give a measure of t&iplstrain induced in the material.
In this work the orientation gradient was quantifiasing a crystal deformation
parameter ¢ A linear relationship could be derived relatirng tparameter £and
known amount of plastic strain. This relationshquid be used as master curve for

estimating the strain in situations where convergioneasurements are not possible.

This method was used for estimating the strainigrasl at three locations in the base
metal region of the weld joint. FEA simulations wefirst carried out on

representative weld joint geometry incorporatingch@mical properties obtained from



ABI and ICT tests to validate the results obtaifredh Cyparameter. It was found that
the variation of von-Mises stress and the equivadérain obtained from FEA under
the influence of external stress could be succlgsfarrelated with the variation in

the strain values obtained from thg garameter.

In this thesis work, the different types of inhorengous present in 316 LN SS weld
joint have been studied. Within the fusion zone, itthomogeneities resulted due to
morphological changes and formation of the TMPargiear the weld pass interface
which influenced the nucleation and propagatiorthef creep cavities and hence the
creep rupture life. Depending on the welding precethe spread of these
inhomogeneities could be altered by adjustmentsveiding parameters. This has
enhanced the rupture life of the weld joints. T$tisdy also demonstrated the use of a
new EBSD based parameter for estimating the stliatnbution across the base metal

region of the weld joint
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Chapter 1

Motivation and Scope of the Thesis

1.1 Introduction

Fast breeder reactors (FBRs) hold an indispensaddée in fulfilling the energy
requirement of India. It aims in effectively utilig the vast fertile thorium reserves
available in the country by converting into fissiaterial on adopting the three-stage
Nuclear Energy Program. The prototype fast breegector (PFBR), which is being
constructed to demonstrate the use of this teclggon a commercial scale, is
designed for 40 years. In order to improve the enmn competitiveness, the
commercial fast breeder reactors (CFBRS) are bd@sggned for a life of 60 years by
incorporating several changes in design of cert@mponents. Improving the
mechanical properties of the structural materialsalso pivotal for enhancing the

design life of the components.

Towards this end, research is being continuousifuned at Indira Gandhi Centre for
Atomic Research (IGCAR), Kalpakkam, India to evoh@wv materials and improve
the existing materials which would enhance the gitedife of FBRs. Around the
world, austenitic stainless steels (SS) and Grddéefitic steel have been used in
fabrication of the main structural components dmel $team circuit components for
FBRs, respectively. The unanimous choice of austestiainless steels for the main
structural materials in FBRs is due to their suremnechanical properties, corrosion
resistance, ease of fabrication and availabilitye Dperating temperature scrutinises
the use of either 316LN or 304LN SS for variousicuiral components of PFBR
paying due consideration to weldability. Impetusiaav being given to improve the

properties of candidate materials for CFBRs byatl& adjustments in chemical
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composition as well as processing techniques. Woisld enhance the performance

and life of the components which will be more eaomzally viable.

In the last couple of decades, significant progreas been made towards the
development of high nitrogen stainless steel. & bhaen proven that increasing the
nitrogen content in these steels can result irebetechanical properties especially at
high temperatures. The innovations in modern stesking technology have pushed
the upper limits of nitrogen content which can ddead in austenitic stainless steel. In
IGCAR, a study was initiated to evaluate the meatarproperties of stainless steel
containing four different nitrogen contents, vig.07, 0.11, 0.14 and 0.22 wt.%.
Through meticulous investigations it was concludéadt 0.14 wt. % nitrogen
possessed the best combination of creep and fahigyeerties. Worldwide experience
has also shown that nitrogen content in the rang8.12-0.14 wt.% resulted in
optimum mechanical properties. Hence, it was estadd that 316LN SS with
enhanced nitrogen content could be considered @ndidate material for CFBRs.

This work pertains to investigations carried onl346S having 0.14 wt.% nitrogen.

1.2 Objectives of this study

The design of components of FBRs is based on thdEASnd the RCCMR design

codes. Both these codes consider the time depent#dotmation for components

operating at higher temperatures. Thus the geperati abundant creep data of the
materials used in the fabrication of these comptmenvital for establishing these
design codes. Fusion welding is an indispensaléng process which is used in the
fabrication of especially large components of tHBRE. The design of welded

components is generally carried out on incorpogatield Strength Reduction

Factors (WSRF) on the base metal data availabkandesign codes. The ASME



Chapter 1: Motivation and Scope of the Thesis

Boiler and Pressure Vessel catidines the WSRF as ratio of the uniaxial weld ineta
(fusion zone) creep rupture strength to the unidbage metal creep rupture strength.
But in most of the engineering materials the cregyure strength of the weld joint
consisting of fusion zone, heat affected zone (HABY the base metal is quite
different from that of the base metal and the faszone. In RCC-MR, the French
code for design of the nuclear components, thi®lprmo has been circumvented by
refining its definition of WSRF as the ratio of tsgength of the weld joint to the
strength of the base metal. The creep rupture gitreof the weld joint up to the
envisaged design lives is extrapolated by stangemmetric methods based on
laboratory experimental data which are carried foutrelatively shorter durations.
The existing WSRF do not consider several aspdotgetd joints such as variations
in welding processes, volume fraction of fusionegoweld joint geometry etc. These
variations are very likely to influence the creepperties of weld joints. Variations in
microstructural features brought about by the ckang parameters of the same
welding technique can also adversely influencertipture life of the joint which in

turn can alter the calculated WSRFs.

The reduction in the creep rupture strength ofenist stainless steel weld joint at
elevated temperatures is due to instability causedreep cavitation in the fusion
zone. The associated damage caused by cavitatiluces the ductility of the fusion
zone resulting in lower rupture lives when compatedthe base metal. The
microstructural modifications which occur in theleveegion due to deposition of the
subsequent weld pass can adversely influence #epcatavitation behaviour. The
evolution of such microstructural inhomogeneitissdependent on the associated
welding processes and its parameters. Consecutivelynicrostructure of the fusion

zone can be tailored in such a way to harness #mefizial influences of the
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modifications associated with subsequent weld lkgmbsition. These modifications

can in turn enhance the rupture life of 316LN S&i@nts.

This thesis examines more precisely the influende two microstructural
modifications in the fusion zone on the creep rupforoperties of 316 LN SS weld

joints.

1.3 Organization of thethesis

The organization of the chapters in this thesiasigollows. Chapter I is the present
one describing the motivation and scope of theisheShapter Il presents the
available literature on microstructure of the d&s8m steel and the weld joint. The
creep properties and the associated cavitation gshenon in the fusion zone of
austenitic stainless steel are also discussed ignctapter. Chapter 1l gives the
complete description of the experimental facilihndahe characterization tools used in
this study. Chapter IV examines the creep propedfemulti-pass shielded metal arc
(SMA) welded 316LN SS joint and highlights the nostructural features that can
affect the creep strength of the joint. Chapterl®ady reports the influence of the
thermo-mechanical effect caused by subsequent tieposf the weld beads by
analyzing the variation in rupture properties oigte and dual pass activated tungsten
inert gas (A-TIG) weld joints. Chapter VI descriliesv the thermo-mechanical effect
and the morphological changes in delta ferrite lvamtilized beneficially by varying
the number weld passes vis-a-vis changing dianoétegectrodes in SMA weld joints.
An attempt made to measure the gradient in straichwevolves during creep testing
of 316LN SS weld joints using an Electron Backsraiffraction Parameter is
reported in Chapter VII. Concluding remarks anel shope for future work has been

presented in Chapter VIII.
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Chapter 2

Literature Survey

Literature detailing the aspects of creep deforomattupture, austenitic stainless steel
and the performance of its weld joints under crempdition are vast. However, in this
section the salient features which are more reletathe current work are revisited.
Aspects regarding creep deformation, evolution afitation and their relevance to
austenitic stainless steel weld joint performanoden creep are discussed in detail.
The knowledge about mechanical behavior of stasnkteel weld joint from the
literature lays a strong foundation and offers mpmasibilities for weld joint strength

improvement through microstructural modification.

2.1 Creep deformation

Components for load bearing applications at higmpieratures are designed to
withstand deformation and damage during serviceegris a type of deformation
process which is time dependent and occurs wheméterial is subjected to elevated
temperatures under load [1]. Therefore, for maerihich will be used for
fabricating components exposed to elevated temesatinder load, evaluation of its
creep properties is essential. In order to sydieally study the creep deformation of
materials, tests are conducted based on certaidastds at constant temperatures and
stress on representative specimens. The elongatiobtained due to the applied load
is plotted with elapsed time to construct what atled a creep curve. Figure 2.1
depicts a typical creep curve showing its thredirdis stages after an instantaneous
deformation. The first stage is the primary creegime where the work hardening
dominates over the recovery process [2]. As a cpresgce, the creep rate (the rate of

elongation) in this region decreases with increagene. In the second stage of creep



Chapter 2:Literature Survey

deformation the recovery and the work hardeningroz¢ each other, which results in
a steady state creep deformation. During the fimadl stage, the creep rate increases

rapidly denoting a clear domination of recovery.

Steady state creep rate=Ac /At
Rupture life = t;

Primary creep At Tertiary creep

Asl—

|

Creep strain, ¢

Secondary creep

Instantaneous deformation

Time, t t;

Figure 2.1 Typical creep curve.

The onset of the third stage is due to either a)harical instability b) microstructural
instability possibly caused by coarsening of priéggips and subgrain structure or c)
formation of cavities [3]. The fundamental enginegrproperties which can be
obtained from a creep test are the rupture life thiredsteady state creep rate. Tests
over wide ranges of stress and temperature helgottstruct the deformation
mechanism maps [4]. These maps give an insighthéo dperating deformation
mechanism at the given stress and temperature. k€dge about the operating
mechanism can help to improve the deformation tasi® by engineering a suitable

microstructure of the material.
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2.2 Deformation mechanisms

A schematic of a deformation mechanism map is shiowiigure 2.2. The abscissa
and ordinate of the graph are normalised with theolute melting point and the shear
modulus respectively to enable comparison with deéormation mechanisms of

different materials/alloy systems. A contour of ypital constant strain rate is

superimposed on this map. At very high stress $véhe deformation is by

dislocation glide (shown as plasticity regime i figure) and the role of thermally

activated deformation processes is insignificamc&the stress levels considered in
this regime are considerably higher than the ymiess, this deformation is not

categorized as creep.

107
Plasticity
102 ... ..
"‘.L-T Dislocation Creep
103 [
10} H-T Dislocation Creep
®© B
10_4 - 1 O—GS-1
Elasticity .
Coble Creep
10° [ B Nabarro-
Herring
Creep
10 )
0.0 0.2 04 0.6 0.8 1.0

T/IT

m

Figure 2.2 A schematic deformation mechanism map.

Two types of mechanisms are responsible for defooman the creep regime viz.,
dislocation creep and diffusion creep. In the daigteon creep regime, the movement
of dislocations is aided by vacancy diffusion. Wheislocations get arrested at
obstacles, the vacancy diffusion can aid the ghiddislocations by surmounting the

obstacles by climb process. Therefore, in additeothe applied stress, diffusion also
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influences the deformation process. Mukherjee .€f5alproposed an equation which
shows the combined effect of stres} &nd diffusion on the steady state creep ¢ate

as

,_ =ADwib <f)n 2.1

STThT 0
where A and n are material constants,i®the diffusion coefficienty is the shear
modulus, b is the Burgers vector of dislocatiors the Boltzmann’s constant and T is
the absolute temperature. Depending on the typdiffafsion, the dislocation creep
can be further classified as low temperature (LelSlocation creep and (H-T)
dislocation creep. L-T dislocation creep occurg@nparatively lower temperatures
when diffusion through dislocation cores dominai&hereas, H-T dislocation creep

occurs due to lattice diffusion which is more pronced at high temperatures.

The equation [1] can be further simplified by igmgrthe influence of temperature as
és=Bo" (2.2)
Since the stress and steady state creep rate ceslabed by a power law equation,
this regime is also termed as ‘power law creep’véty high stress levels, the strain
rate depends exponentially on the applied stredstlais is called the ‘power law
breakdown’ regime [3]. Most of the laboratory test® usually conducted in the

dislocation creep regime.

Diffusion creep occurs at relatively lower applisttesses and relatively higher
temperatures. The deformation here is primarilyseduby diffusion aided movement
of atoms under the influence of external stresmilsis produced as a result of stress
directed diffusion of atoms and vacancies. Dependin the path of diffusion, the
mechanisms are classified as Nabarro-Herring [6pr7Coble creep [8]. At lower

temperature regime, diffusion is more favourablengl grain boundaries and
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dislocation core. As a consequence, the steadg stakp ratesg in this regime is

dependent on the grain boundary diffusion coeffici®,, and third power of grain

size (d), this regime is called Coble cree@, x ¢ ngds). Nabarro-Herring creep

occurs at higher temperature regimes when latiiff@stbn is more favourable, when

compared to grain boundary diffusion. The creep natthis case is dependent on the
lattice diffusion coefficient, Pand the second power of grain sigg o c D dz).

The stress exponent is 1 for diffusion creep agltmeinance of stress for deformation

is lower when compared to dislocation creep.

There is yet another deformation mechanism whidperative at low stress regimes,
where the creep rate and applied stress are jnéapgendent i.e when stress exponent
is 1, but occurs due to dislocation movement. Thsalled Harper-Dorn creep and in
this regime the deformation rate is independergrain size and has been reported in
aluminium [9], lead and tin [10]. This type of megcilsm is operative in materials
having large grain sizes and in alloy systems wiieeedislocation density does not

increase with the applied stress.

The aforementioned mechanisms pertain to the infleaef stress and temperature on
dislocation movement by slip and stress directedem@nt of atoms. In addition to
deformation by slip, polycrystalline materials calso deform by grain boundary
sliding (GBS) and this occurs principally duringeep. GBS usually refers to sliding
of grains with respect to each other and this isallg significant at elevated test
temperatures and lower strain rates. The GBS oauedo the net shear force acting
along the grain boundaries (Figure 2.3). The stantribution by GBS can vary
between 0.8-93 % [12]. The important consequend&B® is its role in nucleating

cavities which lead to fracture.
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Figure 2.3 Grain boundary sliding in Al-1.92 MgalI[11].

2.3 Fracture
As in the case of deformation, depending on thdiegstress and temperature, the
failure mechanisms also vary. Figure 2.4 givessttteematic of a fracture mechanism

map applicable for fcc materials.
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107 | Ductile fracture
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Transgranular creep fracture Rupture
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Figure 2.4 A schematic fracture mechanism map egiplie for fcc materials.
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The abscissa (temperature) and ordinate (stredbeajraph are normalised with the
absolute melting point and the Young's moduluspeesvely. A number of failure
mechanisms operating in their respective regimesshown in the figure. Figure 2.5
gives the broad classes of failure. Cleavage fracaccurs due to propagation of
cracks along crystallographic planes. Such failutesually occur at lower
temperatures. This type of failure is prominenB@C systems, where the number of
slip systems is highly temperature dependent lb3he following section the failures

occurring during creep are more closely examined.

LOW TEMPERATURES <0.3 T,

. Plastic Growth .
Brittle fracture of Voids Plastic Rupture

Cleavage Intergranular

CREEP TEMPERATURES >0.3 T,

Intergranular Growth of Voids by

power-law Creep Creep Rupture

Forrna_tiun of Formation of Transgranular  Intergranular Dynamic Rec_:uw_ery or
Voids Wedge Cracks Recrystallization

Figure 2.5 Broad classes of failure [13].

The onset of tertiary stage during creep deformatienotes the initiation of failure.
In the creep curve this is demarcated by increaskd creep rate and departure from
steady state creep regime. The formation of cavaied its propagation is one of the
causes for failure during creep. Though the nuideabf cavities can occur much

earlier during creep, its propagation in the forfrciacks occurs more rapidly after

11
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the onset of tertiary creep. The majority of creflures are classified as
intergranular or transgranular depending on th@ggation paths of the cracks. As a
thumb rule, below the equicohesive temperature (JE@E propagation of the cracks
occurs within the grains and is referred as traarsgar cracking. Above ECT, the
propagation occurs along the grain boundaries stetined as intergranular cracking.
However, with reduction in strain rate, the ECT banpushed to lower temperatures.
When no fracture mechanisms are dominant, neckiigpvecede upto zero gauge
diameter and result in rupture. Rupture can alsoum@s a result of dynamic
recrystallization. The role of nucleation and prggt#on of cavities are paramount in

determining the creep failure mechanisms.

2.4 Creep cavitation

Nucleation of cavities can occur within the graarsd at grain boundaries leading
transgranular or intergranular failure, respectivdlhe creep cavitation which leads
to transgranular failure is similar to the one adaog during low temperature ductile

failure.

The low temperature ductile failure proceeds inftll®ewing sequence. Considerable
localised strain accumulation occurs especiallythat second phase particles and
matrix interface, which results in the nucleatidncavities. This locally deformed

region generates a tri-axial state of stress. Huedstatic stress which develops after
necking results in the formation of cavities. In@uaterials devoid of any secondary
phases, nucleation can occur at grain boundaryetqints. With progressive

straining these cavities get interlinked leadingitack propagation; this is termed as

micro-void coalescence [13].

Transgranular creep cavitation differs from the k@mperature ductile failure in two

12
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aspects. Firstly, since local relaxation of stressurs during creep, the nucleation of
cavities is postponed to higher stain levels. Sdlgpruring creep as the strain rates
are comparatively lower, the flow is stabilized wlhresults in delay in cavity growth.

The fracture morphology in case of transgranulduri@ is characterised by dimples

(Figure 2.6(a)).

Figure 2.6 Influence of nitrogen on fracture mo@i@816 LN SS at 923 K/140 MPa (a)
ductile failure characterized by dimples for theestcontaining 0.07 wt.% nitrogen
(rupture life 3177 hours) and (b) brittle transgran failure for the steel containing
0.22 wt.% nitrogen (rupture life 15974 hours) shaywgrain facets [14].

Intergranular fracture is the most frequently emtered failure in material subjected
to damage caused by creep cavitation and its groiwta decrease in strain rate can
further enhance the intergranular cavitation regikgementioned earlier, above ECT
intergranular cavitation occurs due to the weakgniof grain boundaries.

Intergranular cavitation can also occur below ti@TElue to excess strengthening of
the matrix most commonly by secondary phases. riAdtesely during prolonged

elevated temperature exposure, the matrix itselfbmhardened due to formation of
embrittling phases, leading to intergranular cdiita Since the matrix deformation is

limited in this case, the ductility values are ajgdower after failure when compared

13
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to transgranular failures. The fractographs of gpens failed due to intergranular

cracking consists of grain facets (Figure 2.6(b)).

Formation of cavities is paramount for intergranudeacking to occur during creep.
Depending on the shape of the cavities, they assitled as wedge shaped or round
shaped. The wedge shaped cavities usually ocdireagrain boundary triple points
(Figure 2.7(a)), whereas the round shaped occgram boundaries at the vicinity of
the second phase particles (Figure 2.7(b)). Théexpptress and temperature have a
significant role in dictating the nucleation andogth of cavities. The various

mechanisms of cavity nucleation and growth aretde#h in the next few sections.
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Figure 2.7 (a) Wedge crack in Al-20Zn alloy [15pPa(fp) round cavities in Ag [16].

2.4.1 Cavity nucleation
There are two widely accepted mechanisms goverandy nucleation viz., vacancy

condensation and athermal decohesion.

The vacancy condensation mechanism postulates vé@ncies generated when
tensile stress acts on grain boundaries or pastmtegrain boundaries, condense into
voids [17,18]. There is usually an incubation tifoethe nucleation of vacancies and
their growth is stable after they attain a thredhske. It was theoretically calculated

that the stress required for the agglomeration afancies into cavities is around

14
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E/100 [19], which is significantly higher than thepplied stress levels. Hence,
localised stress concentrations should develomdicteation of cavities. Besides, the
vacancy super-saturation needed for vacancy coatienss not likely to be available
during creep. Though the vacancy condensation nmézhas more prominent during
irradiation creep, its potential for nucleating d®iduring thermal creep is negligible.
Thus the prevalence of vacancy condensation mesnaini engineering materials is

highly speculative.

Athermal decohesion is the most likely mechanisnperative in engineering
materials. According to this mechanism, nucleatimin cavities occurs due to
decohesion of atomic bonds caused by local stresseatration. There are two
possible sources for localised stress concentsti@) arrest of GBS at grain
boundary triple points and (b) arrest of GBS byoseary particles at grain
boundaries or grain boundary ledges. It has bemady} discussed that GBS is a
possible deformation mechanism during creep. Tiesstconcentration caused due to
hindrance of GBS can result in developments of fa@@] or result in grain boundary
migration to enable stress redistribution [1]. Whbase two mechanisms of stress
relaxation fail due to the excessive strengthemniipe matrix, stress is likely to build
up near such grain boundaries. The athermal dewrhe®uld be the possible
mechanism responsible for nucleation of creep esvih austenitic steels. The stress
concentration in this steel can be developed assaltrof arrest of grain boundary
sliding by carbides and intermetallics [21] whictiolve due to prolonged creep
exposure. Another phenomenon giving rise to stemscentration at the grain
boundary is the dislocation pile up interactionhalitard particles at grain boundaries
[22,23]. Though such an interaction can occur ainginteriors, cavity growth will be

rather slow, as lattice diffusion is comparativelpwer than the grain boundary
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diffusion. The presence of surface active elemdis sulphur also enhance

decohesion of atomic bonds.

The nucleation of creep cavities is believed tauoaostantaneously during the initial
loading as the strain accumulation and strain matéhis stage is comparatively
significant. The growth of cavities progresses tigitwout the primary and secondary
creep regime, and only during the tertiary regitnean be visualised by conventional

characterization tools.

2.4.2 Cavity growth
The damage caused by cavitation becomes signifioait when the nucleated
cavities grow and get interlinked. A number of ¢agrowth mechanisms have been

proposed and a few of which are described below.

(a) Pure diffusion growth - At low stress regimes when power law creep is not
significant, the growth of cavities occurs due téfedence in chemical potential
between the grain boundaries and void surface. dppication of external stress
lowers the chemical potential at the grain bouramausing atoms and ions to
diffuse from void surfaces to the matrix. There fwe types of diffusion controlled

growth mechanisms a) unconstrained and b) consttain

Unconstrained cavity growth - This mechanism occurs usually in bi-crystals. As
mentioned earlier, the growth of cavities is cauggdliffusion of vacancies into the
cavities and removal of matter followed by platihgut at grain boundaries. When a
number of cavity sites are present, the diffusiehdfof neighbouring sites overlap,
and matter is uniformly deposited on the grain lolawies. The unconstrained cavity
growth occurs when there is a wider distributioncavity nucleation sites. This

happens when the cavity spacing exceeds the diffudistance. Hull and Rimmer
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[24] proposed that the cavities formed by this na@cém maintain an equilibrium
shape as the diffusion of vacancies on grain baugslés slower than on the cavity

surface.

Constrained cavity growth - This is the most widely occurring phenomenon in
engineering materials which suggested that theycgwwth is not homogenous [25].
Cavities tend to nucleate more readily at tran®/essctions with respect to the
loading axis. Hence, their growth is constraine@mwthey encounter a non transverse
grain boundary. Another reason for constrained gnas/the exhaustion of vacancies
from sources like grain boundaries [26]. The growththe cavities in this case is
dependent on the balance between diffusion of \@esrand the creep flow of the

surrounding matrix.

(b) Power law assisted - It has been shown that plastic deformation carractewith

the diffusion process and assist cavity growth .[AZHe cavities grow by unloading
the voids in the adjacent region by diffusion. Tddjacent void depleted regions
around the cavities do not overlap and consecuytitred ligament between the voids

has to deform by power law creep for further groweflthe cavities.

(c) Grain boundary dliding assisted - In addition to deformation, GBS which results in
nucleation of cavities can also assist in its ghoya8,29]. In this case there is no
significant changeover in mechanisms during nuidaaand growth. The growth of
cavities due to GBS will be significant at grairubndaries oriented at about 45° to the
loading axis, as this is the orientation where $ihear stress is maximum [30].
Cavitation can also occur at boundaries oriente@Datto the loading axis indicating

that the driving force in this case is diffusiori]3
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2.5 Relationship between deformation and fracture
The preceding deformation during creep has annditste influence on the failure
which is described by a semi empirical equatiormppsed by Monkmann and Grant
[32].

éd't, = Constant (2.3)
where ¢&4is the steady state creep raiigs the rupture life, m is a constant which is

usually equal to 1. Modifications were made to thggiation by incorporating the
rupture ductility,e, [33] as

et 1
—— = Constant ZX (2.9
&

wherel is the damage tolerance parameter, which giveasaght about the possible
damage which has occurred leading to onset oatgrtreep [34].

When) = 2-5, it suggests that failure occurred due tahmaical instability (necking)
and cavitation.

A > 5 suggests that failure occurred due to microtural instability like precipitate
and substructure coarsening, etc.

In general materials exhibiting largeare preferred as it indicates that the material

can accommodate significant strain before the oofsgamage.

2.6 Extrapolation methodsfor creep deformation and rupture

Creep tests performed at laboratories are usuedlglerated tests conducted at higher
stresses and/or temperatures than what is expeddncthe components made of the
materials being tested. This is because it is iotwal to carry out tests as long as the
design life, which in case of nuclear components g@an up to 40 years. Therefore,
reliable extrapolation techniques are adopted whitlze short term data in the

deformation regimes usually encountered by the @orapts in service. Extrapolation
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may also be considered in environments where thmpooents are subjected to
varying stress and temperature. In some other cHsesstress state which the
component experiences may be multi-axial. The ualaxeep data obtained during

testing at constant stress and temperature muesttoaall the above conditions.

The Larson-Miller parametric method [35] is the m@®pular method used for
extrapolating to longer times. In this method aapagter which is a function of time

and temperature is calculated as P #Ti\t= T(logt + C).
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Figure 2.8 Larson-Miller plot of 316 SS [36].

A master curve is plotted with various values oéstc and P (the Larson Miller
parameter -LMP). The value of C in the equatioapgmised to get minimum spread
in the data (Figure 2.8). A polynomial fit is therade with the stress and LMP which

can be extended up to longer rupture lives.

In cases where extrapolation is needed in dynamaidihg conditions or environments
where fluctuations in temperature can occur, thbifsmn’s life fraction rule can be

adopted [37].
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If the rupture life of the material at a stresseledf o; is t, then

Yioc 29
0

where tis the time spent at the same str@s< is a constant which is unity if only
one deformation mechanism dominates across theugstress levels. But in practice,

many mechanisms operate simultaneously therebyirggithe value of C less than 1.

For extrapolation under multi-axial conditions, tt@nventional design practice is to
obtain rupture life values for the calculated vors®4 stress or the maximum

principal stress [38].

2.7 Austenitic stainless steels

Stainless steels are one of the most versatilerralsteleveloped in the last century.
They are being widely used in power, chemical, qetemical, off shore industries.
Their unique combination of mechanical strength emdosion resistance makes their
utilization indispensable. These steels containimimum of 10.5 wt. % chromium
which renders it corrosion resistant. Based onr thecrostructure, these steels are
broadly classified into five types- austenitic, ric, martensitic, duplex and
precipitation hardenable steels [39]. Out of thisge, the usage of austenitic steels
account for 65-70%. Its applicability spans froreithuse in cryogenics to fabrication

of elevated temperatures components.

Austenitic stainless steel as the name implies mata@ned austenite phase at room
temperature. This is possible with additions oftanite stabilizing elements like
nickel, manganese, carbon and nitrogen to coutereffect of ferrite stabilizing
elements (chromium, molybdenum). The austenite eoh@sders the steel more

deformable, which makes fabrication of complex comgnts more feasible.
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Furthermore, there are no major weldability issuéth using this steel. The 304
grade stainless steel containing 18 % Cr- 8 % N are of the first stainless steel to
be developed. It was proven that addition of modyhdn to this grade further
improves the creep strength and corrosion resistamgch led to the development of
316 grade steel. The nickel content in this stesd enhanced to counteract the ferrite

stabilizing tendency caused by increase in molybden

Sensitization is a major issue in austenitic sé@slisteels which limits the usage of the
components made up of this material in the temperatange of 823-1023 K for
prolonged time periods [40]. Sensitization is aulesf preferential precipitation of
chromium carbide (GsCs) along the grain boundaries. It is a thermallyivatéd
process which requires diffusion of both Cr and cCthe grain boundaries. The
formation of Cy3sCs reduces the chromium content at regions adjacerié grain
boundaries [41]. As a result, these chromium dedleggions are prone to corrosion
attack, which results in intergranular crackingréty lowering the load bearing
capacity of the components made of this steel. iB=atson can be prevented by re-
solutionising the microstructure, this dissolves frecipitated GgCs. But this again
prevents the material to be used in the temperatumge of 823-1023 K. This led to
the development of what was termed as the ‘staili321 and 347 grades of
stainless steel containing Ti and Nb respectivdB].[ These elements form stable
intra-granular mono carbides which prevent the ipr&tion of CpsCs [43]. But the
inherent shortcoming of these steels is that tiveilds developed cracking during
welding or exposure to elevated temperature. Initiaddto this, the excessive
strengthening of the matrix over that of grain baany due to the precipitation of
mono carbides results in more creep cavitationhese alloys resulting in low

ductility failure during creep.
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The only alternative solution to produce weldaliieek which would not sensitize
after prolonged elevated temperature exposurep isetluce the carbon content.
Consecutively 304L and 316L stainless steels weneeldped with carbon content

less than 0.03 wt.%.

The reduction of carbon content, however, decretimemechanical properties of the
steel. In order to offset the strength reductiatrpgen is added [44]. Stainless steels

with nitrogen content in the range of 0.07- 0.1 %tare designated as ‘LN’ grades.

Table 2.1 Variation in lattice distortion and sgdmening due to
addition of C and N [45].

Solute element Aa/ayper 1 at.% x 1D  AYield stress A Ultimate tensile strength

ao-Lattice Parameter  per 1 at.% per 1 at.%
(MPa) (MPa)
Nitrogen 2.34 124.0 213.1
Carbon 1.67 76.6 116.2

Addition of nitrogen has several advantages ovebara Austenite has higher
solubility for nitrogen when compared to carbonutesg in more solid solution
strengthening [46]. Though the size of nitrogen |89 is smaller than that of carbon
(70 pm), the distortion caused by nitrogen addit®omore significant (Table 2.1) [47].
This is because of the variations in inter-atomliectton exchange mechanisms
between the interstitial nitrogen and carbon ateitk iron. The distortions impede
the mobility of dislocations thereby increasing steength. Nitrogen also decreases
the stacking fault energy, thereby preventing csdgswhich helps to delay recovery

of dislocation during mechanical loading. It hagmehown that nitrogen improves
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both the yield stress and ultimate tensile strengtho 1.5 times when compared to
carbon [45]. Nitrogen also helps in slowing dowme threcipitation kinetics of the
deleterious intermetallic compounds which are fatnoiring prolonged elevated

temperature exposure [48].

2.8 Welding metallurgy of austenitic stainless steels

Welding is the most viable process for fabricatiagge components of reactors
(Figure 2.9). The weldability of austenitic stasdesteels is better when compared to
other types of stainless steels. The only weldgbi8sue in stainless steel is the
occurrence of solidification or hot cracking. Thesacks are found in various regions
of the weld and with different orientations. Theglude centerline crack, transverse
cracks, microcracks in fusion zone and microcraokhe heat affected zone (HAZ)
[49]. Amongst these, hot cracking in the fusion &es most widely reported. Hot
cracking primarily occurs due to formation of etilex (P, S, B with Si, Ni and Ti).
These are low melting phases which crack duringliichtion of the weld pool, due
to the restraint caused by shrinkage stressesqi&t cracking can also occur due
to grain boundary embitterment caused by the sagjmegof P, S and Si. Regions of
fusion zone subjected to multi-pass, are also prandiot cracking due to the
dissolution of low melting eutectics. Austenitiaisiess steels with no ferrite content
are most prone to hot cracking. This is becaudbefimited solubility of P, S and B
in austenite when compared to ferrite. Thus, retginferrite in the final
microstructure can help reduce the susceptibititirdt cracking during welding [51].
Higher amount of delta ferrite content (>30 vol. &gain increases the susceptibility
to hot cracking [51]. A brief discussion on theigas solidification modes which an
austenitic stainless steel weld is presented iméx¢ subsection before understanding

the implication of delta ferrite retention in thecnostructure.
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Figure 2.9 Erection of the main vessel of PFBR toted by 316 L(N) stainless

steel. The whole structure was fabricated by fusvelding process.

2.8.1 Solidification modes in stainless steel welds

The solidification mode in austenitic steel weldnfe depends on the amount of
ferrite or austenite stabilizing elements. Theiamfification is possible by calculating
the Cr and Ni equivalent. Hammer and Svennson a2k developed the following

formula of estimating the equivalents &+ Cr + 1.37 Mo + 1.5 Si + 2 Nb +3Ti and
Nieg= Ni + 0.31Mn + 22C + 14.2 N + Cu, where the elatabcomposition is given

in wt.%.

AF mode FA mode F mode

Figure 2.10 Various solidification modes of audtiersteel fusion zone [53].

24



Chapter 2:Literature Survey

1800

1600

Temperature, K
N
o
o

N
N
o
o

1000 : ' N S
cr o 10 20 30
Ni 30

20 10
Composition, wt. %

Figure 2.11 Pseudo-binary diagram of Fe-Cr-Ni systectioned at 70 wt.% Fe [54].

Depending on the relative contents of the Cr and efuivalent the primary
solidification mode can vary from austenitic to rie. The various mode of
solidification is depicted in Figure 2.10 [53].\itas shown that in cases where the
Cred Nigqg were higher  than 1.5, the solidification chafem primary austenitic
mode to primary ferritic mode [55]. The changesoiidification mode can be more
precisely understood by considering the pseudorpisection of Fe- Cr- Ni ternary at
70% Fe (Figure 2.11). All the possible two phassdfiregions which bound the
eutectic triangle consisting of L&+ vy (Liquid + delta ferrite + austenite) are shown
in the figure. The four solidification sequences anumerated in Table 2.2.
Compositional adjustments are made in such a wat ttite solidifying weld pool
enters the AF or FA phase field and pass through dttectic triangle before
solidification. FA mode of solidification is moragderred than the AF mode because
the formation of primary ferrite results in irregulboundaries between the austenite
and ferrite. This forms a more tortuous path f@ckrpropagation, making the fusion

zone more resistant to failure caused by hot crac64,56].
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Table 2.2 The four possible solidification typesurstenitic stainless steel fusion zone

and the associated microstructures.

Solidification Reaction Microstructure
mode
A LoL+y— vy Fully austenitic, well defined
solidification structure
AF L—oL+y—L+ vy +(y +08)eur—y +6  Ferrrite at cell and dendrite
eut boundaries
FA L— L+3— L+3+(3 +v)perewrt Skeletal and/or lathy ferrite
— d+y resulting from ferrite to
austenite transformation
F LoL+6— 6—d+y Acicular ferrite or ferrite

matrix with grain boundary
austenite and Widmanstatten
side plates

Although the phase diagram predicts complete toansition of delta ferrite to

austenite, during welding the rapid cooling ratesenthe microstructure depart from

equilibrium conditions. As a result higher amouhtelta ferrite is retained at room

temperature. Therefore, a better way of predictivggfinal phase distribution in the

fusion zone is to take into consideration the nguHérium transformation. The

WRC-92 diagram was developed based on this pergpdé&i7] (Figure 2.12). This

diagram is an improvement over the Schaeffler [&8J Delong [59] diagrams as

phase predictions in WRC-92 diagram are based emimibdynamic stability and take

into consideration the effects of nitrogen and naemege. The estimated

microstructure requires the calculation of Ni ande&quivalents which are slightly

different from what was calculated for predictifg tsolidification mode as the non-

equilibrium cooling effects are considered in ttase.
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Figure 2.12 WRC-92 diagram [57]. The delta feratamtent in the fusion zone can be
obtained from this diagram. The possible solidiftma modes can also be predicted
from this diagram. The delta ferrite content isegivin terms of the ferrite number

(FN). The FN and volume % ferrite are equivalemtaues upto 28 [60].

2.8.2 Influence of deltaferritein preventing hot cracking
The major beneficial effects of delta ferrite irethustenitic fusion zone are [56]
enumerated below

1. Delta ferrite has comparatively higher solubilitf/impurities which attribute
to hot cracking

2. The thermal contraction of delta ferrite is lowban that of austenite as a
result the tendency of cracking during solidifioatiof the fusion zone is
reduced.

3. The ferrite/austenite boundaries are not easilytagleby liquid films as
ferrite/ferrite  or austenite/austenite boundariétence the tendency for
cracking along these boundaries is reduced.

4. The ductility of delta ferrite is higher than thaf austenite at higher

temperatures, this causes the relaxation of théyrgaherated stresses
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Though addition of delta ferrite is beneficial, apper limit is specified. This is

because delta ferrite is more prone to transfoonatto intermetallic phases during
elevated temperature exposure. This is detrimeatéhe mechanical strength of the
joints. Hence the amount of delta ferrite presdiloe the fusion zone is 3-9 vol.%

[61].

In nitrogen bearing stainless steels, it was shthah the tendency to hot cracking is
enhanced as nitrogen is an austenite stabilizeweMer, it was shown that the
strength of the fusion zone can be increased witbgen content [62]. Nitrogen also
reduces the tendency for formation of brittle imetallic compounds during elevated
temperature exposure. Careful alloying adjustmeangésusually carried out so as to
harness the benefits of nitrogen keeping into aatis austenite stabilizing tendency

in the stainless steel fusion zone [48].

2.9 Precipitation in austenitic stainless steels

The intention of subjecting the stainless steeksotation annealing temperature in the
range of 1323-1423 K is to dissolve any remnanbidas or intermetallics. As a
result in the mill annealed condition, the austerstainless steels are more or less
precipitate-free. However, during prolonged elegtatéemperature exposure,
precipitation of carbide and intermetallics occ6B,64]. Formation of secondary
phases significantly influences the mechanical grigs of the steel. Carbides and
intermetallics are the two main phases which pr&tg from the austenite matrix,
their evolution and influence on mechanical prapsrare discussed in the subsequent
sections. Some physical properties of the promiplastes in stainless steel are given

in Table 2.3.

28



Chapter 2:Literature Survey

Table 2.3 Some properties of the prominent preatigét which can form in austenitic

stainless steels during elevated temperature aging.

Lattice Possible chemical

Phases Crystal structure .
parameter (nm) composition

M>3Cs [66] fcc a=1.0569 (Cf]_eFQgMOz)CG
MeC [66] fcc a=1.095 FMosC
MX [63] fcc a~04 TiC, TiN, NbC, NbN
CrN [63] hcp a=0.478, CrN
c=0.444
sigma 6) [66] tetragonal a =0.8828, 44 wt.%Fe-29.2 Cr-
c =0.4597 8.3 Mo
chi (y) [66] bcc a=0.8878 (FENICr18Mo4
Lavesn [66] hexagonal a=0.473, FeMo
c=0.772

2.9.1 Precipitation of carbides

Carbides of the type p4Cs are most prominent in stainless steel, thougls lind MX
have also been reported [63]. The M component jgCyonsists predominantly of
Cr atom which can be partially substituted by Ma &®. The precipitation of p4Cs
usually occurs at the grain boundaries which leadntergranular corrosion when
subjected to certain temperature range as discuessdidr. Precipitation of MCs is
more rapid as its evolution grossly depends ondiffesion of the smaller carbon
atoms. Addition of nitrogen delays the precipaatbf M,3Cs because nitrogen forms
clusters with Cr which later on can precipitateCagN if nitrogen content is high [65].
Weiss and Sticker [66] have reported thagOMican precipitate from B4Cs after
prolonged elevated temperature exposure. The faymaif monocarbides (MX)

usually occurs in stabilized steels which have wats of Ti and Nb [40]. These
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usually are intragranular in nature precipitatifang dislocations [63]. The formation
of MX precipitates improves the mechanical progstitibut its ductility is reduced.

The addition of nitrogen promotes the precipitatddmono carbo-nitrides.

2.9.2 Precipitation of intermetallics

The major intermetallics which precipitate duritgitimal aging of stainless steel are
sigma 6), chi () and Laves r{) phase. When compared to the carbides, the
precipitation of these intermetallics is more slisfgs it requires diffusion of heavier
substitutional elements. Hence, their precipitati@eurs at higher temperatures and
after longer durations. They either get precipddtem the matrix or get transformed
from carbides [63]. The precipitation of chi and vka phases can occur
simultaneously with carbides, as carbon is appbécisoluble in these phases. But
precipitation of sigma usually proceeds after tenfation of M3Cs, as the solubility
of C in sigma is limited. The sequence of prectmtaof intermetallics and carbides
has been clearly described by Weiss and Stickdr Totey showed that formation of
M3Cs results in lowering the carbon content in the matwhereas the formation of
chi and Laves phase reduces the chromium and memylnd content. But the
solubility of carbon in austenite increases witkerédase in Cr and Mo. As a result the
M,3Cs gets dissolved in the matrix after prolonged eledatemperature exposure,

which initiates the formation of sigma and chi pésas

The formation and dissolution of NCsdoes not influence the precipitation of Laves
phase, due to the replenishment of Cr and Mo inntlag¢rix. The precipitation of
intermetallic phases is usually detrimental in engic steels because it brings down
the ductility and reduces the creep rupture lifee Tinfluence of nitrogen on the

precipitation of intermetallics has been reviewgdlbeir et al. [48]. He showed that
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the precipitation of sigma and chi phases is delajee to nitrogen additions, whereas

it shifts the precipitation of Laves phase to higleenperatures.

2.9.3 Precipitation in the fusion zone

The presence of delta ferrite in the austeniticelst®eld metal (fusion zone)
accelerates the formation of carbides and intedirestaluring elevated temperature
exposure (Figure 2.13) [67]. This is because of teasons: (a) The solubility of Cr
and Mo is higher in delta ferrite when comparedatestenite due to the ferrite
stabilizing tendency of these elements and (b) ddlea ferrite has a more open bcc
crystal structure which makes diffusion faster.abidition to the above reasons the
presence of additional delta/gamma and gamma/gamtedaces accelerates the
precipitation kinetics [68]. The possible sequentdransformation of delta ferrite
under elevated temperature exposure has been exvieyw Thomas [69]. Since C is
an interstitial element its diffusion is relativelgster in the austenite matrix. This
results in the formation of p4Cs precipitates at the delta/gamma interface evesr aft
shorter exposure durations. This moves the deltafym interface further into the
delta ferrite, and also enriches it with Cr and Mben compared to austenite.
Prolonged exposure to higher temperature causdsisidim of these bulkier
substitutional elements. At a certain point of tirttee composition in delta ferrite is
favorable for the precipitation of sigma phase. stgjuently the sigma phase tends to
further grow in size at the expense 0f3\%. It should be noteworthy to mention that
though delta ferrite has significantly higher camcations of Cr and Mo when
compared to austenite, they continuously diffuskiluduring aging. This is because
the chemical potential of these elements are higheustenite when compared to

delta ferrite.
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Figure 2.13 TTP diagram of 316 SS base metal artP1® SS weld metal
(fusion zone) [67].

2.9.4 Influence of creep on precipitation kinetics

Mathew et al. [70] have shown that the transfororatiof delta ferrite into
intermetallics occurred readily in the gauge portiof the all weld creep tested
specimens, when compared to the shoulder portierredorted that the generation of
dislocations in the gauge portion results in mafision paths along its core, thereby

enhancing transformation rates. Similar findinggenbeen reported by Senior [71].

2.10 Evolution of various mor phologies of delta ferrite

The ferrite content in austenitic stainless staeidn zone gives us first hand
information about the hot cracking susceptibilitjowever its distribution and
morphology can still influence the precipitatioméiics of intermetallics which has
not been clearly understood yet. Hence, knowledg@iwous morphologies of ferrite
Is essential to get a clearer insight about theagdel temperature performance of the
fusion zone. The variations in delta ferrite morplgy during solidification of the
austenitic steel fusion zone arises due to theligath changes in composition and

cooling rate adjacent to the solidification froB6]. The amount and distribution of

32



Chapter 2:Literature Survey

these morphologies in the fusion zone is not umfand hence the interpretation of
microstructural evolution during subsequent agirggdmes even more complex.
Depending on its directionality and shape, deltdatéein the as solidified fusion zone

has been classified as vermicular, lacy and aai¢d® (Figure 2.14).

Vermicular morphology consists of continuous skaiehetwork aligned along the
primary dendritic growth direction (Figure 2.14(aJ)he orientation of the primary
dendrites is along the heat flow direction. Deérife is usually found in the cores of
the primary and the secondary dendritic arms. Veuwrar morphology occurs due to
the incomplete transformation of delta into audeenDelta ferrite having thinner
interlaced structure oriented along the growthdation constitutes lacy morphology
(Figure 2.14(b)). This morphology occurs in regionth higher ferrite content and is
a product of rapid incomplete transformation of nm@ry delta ferrite to

Widmanstatten austenite. The delta ferrite exmbitia needle shape, aligned
randomly without directionality is termed as acaiu(Figure 2.14(c)). As the ferrite
content ahead of the solidification front increast® morphology changes from

vermicular to lacy and then to acicular.

The similarity between these three morphologigbas they are almost continuous in
shape having higher surface area to volume ratoexXposure to higher temperatures,
the continuous cylindrical form of delta ferritentks to transform to rows of small
globules having less surface area to volume r&igufe 2.14(d)). This transformation
occurs in all the aforementioned three morphologres this constitutes the formation

of globular delta ferrite.
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Figure 2.14 Various morphologies of delta ferrag {ermicular, (b) lacy, (c) acicular
34

and (d) globular [72].
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A continuous shape has higher gradients in chenpcaéntial which tends to
equilibrate upon higher temperature exposure lgatinthe shape change. In multi-
pass welding, transition to globular morphologlikely to occur in the previous weld
pass. The extent to which the changes in morphadagyr will invariably depend on
the heat input of the welding process. As the faionaof globular ferrite is
accompanied by partial transformation to austetiiere is a small reduction in delta

ferrite content [72].

2.11 Creep properties of austenitic stainless steel fusion zone

The rupture properties of the austenitic steel waletal (fusion zone) are usually
lower to that of the base metal because propefwitgreep cavitation is more in the
fusion zone. The sequence by which creep cavitgtiogresses is discussed below.
1. Creep cavitation in the fusion zone usually osat the vicinity of prior ferrite
transformation products like x andr intermetallic precipitates (Figure 2.15).

2. Under the influence of external stress the ggmibceeds along the intermetallic/
austenite interface. This propagation is dictatethle morphology of delta ferrite.

3. The propagation of cracks is usually obstruetethterfaces. Their propagation is
dependent on the stress level and the ability @& davitated cracks to get
interconnected.

When compared to the wrought austenitic steelsfubi®n zone exhibits significant
scatter in tensile and creep properties [73,74Ufas 2.16 and 2.17). The reasons for
scatter in properties can be linked to the changeseep cavitation phenomenon
caused by the following reasons changes in welghogess, variations in electrode
composition location where specimen is extracted wgariations in delta ferrite

morphology.
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Figure 2.15 Creep cavitation along the sigma/aitstamterface [71].
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Figure 2.16 Scatter in 0.2% proof stress for 316v88 metal (fusion zone) [73].
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2.11.1 Influence of welding process
Variations in welding process can result in changegeld heat input, which can alter

the volume of fusion zone and induce changes itadetrite morphology.

In addition to these modifications, the variatiom¢hermal cycle in the adjoining base
metal can cause restraint of varying degrees. Qrbeoearliest studies by van der
Scaaf [75] showed that the weld joints made by GTAJ4S tungsten arc welding)
were stronger than those made with SA (submerged BIMA (manual metal arc)
and EBW (electron beam welding). A recent studydiemsvn that the creep properties
of the transverse joints fabricated by A-TIG (aated tungsten inert gas) process are
superior to those fabricated by TIG (tungsten ig@a$) process [76]. Joining by A-
TIG process was accomplished by a single pass,eabeéhe TIG process was carried
out by depositing multiple weld passes. The in@aasstrength of these joints were
attributed to 1) lower delta ferrite content 2) Evstrength gradient within the fusion
zone and 3) alignment of delta ferrite and thedsidd grains along the loading
direction. Through this study it was concluded ttheg variations in microstructure
can be reduced if the number of weld passes ase Hesvever, Gowrishankar et al.
[77] showed that the tensile properties improvethwhe increase in the number of
passes. The influence of the number of passes enwtd joints mechanical

properties has not been thoroughly understood.

2.11.2 Influence of electrode composition

One of the earliest works by Senior [71] showed tha creep rupture life of the
fusion zone improves with increase in carbon cdant€éhey argued that increased
carbon content caused significant precipitatioiMeiCs. Even distribution of MsCs

delays the precipitation of the more deleterioggnsi phase, which results in failure
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associated with low ductility. The effect of carbimnenhancing the rupture life was
more pronounced in case of fully austenitic fustone [78]. Addition of nitrogen has

been proven more beneficial than carbon becauslevits down the precipitation of

M,3Cs and intermetallic phases. Unlike carbon which banremoved from matrix

due to the precipitation of pCs, nitrogen is usually found in solution when itgdé

Is less than 0.15 wt. % [44]. However, adding hrghigrogen to the fusion zone can
result in porosity. Ogawa [79] had suggested tlyanbreasing the amount of Ti, Zr,

Nb, V, Cr, Mo and Mn the amount of nitrogen in finsion zone can be enhanced.
They showed that increase in nitrogen content ingutothe creep strength of the

fusion zone significantly.

Use of electrodes or filler wires having ControllB&sidual Elements (CRE) like
boron, phosphorus and titanium in electrodes hss sthowed increase in the creep
rupture life. Cole et. al. [80] have shown that #ddition of 0.007 wt. % B, 0.42
wt. % P and 0.06 wt% Ti produced the best reséitdition of Ti increases the
amount of delta ferrite in the microstructure asit strong ferrite stabilizer. It was
also shown by Klueh and Edmonds [81] and Vitek Badid [82] that since titanium
retards the formation of p4Cs, sigma precipitation occurs more readily in theECR
fusion zone. However, the striking difference beitwdhe CRE and the non-CRE
grade fusion zones is the morphology of sigma phasease of the fusion zone made
with CRE grade, the sigma phase is more dispenseédsanot as interconnected as in
the non-CRE grades. The interconnected sigma plaasesiore deleterious because
they offer little resistance to crack propagatiansing low ductility failures. Boron is
thought to enter into MCs precipitates, lowering their mismatch between the
austenite matrix. This slows down the coarsening @& the precipitates [83].

Phosphorus also has a similar effect as that afrbd?hosphorus forms precipitation
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of the form M(PC) [84], which is finer and it alters the morphologfythe carbides

and hence lowers down its coarsening rate.

2.11.3 Influence of specimen size and location

The fusion zone exhibits higher dislocation densftgn the base metal, due to the
constraint generated on the solidifying weld by #woining base metal. But the

substructure is not uniform throughout the fusioone region and can vary

significantly especially in multi-pass weld joirftoulds and Moteff [85] have shown

that depending on the location in the fusion zdme dislocation substructures vary
considerably. Consequently, the mechanical pragsedf the weld joints are likely to

vary depending on the locations from where they restextracted. Horton and Lai

[86] have showed that the transverse specimensatett near the root regions
exhibited higher rupture life when compared to ¢hestracted near the crown region.
They suggested that the dissolution of delta fedite to subsequent thermal cycling
iIs more significant in the root pass, which shquddsibly reduce the susceptibility of

the fusion zone to creep cavitation in this region.

Similar results were reported in a more recentystud316FR SS all weld specimens
[87]. It was shown in this study that the creeersiith improved progressively as the
sampling location changed from near surface to rttw pass (Figure 2.18). A
systematic study by King et al. [88] by extractsgecimens from different locations
of the 308 stainless steel weld joint also showeginalar trend. The investigators
recorded higher dislocation density in the rootspasin the as-welded condition and
also reported formation of cell structures in thegion. Formation of fine MCs
precipitates was also observed in the root passtaltiee repeated thermal cycling.

King et al. [88] have also reported that the tramse joints are the stronger than the
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longitudinal all weld joints. They suggested thHat properties of the fusion zone are
anisotropic and the specimens taken along the tlatigial section show the least

strength.
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Figure 2.18 (a) Schematic showing the locationsnfrehere the specimens were

extracted (b) Plot of creep rupture strength ofdteesponding specimens [87].

Manjoine [89] has shown that the presence of tls#fuzone creates a multi-axial
state of stress during loading. He found that th@mlexity of the stress distribution
generated due to the presence of the fusion zosienitar to that arising due to the
presence of a mechanical notch. It is he who cothedermed "metallurgical notch”
for describing the generation of stress gradiemsuwing due to the variation in

properties of different regions in the weld joiHe has also discussed the fact that the
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weld joint design can also have implications on thelti-axial stress distribution

thereby influencing the creep rupture properties.

In light of the above discussion, it is clear thhée gradient in the mechanical
properties can be minimised if the specimen exhétom the weld joints is large
enough to average out the localised variations.eMecifically it should be noted
that the specimen diameter should incorporate mareber of weld passes to get a

representative strength value of the joints [46].

2.11.4 Influence of deltaferrite content

It was shown by Berggren et al. [61] that increiasgelta ferrite content decreases the
creep rupture life. The obvious reason is that éigiontent of delta ferrite can result
in a microstructure more susceptible to creep atwit. Thomas [90] has shown that
delta ferrite content of 5 vol.% is optimum for peating hot cracking and creep

cavitation. With the increase in FN, delta feriitecomes more continuous, offering
little resistance to creep crack propagation, tbusring the rupture life of the fusion

Zone.

2.12 Material selection criteriafor fast breeder reactors

The material which is used for fabrication of msiructural components of FBRs viz.,
reactor vessel, intermediate heat exchangers (I&X) piping, demand stringent
property requirements [91]. This is because thésetares will be in operation for

about 40 years in the temperature range of 673 3- B7Though the structural

materials are not directly exposed to the high meuflux as the core components;
they may still be subjected to a cumulative dosageo 5 dpa (displacements per
atom). Compatibility with liquid sodium is also ame requirement. Though all the

structural components do not operate at temperatgimes where creep deformation
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Is significant, the whole structure of the reagtomade of austenitic stainless steel.
This mono-metallic design is to prevent diffusidnrgerstitials from one material to
another through the coolant. Based on the inteynakiexperience and the availability
of design data, austenitic stainless steels ofgthee 304L(N) and 316L(N) are the
chosen material for fabricating most of the strugticomponents (Figure 2.19). At
temperatures above 770 K, the more creep resifa6t(N) stainless steel is
preferred. 304L(N) SS with higher thickness isdu$er fabricating components
which are subjected to lower temperatures. Nitragehe nuclear grade 316L(N) SS
is denoted by parenthesis when compared to the eponeth316LN SS to emphasize

that its content is controlled within a narrow gfied range.

Apart from this, there are few other variationswestn commercial and the nuclear
grades

1. Narrower compositional range of almost all alhgyelements.

2. Tighter specifications to control the amounsuolphur, phosphorus and silicon

3. Lower inclusion content to improve ductility

4. Intermediate grain size to facilitate in-servitgasonic inspection

These variations in nuclear grade stainless staesintended to avoid scatter in
mechanical properties. The out of core structumhmonents of the fast breeder
reactors are fabricated based on the design eritaid down by RCC-MR [92] and

ASME codes [93].
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Figure 2.19 Schematic of the PFBR assembly compsri@h]. (PS- primary sodium,
ARDM- absorber rod drive mechanism, CS A48P2- carbteel with composition
Fe-0.22C-0.8Mn-0.4Si-0.035P-0.012S-0.2Cr-0.3Ni-001M.%).

Considering the susceptibility of 316 and 304 gratlenless steel to intergranular
corrosion, the contents of chromium, molybdenunckeli and carbon have been
altered in these codes. Carbon and nitrogen canteave been specified with a upper
limit so that the properties of the L(N) grades chatvith the plain 304 and 316
grades for which the design data is available. Aimam limit for titanium, niobium
copper and boron is specified to prevent hot cragkendency during welding. A
closer control of especially sulphide inclusionwéndoeen specified as its presence

results in poor weldability.
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Table 2.4 Comparison between the alloy composiioASTM, RCC-MR codes with
the FBR specification for 304L(N) and 316L(N) S6 \it.%).

304L (N) 316L (N)
Element  ASTM FBR ASTM FBR RCC-MR
C 0.03 0.024-0.03  0.03 0.024-0.03  0.03
Cr 18-20 18.5-20 16-18 17-18 17-18
Ni 8-12 8-10 10-14 12-12.5 12-12.5
Mo NS 0.5 2-3 2.3-2.7 2.3-2.7
N 0.1-0.16 0.06-0.08  0.1-0.16 0.06-0.08  0.06-0.08
Mn 2.0 1.6-2.0 2.0 1.6-2.0 1.6-2.0
Si 1.0 0.5 1.0 0.5 0.5
P 0.045 0.03 0.045 0.03 0.035
S 0.03 0.01 0.03 0.01 0.025
Ti NS 0.05 NS 0.05 NS
NDb NS 0.05 NS 0.05 NS
Cu NS 1 NS 1.0 1.0
Co NS 0.25 NS 0.25 0.25
B NS 0.002 NS 0.002 0.002

The difference between the ASTM, RCC-MR specifiemnposition and the FBR

composition is given in the Table 2.4. Likewise tmnposition of the electrodes for

fabricating structural components has also beeeremlt to meet the special

requirements of the FBRs. 316(N) electrode is dsedabricating components made

of both 316L(N) and 304L(N) stainless steels, twidvthe possible mix-up of

electrodes during welding. The composition of fill@on zone is altered to bring the

amount of delta ferrite in the range of 3-7 vol.Phe specified upper limit range is

more conservative to prevent precipitation of l@itintermetallics at higher

temperatures in welded components which are ersisém be in service for around

60 years. Nitrogen addition in the FBR grades ecHped to harness its strengthening

effect.
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2.13 Design of structural componentsfor FBRs

The ASME Boiler and Pressure Vessel Code, is ugst@lowed for establishing the

stress limit for components which are subjectectreep. It defines the allowable
stress for a designated design life as the miniratithe following three stresses

1. minimum stress required to cause 1 % total rstfimicluding elastic, plastic and
creep)

2. 80% of the minimum stress to cause onset aétgrt

3. 67% of the minimum stress required to causeurapt

Each of the above mentioned stresses represenmd#terials resistance to creep
deformation, creep damage and rupture respectiVélgrefore all the three important
parameters determining the creep strength are atmmuor while arriving at the

designated allowable stress. The allowable stresssually multiplied by various

factors which take into considerations the varraioin design and loading

environments. One such factor which considers tbdifigation in strength level due

to the presence of weld joint is the Weld Streriggauction factor (WSRF).

The ASME defines the WSRF as the creep ratio outhiexial creep strength of the
weld metal (fusion zone) to the uniaxial creepraithe of the base metal. But often the
strength of the weld joint is quite different tatlof the corresponding base metal and
fusion zone. This is a result of a complex strasgidution across the weld joint due
to the presence of microstructurally varying regiohhe RCC-MR code gives a more
practical calculation of the WSRF; it considers tago of the uniaxial creep strength
of the weld joint to that of the base metal. The RFSis time and temperature
dependent and typical values of WSRF are givenaibld 2.5. The calculated WSRF
are more conservative as it takes into accounse¢héer in rupture life values of the

joints.
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Table 2.5 Weld Strength reduction factor for 316). 86 recommended by

RCC-MR [92].
Time (h) 873K 923K
1 0.99 0.92
10 0.99 0.92
30 0.99 0.92
100 0.94 0.85
300 0.86 0.78
1000 0.78 0.76
3000 0.76 0.73
10000 0.74 0.70
30000 0.72 0.66
100000 0.70 0.63
300000 0.66 0.58

2.14 Intention of the present work

The microstructural inhomogeneity is the prime ogafor scatter in the mechanical
properties of weld joints resulting in the underastion of the WSRF. The
underlying damage mechanism in the fusion zone lwiesults in strength reduction
is the nucleation and growth of cavities. In thierky an effort has been made to
understand more clearly how damage proceeds in cthraplex fusion zone
microstructure. The systematic study of inhererdrastructural inhomogeneity in the
fusion zone offered a fresh perspective towardsrstdnding its influence on creep
cavitation. This knowledge resulted in adoptingamdge tolerance methodology by
tailoring the microstructure to mitigate the adeeeffects of creep cavitation thereby

enhancing the rupture life of the weld joints.
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Experimental details

3.1 Introduction

This chapter gives details of the material and thethodologies used for the
fabrication of the weld joint. Subsequently infotmoa regarding creep testing is
presented. This thesis describes the extensivestigation carried out on creep
ruptured weld joints employing different charactation techniques, each of which

have been described briefly in this chapter.

3.2Material

The material used is 316LN austenitic stainlesels{8S) containing 0.14 wt.%
nitrogen (Heat No. H8334) and was procured from MANI, Hyderabad, India. The
steel was produced through double melting prode@ssnduction melting was used as
the primary melting process where the raw mateaatéscharged to get the desired
composition. Nitrogen addition was carried out byrging nitrided ferrochrome. To
lower the inclusion content, secondary melting wasried out by Electro-Slag
Remelting (ESR) process. The ingots were hot forgeslabs, the final plates of 22
mm thickness was obtained after hot rolling theyéar slabs. The rolled plates were
then mill annealed at a temperature of 1375 + 1f@orKone hour for dissolving any
remnant secondary phases. The chemical composititme steel and the electrodes
are given in Table 3.1. It can be noticed thatdleetrodes supplied by M/s. Mailam
India Limited, Puducherry, India had higher nitroggontent when compared to those
supplied by M/s. D&H Secheron, Indore, India. B&MAW technique (employing
electrodes of different electrode diameters 2.55 &nd 4 mm) and Activated - TIG

(with single and dual pass) have been used todateriweld pads.
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Table 3.1 Chemical composition ranges of 316LN SSebmetal and 316(N)

electrode in wt.%.

Material
C Ni Cr Mo Mn Si S P N

316 LN SS base metal 0.025 12.15 1757 253 174 0.2 0.004 0.017 0.14

316 (N) SS Electrode
3.15 mm diameter
Supplier: M/s. D&H
Secheron, Indore

0.052 11.5 18.6 22 174 0.64 0.007 0.022 0.1

316 (N) SS Electrode

2.5 mm diameter

Supplier: M/s. Mailam  0.05 11.1 18.5 1.9 14 046 0.006 0.025 0.12
India Limited,

Puducherry

316 (N) SS Electrode

4 mm diameter

Supplier: M/s. Mailam 0.051 11.2 18.45 194 137 0.48 0.005 0.024 0.13
India Limited,

Puducherry

3.3 Weld pad fabrication

Both SMAW and A-TIG welding processes were useddobrication of the weld pads

in this study. The SMAW electrode was coated withaaic flux. This flux generates

vapours and a slag layer which protects the molteid pool from atmospheric

contamination. TIG welding uses a non-consumableydten electrode with or

without using a filler metal. The molten weld pdal this process is protected by
shielding with inert gases like argon. The A-TIGldweg process is an advancement
of the conventional TIG process. In this proces$sx ftontaining surface active

elements is applied on the surface of the edgebetavelded [94,95]. The flux

improves the penetration of the arc due to thersegeMarongoni convection in the
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molten weld pool and as a consequence, the weld @i thicker sections can be

fabricated by less number of passes.

Plates of dimensions 250 x 250 x 22 tmwere used for the preparation of the
SMAW weld pads. The groove angle was 10° and tbegap was 16 mm Figure 3.1.
An increased root gap was used to maximize thefusietal region in the specimen,
as the study focussed on the creep cavitation li@lvain this region. In case of the
A-TIG weld pads, plates of the dimension 250 x 500 mnt were used. No edge
preparation was required for these joints. Theidabed weld pads were inspected
using radiographic testing to detect possible wdeliects for their soundness. Both the
plates were fabricated in fully restraint condittonprevent distortion during welding.
The sensitivity of the radiographic testing was 2 e ferrite content in the fusion
zone was measured using Fischer FeritseépéP 30, which quantifies the ferrite by
calculating the magnetic permeability. Since theitee number (FN) measured is

quite low (upto 5 FN), it can be directly relatecdhe ferrite volume % [60].

22mm

Figure 3.1 Schematic of weld pad showing the locetifrom where the specimens

were extracted.
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3.4 Creep specimens

Transverse weld joint creep specimens comprisirsg lmaetal, HAZ and fusion zone
in the central region were extracted from the fadied weld pads. A schematic
describing the location where the specimens wetea&ed is given in Figure 3.2.

Specimens with M16 thread (Gauge diameter 10 mnte vextracted from the

SMAW weld pads (Figure 3.2 (a)). Since the plaiekiness of the A-TIG weld pads
was lower, specimens with M8 thread (Gauge diantetam) were machined from it

(Figure 3.2 (b)) .
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Figure 3.2 Schematic of (a) SMAW and (b) A-TIG wgtht specimen.

3.5 Uniaxial creep machine

The creep testing was performed according to thEMStandard E 139 [96]. Single

lever ATS’ creep testing machines having a lever ratio of1D were used in the

investigation (Figure 3.3). The machines were gogipwith a 3-zone split furnace

with independent power control units. All the craegts were performed at a test

temperature of 923 K. Temperature was measured) usimype thermocouple and
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throughout the creep tests the variation was maiedawithin the range of + 2K.
Elongation measurements on the specimen were deing UWVDT attached to the
extensometer which was fastened to the specimen.rdsolution of the LVDT was
0.001 mm. Though the creep curve of the composaiel yoint is of no significance
due to the non-homogenous deformation across tfiereht regions, elongation
measurements were useful for interrupting the ctes{s before the onset of tertiary.
Such interrupted tests were useful for studyingdiscation sub-structural evolution

of weld joints.

Figure 3.3 An AT8 creep machine used in the study.

3.6 Impression Creep Testing (ICT) Machine
To evaluate the creep properties of the variousonsgin the weld joint, the

impression creep testing system was used (Figute B this testing, a constant
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compressive load was applied against a small volofrepecimen using a tungsten
carbide (WC) indenter. The indenter used in thislgtwas a flat ended cylinder with
a diameter of 1 mm. The typical dimensions of thecémen was 25 x 10 x 10 mim
and consisted of all the three regions (fusion zdweat affected zone and the base
metal). The penetration of the indenter into thecgpen was monitored against the
elapsed time. The testing was done in vacuum afratd0° mbars, to prevent the
oxidation of the indenter and the specimen surfate. displacement of the indenter
was monitored using an LVDT attached to the loathtrwhich had a resolution of
0.001 mm. The loading was performed using a leuar system with a ratio of 1:10.
Continuous cooling was provided in the vacuum chamising chilled water to
prevent any possible damage in the O-ring which ugesl for vacuum sealing. Data
was recorded in a PC based on-line acquisitioresysAll the tests were carried out
at 923 K with punching stress levels ranging frodl-§60 MPa. A scaling factor of

0.33 was used to convert the punching stress tartlaxial stress [98].

Figure 3.4 Impression creep machine integrategovacuum system.
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3.7 Automated Ball Indentation (ABI) Machine

A Stress-Strain Microprofe(SSM) (Figure 3.5) which was based on the primcigfl
automated ball indentation technique (ABI) was ugedbtain the tensile properties
of the various regions of the weld joint. A sphalisilicon carbide indenter with 0.76
mm diameter was used in the analysis. The systensists of a stress-strain
microprobe (SSM) which was fully automated and badosed loop for feedback
mechanism consisting of load cell, LVDT and compuléde testing was carried out
at 923 K on specimen which had dimensions of 2®x 1.0 mni. The indentation
loads and the penetration depths were convertéd ihe uniaxial stress-strain plots

by semi-empirical relationships [99].

Figure 3.5 Automated Ball Indentation testing maeh

3.8 Microhardness tester

Walter UHL-VMHT® Vickers microhardness tester employing a loadQff and 200
gf for 15 seconds was used to obtain the hardrnedies across the various regions
in the weld joint. The specimens were polishedaifp um surface finish and etched

before acquiring the hardness values. The equipnvast calibrated using standard
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blocks of known hardness before testing. The membhess was performed in
accordance with ASTM standards E384 [100]. Themesd profiles were taken in the

as-welded condition.

3.9 Optical metallography

Specimens for metallographic examination were etéchfrom relevant regions and
polished upto a surface finish of 1 um. SiC gripgrd were used upton finish,
beyond which diamond suspension was used. The rspasi were cleaned using
ultrasonic cleaner both before and after etchingetoove possible dust and residue
adhering to the specimen surface. The specimens wlectrolytically etched at a
current density of 0.75 mA/nfmfor 15 seconds [97]. The electrolytic solution
composed of 60% HN{and 40% demineralised water. The duration of atglnas a
critical parameter which affected the microstruatdeatures in the specimen. Figures
3.6 (a) and (b) show the microstructure obtainedr aflectrolytically etching at two
different time periods. It can be seen that in ¢aee where the duration is shorter,
only austenitic grain boundaries were visible. kEtghfor longer durations revealed
even the orientation of delta ferrite. Optical msxopic analysis was carried out

using Carl Zeiss Axio Obsenféequipped with a camera and a PC interface.

Figure 3.6 Austenitic stainless steel fusion zotobed using 60 % HNQand 40 %
H,0 solution for (a) 10 s and (b) 30 s at a curremsity of 0.75 mA/mrh
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3.10 Scanning electron microscope (SEM)

Analysis using SEM was carried out on opticallyigioéd specimen and the failed
specimen for fractographic analysis. The SE mode wgzd during the fractographic
analysis, whereas both the BSE and SE mode wem faseanalyzing optically
polished specimens in the etched condition. Thenatibn of elemental distribution
adjacent to weld pass interface was carried ougusnergy dispersive x-ray spectrum
(EDS) analyzer attached to the SEM. The SEM charaettion was done using Carl

Zeiss Supra 55FEG-SEM.

Orientation Imaging Microscopic (OIM) analysis waarried out on EBSD data
obtained using the same FEG-SEM. Specimens for EBS[stigation were
subjected to controlled polishing using colloididica (0.03 pum) to relieve the stress
which would have been induced during polishing. ther EBSD analysis the electron
gun was subjected to an accelerating voltage d#\20The specimen was placed in a
70° pre-tilted holder at a working distance of arxdu6 mm. The distance between
the specimen and phosphor screen was 178 mm amdiexing algorithm based on
eight detected bands was utilized. AZteoftware was used for data collection and
HKL-Channel 5 software was used for post processing of the d&B&D analysis
was carried out to obtain the localised strainritistion in the material by correlating
misorientation with strain. In this thesis, the Kelr Average Misorientation (KAM)
mapping was done using the HKL-Chann@lsbftware. In addition to this an attempt

has been made to estimate strain by a newly deseleppirical correlation.

3.11 Transmission electron microscope (TEM)
Specimens for TEM analysis were extracted fromrépeesentative locations in weld

joint using slow speed saw cutting. They were sgbestly thinned down to a
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thickness of about 100 um by mechanical polishidigcs of 3 mm diameter were
punched from these specimens and were furtheretidown using Struers Tenufol
dual jet polishing machine to obtain an electransparent region. The electrolyte
used was 10 % perchloric acid and 90 % methonad. t€mperature of the bath was
around 233 K and the voltage used was 20 V. Theeguwaried between 50-80 mA
during the thinning process. TEM analysis was edrmout using Phillips CM200

TEM with an accelerating voltage of 200 kV.

3.12 Finite element analysis

Finite element analysis of stress and strain distions across the weld joint on creep
exposure was carried out using ABAQU&rsion 6.11 finite element solver [101].
Only a portion of the weld joint specimen was siatetl in the model after
incorporating appropriate boundary conditions. Phaditioning of each region of the
simulated geometry was based on microstructure hemdness measurements. The
tensile properties of the individual regions in theld joints were obtained by ABI
technique and the creep properties were obtained IST technique. The Hollomon

equation ¢;= K e5' , whereo, is the true plastic strairg, is the true plastic strain, K
q t p P

is the strength coefficient and the stress exponent) was used to simulate thielas
plastic behaviour, the Norton's creep equatiqrr Ac™, whereé, is the steady state

secondary creep rate, is the stress, A and;rare temperature dependent material
constants) was used for visco-plastic analysis.i#sddl mesh sizing was used at

regions near the interface.
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Chapter 4
Microstructural Inhomogeneity and its Influence

on Creep Properties

4.1 Introduction

In this chapter, the microstructural inhomogeneaityoss the multipass weld joint of
316LN stainless steel and its consequence on tbepcdeformation and rupture
behaviour of the joint have been investigated, y@®ml and discussed. The basis
behind evolution of different morphologies of deferrite across the weld pass
interface in the as-deposited fusion zone is ptegenThe variation in dislocation
substructure in the fusion zone containing theed#iit morphologies has been
elucidated with transmission electron microscopmalgsis. EBSD analysis using
misorientation profile and microhardness investayaacross the weld pass interface
were used to support the findings of TEM analy$ise influence of microstrctural
inhomogeneity on creep cavitation in the weld jdias been critically examined. The
theory of creep cavity evolution in the fusion zarentaning delta ferrite has been
revisited to explain the localised damage in theepr tested specimen. TEM
characterization has been carried out on creegdespecimens to explain the
variations in dislocation evolution and precipibatibehaviour across the weld pass
interface on creep exposure. SEM examination offailed weld joints was carried
out to study how the microstructural inhomogeneifluenced the fractography. The

conclusions drawn from this investigation set threalion for further studies.

4.2 Microstructure of the as-deposited weld joint
Multi-pass SMAW fusion joining process was employedpreparing the weld pads.

The parameters used during the fabrication of tk&wwad are given in Table 4.1
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Macrostructure of the weld joint in as-received diion is shown in Figure 4.1,
indicating the regions from where the creep specimas extracted. The sections
along which hardness values were obtained aresilewn in the figure. The weld
joint broadly consisted of as-deposited fusion zdwat affected zones (HAZ) in base
metal on both sides of deposited fusion zone ampdbttse metal unaffected by the
thermal cycles resulting from the multi-pass weidprocess. The grain size of the

heat affected zone was marginally larger thandh#te base metal.

Table.4.1 Welding Parameters.

Electrode Size (mm) 3.15
Current (A) 150
Voltage (V) 25

Travel speed (mm/min) 180

Base Metal v Weld =

Figure 4.1 Macrostructure of the as-weld joint simgaX-X' and Y-Y sections where
hardness values were taken, the dashed line shmvmegion from which the creep

specimen was extracted.
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Microstructure across the fusion zone was inhomeges as it consisted of two
different morphologies of delta-ferrite namely véuatar and globular. The
morphology transformation from vermicular to gladubccurred in the previous pass
adjoining to the weld pass interface. Figure 4.8wshthe regions corresponding to
the different morphologies of delta ferrite acrtiss weld pass interface. The figure
also shows the locations where the EDS and TEMysaisawas performed. The
vermicular delta ferrite region, as the name inidisaconsisted of interconnected
delta-ferrite packets present in the inter-derdrdnd grain boundary regions of
austenite (Figure 4.3(a)). This morphology was tbumregions which had not been
affected by weld thermal cycles caused by subsequeld bead deposition. This
morphology constituted a major volume of the degeadsifusion zone. Ferrite of
globular morphology was present in region neaheweld pass interface over which
the subsequent weld pass was laid; in other warchni be said that this region is the

‘heat affected zone’ in the fusion zone (Figurgd)3

Vermicular
ferrite region

‘Weld pass
interface

150 pm Globular
ferrite region

Figure 4.2 Schematic showing the location of the morphologies of delta ferrite
and the representative regions where EDS anabsisés TEM specimens were

extracted.
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Figure 4.3 Microstructure of as-welded fusion z@m®wing delta-ferrite with (a)

vermicular and (b) globular morphologies.

4.2.1 Evolution of various mor phologies of deltaferrite

The solidification in the fusion zone proceeds mway that some residual delta ferrite
Is retained to prevent hot cracking [51,102]. Edeming solidification, the variation
in morphologies of delta ferrite have been repodgrd this is attributed to localised
changes in composition and cooling rate adjacenthéo solidification front. The
formation of various morphologies in the austerfitision zone has been discussed in
detail in Chapter 2 [72]. The four morphologies ethiwere observed in austenitic
steel fusion zone are-vermicular, acicular, latmd alobular. In this study, the
prominent morphology of the unmodified delta feriin the fusion zone was
vermicular, although traces of lacy morphology doalso be seen. The vermicular
morphology constitutes a continuous skeleton oftadéérrite aligned along the
primary growth direction. The lacy morphology alsmnstitutes delta ferrite oriented
towards the growth direction but it contains conapigely thinner structures. The
similarity between these two morphologies aparimfrbeing oriented along the
primary growth direction is that they are continsdwaving higher surface area to
volume ratio. Since the creep cavitation associatéd both vermicular and lacy

structures were found to be similar, separate dson on damage in delta ferrite
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region containing lacy morphology has not beengmtesl in this work. Delta ferrite
with acicular morphology was not observed in thigdg as the Cr/Ni equivalent of
around 2 is required for its formation [72]. In theesent study, the calculated Cr/Ni
equivalent was 1.6, which was lower than what veamiired for acicular morphology

to evolve.

Due to the exposure to subsequent thermal cyclear@w region of the previous
weld passes are subjected to changes in morphaloghange from vermicular to
globular. Measurements using feritscope showedacten of FN from 5 to 3; this is
possible due to dissolution of delta ferrite intsi@nite [72] during subsequent weld
pass deposition. But the values obtained by thaséepe should be taken with
caution as the probe diameter was comparable tovitid of the region which had

globular ferrite.

4.2.2 Hardness variation across thejoint

The variations of hardness across base metal-filegteml zone to fusion zone-heat
affected zone-base metal (X~3ection in Figure 4.1) and across crown to roetY(’Y
section in Figure 4.1) are shown in Figure 4.4. Tuwon zone in general exhibited
higher hardness than the base metal. This is dubetdigher dislocation density
resulting from the stresses developed during comtraof the liquid weld metal pool.
The dislocation substructure evolved in the fuszone is often comparable to that
obtained after heavy cold working [103]. The hdtg¢aed zone in the base metal also
exhibited higher hardness than the base metal; ithisttributed to increased
dislocation density produced by weld thermal cyd&84]. The hardness values
increase from crown to root (in the Y~%ection) of the joint because the fusion zone

in the root region experiences comparatively highenber of weld thermal cycles.
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The appreciable scatter in hardness is observed tduthe inhomogeneity in
microstructure caused by multi-pass welding. Talgtthe origin of the scatter in
fusion zone hardness more precisely, the hardressation between successive weld
passes was investigated (Figure 4.5). The globdédia-ferrite region, exhibited
higher hardness than that of the vermicular feratggon. Reduction in ferrite content
in the globular morphology would decrease the hesdras it is a stronger phase than
austenite at ambient temperature [105]. But theeeme in hardness in the globular
ferrite region suggests that there could be chaimgdsslocation substructure brought
about by the ‘thermo-mechanical effect’ inducedthg thermal cycle generated by
subsequent fusion zone deposition. Thermo-mechangzament usually refers to the
microstructural effect induced by an external cointf load, strain, strain rate and
temperature. But during a multi-pass welding, theations in all these factors are
controlled by weld thermal cycle, intrinsically.i$tthis thermal cycle which generates
an internal constraint and consequently modifiesrthcrostructure and property. In
this thesis the ‘intrinsic thermo-mechanical effast simply referred as ‘thermo-

mechanical effect'.

4.2.3 Didocation substructurein the as-deposited fusion zone

TEM micrographs of the vermicular and globulariterregions of the fusion zone are
shown in Figures 4.6(a) and (b), respectively. iriterconnected delta-ferrite could
also be seen in this TEM micrograph along with carapvely less dislocations in
both delta-ferrite and austenite, wheras the ghlbukgion exhibited a forest
dislocation structure even within delta-ferrite.dfen and Thomas [68] had indicated
that in the fusion zone of stainless steels, thetodation density in austenite is
considerably higher than in delta ferrite. Thidige to the difference in the thermal

coefficient of expansion between the two phase® distenite/ferrite boundary in
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particular had significantly higher dislocation déy when compared to the bulk. The
gradient in the stresses which developed due tactimdraction of delta ferrite and
austenite during solidification is highest at tmerface, which resulted in higher
dislocation density. In case of the region contajniglobular ferrite, tangled
dislocation structures could be found even witliia telta ferrite. This dislocation
sub-structure within the delta ferrite is likely twave evolved while laying the
subsequent weld passes and would not have evoluedgdsolidification. The

dislocation forest structure (Figure 4.6(b)) result strengthening of this region

[108].

Figure 4.6 TEM micrograph of the as-weld materidlowing (a) vermicular
interconnected delta-ferrit)(and (b) globular delta-ferrite with higher depsaf

dislocations.

4.2.4 Orientation gradients estimated by EBSD

EBSD maps give the orientation relationship betwienindividually scanned pixels

and the specimen orientation. These orientaticatioglships can give an estimate of
the strain induced in the material. A more detaitkscussion regarding usage of
EBSD technique for strain measurements is present€thapter 7. However, a brief

discussion is presented in this section.

64



Chapter 4: Microstructural Inhomogeneity and its Influence on Creep Properties

In the solution annealed condition or in an unsgdi material, the orientation
gradients within a grain are negligible, therefallethe pixels scanned within a grain

show similar orientation relationship with respecthe specimen co-ordinates.

N - 200 |} EC+c1-3; Step=0.5 pm; Gid 7553565

(b) ——Line 1
| —O=Line 2

Misorientation angle, degrees

0 25 50 75 100 125 150
Distance,um

Figure 4.7 (a) EBSD map showing the regions whieeearientation line scans were
obtained and (b) orientation profiles taken on ezitiide of the weld pass interface

along these lines.
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When strain is induced in the material, the origotagradient within the grain also
increases. Therefore, the estimation of the miatateon of the pixels, with respect to
a reference pixel within the same grain, can helguantify the strain induced in the
grain. The misorientation profile obtained from tB&SD is popular method for

estimating the strain gradients [107] in enginegnraterials.

EBSD map indicating the profile vectors along whitie orientation values were
obtained is shown in Figure 4.7(a). The profileteex were around 150 microns in
length and proceeded from the grain interior toviledd pass interface boundary. Both
the misorientation profiles were plotted with restp® the orientation of the initial
pixel (Figure 4.7(b)). It was observed that for p&in in the previous pass the
orientation gradients were significantly high whasmpared to the gradients in the
grain of the subsequent pass. The results areenwith the observations made from
TEM and hardness studies. The laying of subsequesses generates thermal cycles
which result in localised expansion and contractiona narrow region of the
previously solidified fusion zone. The materialtire bulk (far from the weld pass
interface) resists the localised expansion andraotibn thereby inducing strain in
regions along the weld passes. This induced ‘thamaochanical’ effect results in

strengthening this narrow region near the weld p#ssface.

Microstructural characterization carried out on idas zone of the as-welded
specimens generated the following observations. réeThare two types of
microstructural inhomogeneity which occur in theifun zone, both of which arises
due to the laying of subsequent pass over the quelyi deposited fusion zone. One is
the change in delta ferrite morphology and othéhésmodification in the dislocation

substructure. These changes in microstructure omtthin a narrow region on the
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previously deposited weld pass adjacent to the wealss interface. Though these
changes occur in the same region, the driving fdoceboth these microstructural
modifications is different. The morphological changccurs due to shape instability
of delta ferrite whereas the substructural evofutaxcurs due to plastic strain to
redistribute the localised stress gradients. Tloeegfthe extent to which both these
modifications can occur in the previous pass walgb vary. The extent to which
both these variations can occur would be diffefearh the root to the crown regions.
Since the root region experiences considerably mtrermal cycles, the

microstructural inhomogeneity across the weld passface may not be significant
as repeated thermal cycling annealed out diffei®mntenicrostructure. On the other
hand, the crown region is subjected to comparatileaer number of thermal cycles,
thus the inhomogeneity across the weld pass ierfgas more prominent in this
region. The specimens on which the creep tests vaareed out were extracted from
the central region of the transverse section, wknokld delineate the possibility of

any extreme variations in microstructural gradross the weld pass interface.

It was not possible to clearly demarcate separatiedy modification caused by
morphological and substructural changes throughetisting characterization tools.
However, through hardness values it was deterntim&ckhe distance up to which the
microstructure hardened was around B0 from the weld pass interface in the mid
transverse region of the weld joint. There was ifigant scatter in the width of the
modified globular region. In this study, it has bessssumed that the extent to which
both these microstructural modifications occurred the previous weld pass
overlapped each other. Hereafter, globular regsoreferred to as regions containing
globular delta ferrite and the hardened microstmectue to the ‘thermo-mechanical

effect’. The vermicular region refers to region @ning vermicular delta ferrite
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morphology and comparatively softer microstructuith lower dislocation density.

4.3 Creep rupture properties

A comparison between creep rupture lives of theebastal and cross weld joints
tested at 923 K at various stress levels is showngure 4.8. The rupture life of both
the base metal and weld joint increased steaditl1 decrease in applied stress. At
higher applied stresses, the life of the joints #mel base metal are comparable.
However, the rupture life of weld joints is subgialty lower than that of the base
metal, at relatively lower applied stresses. THiedince in creep rupture life between
the base metal and weld joint increased with deer@a applied stress and for longer
test durations. Failure of all the weld joints aced in the fusion zone region
indicating that this region was the weakest linkeTmicrostructural instability of
delta ferrite contained in weld region at elevattperatures is the prime reason for
the reduction in creep rupture life of weld joinh@n compared to that of the base
metal. Since the transformation of delta ferrite dottle intermetallics is time
dependent, the difference in rupture life of thedanetal and weld joints increased

with longer creep exposure.
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Figure 4.8 Variation of rupture life with appliettess.
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4.4 Creep ruptureductility

The variations of creep rupture ductility with goeipture life of both the base metal
and the weld joint are shown in Figure 4.9. Forwledd joints tested at stress levels of
200 and 225 MPa, the ductility values were lowantlthat of the base metal though
the rupture lives were almost equal. This is beedasure in the base metal occurred
by excessive necking resulting in higher valuepatentage elongation. Whereas, in
the weld joint elongation values were lower asuf&loccurred due to the complex
stress state generated by the 'metallurgical natsulting from creep strength

inhomogeneity across the joint. Creep ductilityrdased with creep exposure for the
weld joints whereas it increased for the base méta¢ gradual reduction in creep
rupture ductility in the weld joint can be attribdt to the time dependent creep
cavitation phenomenon [67]. Therefore, the dugtMialues of the weld joint can be

directly linked to the amount of delta-ferrite tséormed (Figure 4.10) and the

associated damage caused by cavitation, detailshath will be discussed in the

subsequent sections. The transformation of dett#dfavas almost complete for the

weld joint with longest rupture life, which showtt least ductility.
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Figure 4.9 Variation of rupture elongation with tu life.
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Figure 4.10 Variation of residual delta-ferrite hviupture life.

The percentage reduction in area plotted agaimgtre life is shown in Figure 4.11.
The percentage area reduction measured at theefailcinity is a better measure of
ductility in weld joints as it quantifies the los#d deformation characteristics. The
elongation measurements take into considerationdéfermation characteristics of
the base metal region of the weld joint also. Simeeking was less significant in the
weld joint, the values of percentage area reductvas lower than that of the base
metal under the same testing condidtions. The poeseof ‘as-cast hardened
microstructure’ containing higher dislocation déynsn the fusion zone region resists
necking and consequently its values are signiflgaotver. As observed in case of
percentage elongation values, the percentage feduict area for the weld joints
reduced even further with rupture life due to tbe Wductility failure associated with
creep cavitation which is discussed in detail & fillowing section. The trend in the
plot of percentage area reduction is similar tot tbh the elongation plot. The
difference however, lies in the values obtainetligher stress levels. Since the area
reduction was calculated from the location veryrriba failure tip, these values was

considerably lower than the elongation values.
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The three main causes of failure after the onsdemifary creep have already been
reviewed in Chapter 2; they are 1) mechanical bty caused by necking, b)
microstructural instability resulting due to theeplomena like second phase particle
coarsening and c) formation of linkage of cavitiédghile in the base metal failure
grossly occurs by excessive necking, for the weildt jthe formation of cavities in the

fusion zone is the primary cause for failure.

4.5 Microstructural evolution during creep

Microstructure of the weld joint tested at 175 Métowed intragranular cracking in
the vermicular regions adjoining the weld passriate (Figure 4.12) whereas
regions with globular morphology did not exhibityanracking. The micrograph

clearly indicates that vermicular region is morscaptible to creep cavitation. For the
weld joint tested at 225 MPa, damage caused by araeitation in the fusion zone

was not significant. This is because exposure egatbd temperatures is for shorter
durations in this weld joint, which circumvents tdemination of 'time dependent'

creep cavitation process. The reason causing prefal creep cavitation for the weld

joints subjected to relatively lower stress leuslexplained in the following section.
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4.5.1 Evolution of creep damage during creep testing

The creep damage evolves in the fusion zone in digtnct stages. First is the

transformation of delta ferrite in to brittle inteetallic phases and secondly the
nucleation and propagation of creep cavities forrakuhg the intermetallic/matrix

interface.

]

Figure 4.12 Intergranular cracking occurring prefgially in the vermicular region
for the weld joint tested at 175 MPa.

Stage 1 : Elevated temperature transformation of delta-fefias been widely studied
in austenitic stainless steel welds [69] and hanlpresented in Chapter 2. However,
a brief summary is given in this section for systtmunderstanding with relevance
to the current investigation. The transformatiomatences with the formation of
continuous beads of MCs at the austenite/delta-ferrite interface. On pugkxd
exposure, the formation of carbides results in c&do of ferrite stabilizing elements
in the austenite region especially adjoining thetenite/delta-ferrite interface; this
causes the delta ferrite to shrink in size. Onhertexposure, ferrite stabilizing

elements like Cr and Mo diffuse into delta ferrifdne diffusion of these elements is
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also aided by dissolution of Cr rich,§Cs precipitates which are abundantly available
adjacent to the austenite/delta-ferrite interfétea certain stage, the amount of ferrite
forming elements in the delta ferrite is sufficidot the precipitation of intermetallic
phases such as y andmn. Further exposure leads to coarsening of thesapmised
intermetallic phases. During creep exposure, pitatipn of these phases is enhanced

than in thermal aging due to the stress inducddsidn of the elements [70,71].

In light of the above discussion it is clear thHet £ssential factor for the precipitation
of intermetallic phases is the diffusion of Cr avid [108]. A continuous network of
delta-ferrite results in higher delta-ferrite/awste interface boundaries which results
in easier diffusion of these elements. As a consecg, the continuous morphology
act as better nucleation sites for intermetallics.the present investigation, the
globular morphology consisted of isolated deltaHer which lowers interface
boundaries. Thus the transformation of delta-fernto carbides and intermetallics is
delayed in regions where delta ferrite exhibitedbglar morphology. Figure 4.13
shows the variations of contents of Cr and Mo mtilansformed intermetallic phases
with increase in creep exposure, estimated by Eixgred with SEM, in both the
globular and vermicular region of the fusion zoftecan be clearly seen that the
enrichment of Cr and Mo in the intermetallics ptsas&as higher in the vermicular
regions when compared to the globular regions. Bleh@an be ascertained that the
transformation of delta-ferrite into carbides antermetallics could readily occur in
the vermicular region than that in globular regi@nssolution of delta ferrite into
austenite is also possible during subsequent wadd deposition and this can reduce
the delta ferrite content in the globular ferriggion as mentioned earlier. Since, the
variation in delta ferrite content in the vermigu{(a@5 FN) and globular ferrite (~3

FN) regions was quite low the influence of variation initial delta ferrite content on
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creep cavitation is negligible for the weld jointsder current investigation.
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Figure 4.13 Variation of Cr and Mo content in tfamsied regions with rupture life.

Stage 2: Damage during creep of stainless steel weldsrasudt of the transformed
intermetallics has been reviewed by many reseasch&rsequence for damage
evolution which has been given by Senior [71] &bekated in more detail below with
the knowledge about the underlying creep cavitgbioenomenon [21].

1. Nucleation of cavities- There can be two possibechanisms for cavity nucleation
in austenitic steel weld metals.

(a) The strength mismatch between the austenite and prior ferrite transformation
products- while the austenite undergoes plastic deformatiba harder precipitates
deform elastically under the influence of an exakrstress. After a critical strain
accumulation, cavitation occurs at the interfad®]lof the austenite and transformed
intermetallics on rupturing the bond.

(b) Obstruction of grain boundary sliding by the precipitated intermetallics- since the
facet length of the austenitic grains is higher tu¢he larger grain size in the fusion
zone, significant sliding can occur. This slidindhem obstructed by transformed

intermetallics can cause stress concentrationtieguh creep cavitation.
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2. Propagation of cavities-If the morphology of thelta ferrite is more continuous,
the crack propagation is enhanced. In situationsere&vhthe morphology is
discontinuous, the crack is arrested at the austemtrix. Greater stress gradients are
required for further propagation of the cracks.r #@ weld joint under the current
investigation the orientation of the majority ofetleracks to the loading axis was
around 45-60° (Figure 4.12) indicating that the l@gpstress is the main driving
mechanisms for failure [30]. The influence of theottypes of microstructural

inhomogeneities on the creep damage sequencessnped below.

4.5.2 Influence of morphological changes of deltaferrite

Since vermicular morphology is continuous, transfation of delta ferrite into
intermetallics is more favourable in this regionhem compared to the region
containing globular morphology. As a consequenagiing creep exposure the
vermicular morphology serves as preferred nucleasite for cavities. It has been
already shown by Thomas [90] that a more contirdrita ferrite morphology results

in significant creep cavitation during creep expesu

Propagation of cavities is also dependent on thephwdogy of the prior ferrite
transformed phases. Vitek and David [82], in tm#estigation on 308 stainless steel
welds have shown that even though the precipitatfosigma phase is enhanced due
to titanium addition, its distribution was morelsted and homogenous. This was in
contrast to the more continuous sigma ferrite molgdy which evolved in the fusion
metal containing less titanium. It was shown byrihteat the continuous morphology
was more detrimental and resulted in lower cre@pure life. Thus the propagation of
cavities would occur more readily in the vermiculagion. Cavity growth occurs as a

consequence of deformation caused by diffusiorastic flow.
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4.5.3 Influence of didocation substructural variations

The hardened region in the previous pass setsatpeagth gradient across the weld

pass interface, which during creep results in stetegss gradients. The resultant

gradients across the interface causes stressriledlistn in the comparatively softer

vermicular region. Hence it can be concluded thanges in dislocation substructure

provides the driving force for nucleation of cae#i The hardened region also resists

the propagation of creep cavities thereby delafaiigre. The realtive contribution of

the two microstructural inhomogeneities to creemalge is summarised in Table 4.2.

Table 4.2. Contribution of the two types of micrastural inhomogenities on the

cavitation behaviour of weld joints.

Various stages during
creep cavitation

Microstructural
inhomogeneity caused by
mor phological changes

Microstructural
inhomogeneity caused by
dislocation sub-structural
changes

Preferential precipitation g
intermetallics in one side ¢
the weld pass interface

f Contributing factor

fDue to the more continuod

morphology precipitation o
intermetallics occur readily i
the vermicular morphology

f

-

Not a contributing factor

S

Nucleation of cavities unde
the influence of externd
stress

rContributing factor

I1Since the precipitation g

intermetallics occurs faster
vermicular  region, cree
cavities are likely to ge
nucleated in this region.

f

P
it

ndeformation

Contributing factor

The preferential plasti
of the softe
vermicular region results i
cavity nucleation caused K
stress concentration at th
matrix/intermetallics interface

Propagation of creep cavitig

sContributing factor
A vermicular morphology o
delta ferrite results in

continuous morphology d

transformed intermetallic
making cavity propagatio
easier

= ) =

Not a contributing factor

Arrest of creep cavities

Not a contributing factor

Contributing factor
The strengthened region in t
previous pass is more resista

to crack propagation henc

these cavities are arrested at

ant
e
the

interface.
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Both these microstructural modifications complemeath other and are responsible
for the resultant preferential creep damage in ©ide of the weld pass interface. It
can be inferred from the Table 4.2 that each of dteges associated with the
nucleation and growth of cavities is primarily degent on the applied stress. With
the decrease in the applied stress, the failuresechiby the creep cavitation is

postponed to longer durations.

4.5.4 Didlocation substructural changeson creep exposure
The evolution of dislocation substructure in theifm zone has been studied in detalil
for one short term test (applied stress 175 MPatura life 1300 hours) and one long

term test (applied stress 120 MPa, rupture life078@urs).

Figure 4.14 (a) Dislocation pile up, (b) slip bandsvermicular region and (c)

subgrain formation in globular region after creegting at 175 MPa.
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The weld joint tested at 175 MPa showed dislocagib® ups and slip bands in the
vermicular region (Figures 4.14(a&b)). However e tglobular region, the onset of
subgrain formation could be seen (Figure 4.14(€jgure 4.15 (a) shows the

dislocation substructure in the vermicular regiéthe weld joint tested at 120 MPa.

The cell structure which is a characteristic featoccurring due to the onset of
recovery is clearly visible along with coarsenetkimetallics. EDS spectra on these
intermetallics revealed that they were Fe-Cr-Mo BfaiFe rich suggesting that they
could bec andn respectively (Figure 4.16). The TEM micrographetakin the
globular region also showed intermetallics and saibg (Figure 4.15 (b)). However,
the dislocation distribution inside the subgrainaswhigher in this region when

compared to those in the vermicular region.

hours) (a) vermicular region consisting subgraind precipitate A with Fe-Cr-Mo

and B with Fe-Mo enrichment (b) globular region whg the possible onset of

formation of subgrains.

The evolution of dislocation substructure duringegr of austenitic steel welds is well
documented [110, 85]. At high stress levels, foniarostructure containing relatively

lower dislocation density similar to what was olvgerin the vermicular region in the
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current investigation- planar slip is the princigformation mechanism and the
matrix resistance to plastic deformation is quite.lIn a cold worked structure with
higher dislocation density such as the one observéide globular region, subgrains
form which is the signature of recovery during grekeformation. Keown [68] has
shown that the kinetics of subgrain formation isifun zones containing delta ferrite
is faster when compared to the fully austenitiecntas steel welds. This is because
when solidification occurs in the fusion zone, paming of ferrite and austenite
stabilizing elements occur in the austenite andtéephase. This leaves more nickel
in the austenite phase. Nickel increases the stgdkult energy and this causes cross

slips to occur readily resulting in the formatidnsabgrains [68].
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Figure 4.16 EDS spectra of (a) precipitate A arydofbcipitate B.
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Although prolonged creep exposures (creep expasumver stress levels) produced
subgrains in the in both vermicular and globulagioas, there were some remnant
dislocations within the subgrains of globular regoThis suggests that the formation
of subgrains is not complete in this region. Thinmetallics in this region do not
influence the substructural changes as they arsidemrably coarse [110]. In the
vermicular regions the initial dislocations densigs less when compared to a more
tangled dislocation structure in the globular regioThe applied stress in this case
was not high enough for recovery mechanisms sudtiséscation climb to operate;
hence formation of sub-grains was delayed in tlmduwhr region. From the above
discussions it is clear that the only significamiiience of dislocation substructural
change on creep damage is the generation of diglaqgaile up and slips bands which
could have possibly enhanced the nucleation oftieavat higher stress levels in the
vermicular region [22, 23]. After the onset of dation, there would be no significant
influence of substructural changes in dislocatismsh as recovery on creep damage.
Though there were signatures of recovery, theydcowlt proceed further to form
stable subgrains. This is because recovery is daogealiffusion enabled dislocation
climb which is a time dependent process. After bn§eavitation in the fusion zone,
damage proceeds rapidly, limiting the operationsotifer deformation assisted

mechanisms.

It should be noted that significant segregation @ecur in the fusion zone duing the
solidification process. The seggregations can aifloence the caviation behaviour.
However, the observed cavities were confined tonder weld pass interface region
suggesting that the influence of morhological clemngnd evolution of the thermo-
mechnically treated zone are the most dominatimmjofa influening the caviation

phenomenon.
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4.6 Fractographic analysis

Fractographic analysis of failed specimens can mehanderstanding of the damage
mechanisms during creep testing. Figures 4.17 ah8 ghow the fractographs of
weld joints tested at 175 and 120 MPa, respectivlyce both the joints failed in the
fusion zone the dendritic facets were visible ithbie fractographs. It could be seen
from these figures that both the fractographs éonathfeatures relating to both brittle
and ductile failures. However, the extent to whicbse features were observed varied
with applied stress and rupture life. The preseoteluctile features denotes the
region where the final failure had occurred, tlEsairesult of a possible ‘overload’
caused by reduction in cross sectional area ddertaation and interlinked cavities.
The fracture surface of the weld joint tested ad MPa contained comparatively
more regions exhibiting interdendritic mode of diad (Figure 4.18). On the contrary,

the extent of ductile region was more in the weldtjtested at 175 MPa.

As discussed earlier the failure in weld joints dgused predominantly by the
nucleation and propagation of cavities. At a stitessl of 175 MPa, the creep cracks
originated at the interface between the transformeztmetallics and austenite. But
these cavities were arrested at the weld passfangeidue to the resistance of the
hardened globular region. The cracks which progabat the vermicular region were
intergranular in nature. After significant numbef cracks had nucleated and
propagated in the vermicular region, there is aicgdn in the load bearing cross
sectional area. This resulted in final ductileesl of the globular ferrite regions. In
case of the weld joint tested at 175 MPa, the éxdérductile features was higher
when compared to the joint tested at 120 MPa aspipded stress was high enough
to cause failure before there was significant rédadn load bearing cross sectional

area caused by intergranular cracking.
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Figure 4.17 (a) Fractograph of weld joint testedl@ MPa, (b) region showing
interdendritic failure and (c) regidd showing ductile failure.
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Figure 4.18 (a) Fractograph of weld joint testedl2® MPa, (b) regiol8 showing

cracks in brittle transformed intermetallics anfirégionD showing ductile failure.
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Therefore, failure in the sample tested at 175 M&aurred even without significant
intergranular propagation of the cracks. At thesdrlevel of 120 MPa, the time was
sufficient for transformation to occur in both tkermicular and globular regions,

hence the extent of ductile features in this weidtjwas lower.

4.7 Conclusions and motivation for further work

Multi-pass welding generates two types of micradtital inhomogeneities: one is
brought about by change in delta ferrite morphol@gyl the other by change is
dislocation substructure. Both these changes agerékult of the thermal cycle
generated during deposition of a new pass. Theseostiuctural changes play a
synergistic role in dictating the creep cavitataord propagation. The globular ferrite
region was more resistant to creep cavitation aadl & major influence in arresting

the propagation of cracks.

From the detailed analysis in this chapter, thefahg conclusion can be made. The
microstructure of the weld joint can be enhanced)greating regions in the fusion
metal which are more resistant to creep damagebam®laying the propagation of
damage induced by creep cavitation. The next twapihts demonstrate the use of

these two methodologies to enhance the creepfliteegoints.
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Chapter 5
Assessment of Thermo-mechanical Effect on

Creep Rupture Properties

5.1 Introduction

In the previous chapter it has been demonstratedthe two types of microstructural
features viz. morphological changes in delta ferahd 'thermo-mechanical effect’,
which evolved due to multi-pass welding, influentles creep rupture properties of
the weld joint. It will be interesting to assesg tinfluence of ‘thermo-mechanical
effect' alone, by minimising the effects of morgmtal change in the fusion zone.
With this perspective, the creep deformation amqdune behaviour of single-pass and
dual-pass 316LN SS weld joints fabricated by atégaungsten inert gas welding
(A-TIG) process has been assessed in this chaptes. A-TIG welding is an
autogenous process, where the ferrite contentarfukion zone is minimum as it is
dictated by the ferrite potential of the 316LN basetal only. The A-TIG is a welding
process where high weld penetration can be achiamddveld joints of thicker cross
sections could be fabricated in a single pass.fuisien zone in this case is devoid of
any further microstructural modifications as no seduent weld passes are laid.
Creep rupture properties of the weld joints madi w&n additional pass was studied
to clearly understand how the subsequent thermeleciwnwduced microstructural
gradient across the fusion zone. The effect of creavitation as a result of the
microstructural modification in the fusion zone tife dual-pass weld joint is
discussed in detail. Since the width of the indindregions in the high heat input
A-TIG weld joint were considerably higher when carmgd to those observed in the

SMA weld joint (Chapter 4), miniature specimen tagoe could be used to
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characterize the creep behaviour of each of thegiens. The localised deformation
behaviour which was obtained from miniature speaintechnique has been
augmented well with the microstructural findingsdamas helped to demarcate the

variations in cavitation behaviour of the singlel@lual-pass A-TIG weld joints.

5.2 A-T1G welding process

For fabricating thicker sections, several weld passze required to complete the weld
joint. Depending upon the welding process, intecatige preparation techniques is
also essential. Deposition of weld metal by subsetjpasses in a multi-pass weld
joint introduces more inhomogeneity in the fusiamne microstructure, which can
influence the performance of the weld joints athleigtemperatures during service.
Furthermore, reducing the number of passes incsehgeproductivity and decreases
the cost for joint preparation. With this perspeeta number of high energy density
welding processes like electron beam, laser beainAamlG have been developed.
Amongst these, A-TIG welding holds a definitive edg the sense that it can be very
easily augmented to the existing conventional systand does not require stringent
edge preparation. Other details of A-TIG joint fahtion are presented in Chapter 3.
This process has been successively demonstratedeiding of 316LN SS [111].
Weld joints produced by this process have showedkidaistortions and enhanced
creep rupture life. The presence of lower amourdetfa ferrite, which is unstable at
higher temperatures, in the A-TIG weld joint hagmeonsidered as the main reason

for enhanced creep strength of the A-TIG joint awer conventional TIG joints [76].

5.3 Fabrication of singleand dual-pass A-TIG joints
Single-pass joint was prepared by joining plated@fmm thickness with one pass.

For analyzing the creep behavior due to the depasif the second pass, a weld pad
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was fabricated with a dual-pass technique. Reduafahe heat input decreased the
arc penetration, hence an additional pass wasrezhjto complete the weld joint of

plates with similar thickness (10 mm). The secoasispn the dual-pass joint was laid
by inverting the plate consequent to the depositibthe first pass. The second pass
in the dual-pass joint was deposited in such a thay there was an overlap, which
was not extensive between the first and the sepaisdes. The welding parameters

used for fabrication of both the weld joints areegi in Table 5.1.

Table 5.1 Welding Parameters

Process Single-Pass Dual-Pass
Current (A) 300 200
Voltage (V) 155 13.5
Travel speed

] 60 80
(mm/min)
Heat input (kJ/mm) 4.65 2.03(each pass)
Interpass

423 K (150°C)

temperature

5.3.1 Initial microstructure

The initial microstructure of the fusion zone oéthingle-pass weld joint consisted of
columnar grain region adjacent to the base methkguiaxed grain in the central part
of the fusion zone (Figure 5.1(a)). In the creepcgpen extracted from the single-
pass weld joint, the columnar grains were pardlelthe loading direction. The
columnar to equiaxed transition during fusion zaodédification is reported to be
promoted by high welding speed and higher alloygagtents [112]. The presence of
the central equiaxed grain improves ductility of fbint and prevents centerline hot

cracking during welding
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Equiaxed
Grains

FirstPass

Figure 5.1 Macrostructure of (a) single-pass weldtj(b) dual-pass weld joint. The
region from where the creep specimens were exttaate shown. The region of the

dual-pass weld joint showing the overlap betweenpidisses (c).
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The fusion zone of dual-pass weld joint also cdadiof columnar and equiaxed
regions but the width of these regions was mucletatvan those of the single-pass
joint (Figure 5.1(b)). A small overlap in the fusi@aone of the two weld passes was
ensured to induce significant microstructural miedtion in the first pass. Columnar
grains in the central region of the fusion zonehaf second pass nucleated from the
equiaxed grains of the first pass. As a consequeincéhe dual-pass weld joint
specimen these columnar grains were almost perpdadito the loading direction
(Figure 5.1(c)). The size of the cells in the egadregion of the dual-pass weld joint
was smaller than that of the size of the cellshia $ingle-pass zone as these joints
were fabricated with comparatively higher weldipged and lower heat input [113].
The lower heat input and higher travel speed InNAHEG weld results in negligible
delta ferrite content in the fusion zone. The d#dtaite content in the dual-pass weld
joint was around 0.04 FN as against around 0.24nFihgle-pass weld joint. Despite
of lower delta ferrite content, A-TIG weld jointseanot prone to hot cracking. This is
because the A-TIG process is an autogenous proegssing no additional filler
material. Hence, there is no possibility of indgcelements like P, S and Si into the
weld pool, which promote hot cracking during welglinAnother possible cause for
enhanced hot cracking resistance is the lower uakgtress in the ATIG joints when
compared to conventional welding processes. Thectah of restraint in these weld

joints is a result of higher width to depth ratid ].

Figures 5.2(a,b,c and d) show the distributiodedta ferrite in various regions of the
fusion zone of both the weld joints. The deltaifericould be seen on the grain
boundaries of the columnar and equiaxed grain &b the weld joints. It could also
be noticed that the amount of delta ferrite in ¢lg@iaxed region was higher than in

the columnar zone. This is because the equiaxadmrrég the final region to solidify
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and excessive segregation of ferrite stabilizingmants occurs in this region
promoting the formation of delta ferrite [54]. Tlkelta ferrite content was much
lower in this study than what was observed in thétirpass joint discussed in chapter
4. This helped to delineate the influence of motpgical changes in delta ferrite on

the creep rupture behavior of the joint.
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Figure 5.2 Optical micrographs showing delta fermdistribution in (a) columnar
region and (b) equiaxed region of single-pass valtt (c) columnar region and (d)

equiaxed region of dual-pass weld joint. The arrowlécate delta ferrite phase.

Due to the increased heat input, there was sagmificoarsening of the grains in the
HAZ region of A-TIG joint when compared to thattbe SMA weld joints [115]. The
average size of the grains in the HAZ region in bo¢h the A-TIG weld joint was
around 200 um (base metal grain size-85 um) (Figu8e But the width of the

coarse grained HAZ region of the single-pass weidt jwas higher than that of the
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dual-pass weld joint. The width of the HAZ regioancbe linked to the volume of
fusion zone. The volume fraction of the fusion zavith respect to the base metal
within the gauge length of the creep specimen wasma 18% and 10% for the
single-pass and dual-pass joints respectivelyrdierato get a complete penetration of
the arc in the single-pass weld joint a higher heput was used, this resulted in
excessive dissolution of the base metal when coedptr the dual-pass weld joint

resulting in a higher volume fraction of fusion raand a wider HAZ.
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Figure 5.3 Microstructure in HAZ region of the dmgass weld joint showing

significant grain coarsening.

5.3.2 Hardness evaluation

Hardness profiles of single—pass and dual-pass ye#tds are shown in Figures
(5.4(a) and (b)) respectively. The equiaxed regibthe fusion zone possessed lower
hardness in the single-pass weld joint followedthy HAZ region. Higher hardness
in the columnar zone was due to the directionabldiation (Figures 5.1 and 5.2).
The equiaxed region has random orientation of graivhich enables easier plastic
deformation which resulted in lower hardness. & bhaen reported that the presence

of a softer equiaxed zone enhances the ductilith@fveld joints [116,117].
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Figure 5.4 Hardness profile of (a) single-pass uglgass and c) along weld centre
line of both the joints.
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The lower hardness in the HAZ was due to the prooed grain coarsening which
was observed in this region. This is in contrasth® hardness profile of SMAW
316LN SS weld joints (Figure 4.4), where the HAZgessed higher hardness. Due to
excessive thermal cycling induced by subsequensgsashe HAZ in SMA joint
hardened significantly. Both the single-pass anal-pass weld joints showed almost
a similar trend in hardness variation in all thgioas of the weld joint. However, the
hardness values in the first pass of the dual-pe$d joint was considerably higher
than the values obtained in the second-pass rd§igare 5.4(b)), which could be
more clearly seen in the hardness profile takensacthe transverse direction along
the weld centre line (Figure 5.4(c)). There wassignificant variation in hardness

across the transverse direction along the weldedine of the single-pass weld joint.

It has been shown that A-TIG weld joints have lowesidual stress in the as-welded
condition [114] when compared to conventional Tis. Therefore, the effect of
residual stress during high temperature creep exposas neglected considering

quick relaxation of this stress on creep exposure.

5.3.3 Substructural characterization by TEM

TEM micrographs of the single-pass and the duat-pesid joints taken from the

specimens extracted from the different regions fittva fusion zone are shown in
Figures 5.5 (a, b, ¢ and d). There were dislocapive ups (Figure 5.5(a)) in the

columnar region of the single-pass weld joint, ®sggigng the strain in this region was
considerably small [118] when compared to thatualgpass joint as discussed below.
The source of this micro strain is the shrinkagessies which the fusion zone is
subjected to during solidification. The TEM micragh taken in the equiaxed region

showed isolated dislocations (Figure 5.5(b)). THEMTmicrostructure taken in the
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columnar region of the first pass of the dual-gasg showed substructure consisting
of dislocation tangles (Figure 5.5 (d)) which wa®sren extensive than what was
observed in the second pass (Figure 5.5(c)). Thggested that the dislocation

interaction was more significant in the first paggen compared to the second pass.

Figure 5.5 TEM micrographs taken from various regiof fusion zone in as welded
condition (a) columnar region of single-pass (byiaged region of single-pass weld
joint (c) columnar region of second pass and (dyrooar region of first pass of the

dual-pass weld joint.

From the microstructural study and hardness prdflleen across the transverse
direction, the following conclusions can be madéweference to the deposition of

the additional weld pass in the fusion zone. Sitloe delta ferrite content is
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significantly lower in the A-TIG joint, the assatéd morphological changes are
negligible. The only significant microstructurabdification in the fusion region of
the first pass of the dual-pass weld joint is thenge in dislocation substructure
which strengthens this region. The deposition ef $kcond pass and the associated
thermal cycling induces a ‘thermo-mechanical treatthwhich is responsible for

strengthening the first pass.

5.4 Creep deformation and rupture properties

Uniaxial creep tests were carried out at 923 K arstresses of 140, 175, 200 and 225
MPa. The variations in rupture life of the baseahetingle-pass and dual-pass A-TIG
weld joints with applied stress are shown in Fighr@ The rupture life of both the
weld joints and base metal decreased steadily dettrease in applied stress level.
The rupture lives of both the weld joints were mdeto that of the base metal at all
the investigated stress levels. But the life ofdhal-pass weld joint was considerably
higher than that of the single-pass weld jointfdet, the lives of the dual-pass joints

were almost equivalent to that of the base methaighter stress levels.
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Figure 5.6 Comparison of rupture life variation lwépplied stress for the single and

dual-pass weld joint along with the base metal.
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Figure 5.7 Micrographs showing the failure location(a) single-pass and (b) dual-
pass weld joints tested at 923 K at a stress #vEr5 MPa.

The failure of both the weld joints occurred in tbsion zone as shown in Figures 5.7
(a and b). The typical creep curves of the basalmnghgle—pass and dual-pass weld
joints tested at 140 MPa are shown in Figure 5t dpparent steady state creep rate
in both the weld joints were comparable but werestantially lower than that of the
base metal. This could be attributed to the preseot the as-cast dendritic
microstructure in the fusion zone, which is morsis&nt to plastic deformation. It
has been shown by Monkman and Grant that the rififerof materials subjected to

creep is dependent on the minimum creep rate amesvaversely with respect to one
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another [32]. But in case of composite materiathsas weld joints this relationship is
not valid. This suggests that the deformation meisina linked to the steady state
creep rate is not the prime contributing factodetermining the rupture life of the

weld joints.
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Figure 5.8 Creep curves of the base metal, singds-pnd dual-pass weld joints tested
at 923 K and applied stress of 140 MPa. The inpeea tests on which TEM
examinations were performed are indicated.

5.4.1 Analysis of the creep tested weld jointsby TEM

The TEM analysis was carried out on specimens despd at 140 MPa interrupted
just before the onset of tertiary. For the dualspgénts, the creep specimens were
extracted from the second pass as the volume dradi the first pass in the creep
specimen was not adequate to prepare TEM specimedsal jet thinning technique.
The evolution of dislocation substructure duringegr of 316 LN base material has

been discussed prior to understanding the substal@volution in the fusion zone of

the weld joints.

As plastic deformation proceeds during creep, theessive dislocations rearrange

themselves to a low angle configuration which igally in the form of subgrains as
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shown in the micrograph of the parent base metagptested at 923 K at a stress
level of 140 MPa (Figure 5.9 (a)). The formatiorsab-grains, which is a signature of
the dominating recovery process, has been well deated for grade 316 stainless

steel base metals [110].

S00 pm

Figure 5.9 TEM micrographs of (a) base materialettsip to failure (rupture life
9279 hours) (b) columnar region of single-pass weidlt interrupted at 2500 hours
and (c) in the columnar region of dual-pass weldtjmterrupted at 5500 hours. Both

these specimens were creep tested at 923 K antP40
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It has been reported in this work that the disliocasubstructure evolution depends
on the interactions with solute/precipitates anteotislocations. For the weld joint

specimens under similar testing conditions, digiooa in the fusion zone of the

single-pass showed extensive bowing (Figure 5.9¢Eereas the dislocations in the
dual-pass weld joints had a wavy structure (Figbu®(c)). These images are the
typical micrographs taken over several regionsha TEM specimen. Though there
was significant change from the initial dislocatiamich consisted of pileups and
dislocation tangles (Figure 5.5), there was no@&we for the formation of sub-grains
in both these welds joints. As in case of the weldts fabricated by SMAW (Figures

4.16 and 4.17), for the A-TIG weld joints the damagduced by creep cavitation is
more dominant than the microstructural instabilitiguced by recovery processes like

sub-grain formation.

5.4.2 Influence of fusion zone volume

Before assessing the cause for failure in the yoatds it is essential to understand the
influence of fusion zone volume on the deformatbaracteristics. Although there is
no literature quoting the significance of fusionneovolume on the mechanical
properties of the weld joint specimens, it is q@pparent that the change in volume
of the fusion zone will have definitive role in tlieformation process. With the
increase in fusion zone volume, the extent of colamand equiaxed regions also
increases, resulting in wider regions having simiaicrostructure. Within these
regions, the variations in deformation behavioug Bkely to be insignificant. In
contrast to the single-pass weld joint, for a dueds weld joint the volume of all the
constituents is significantly lower. The heteroggnén microstructure is further
enhanced with the deposition of additional pase déformation mechanism which is

dependent on the microstructure is bound to varyensgnificantly across different
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regions of the weld joint. Hence, the volume of tbenstituent regions can
significantly influence the deformation behavioadaconsecutively affect the rupture
life. The single and dual-pass joints, exhibitechikir creep rate upto the onset of
tertiary creep (Figure 5.8). This suggests thatvémeation in fusion zone volume did
not have considerable effect on the deformatioratehn. However, increase in fusion
zone volume increased the region which is moreepigie to creep cavitation, which
during high temperature creep exposure reducedupiere life of the single-pass

weld joint by initiating the tertiary stage earlier

5.5 Evaluation of localized creep properties by Impression Creep Testing

In order to clearly understand the rupture behaviaiuthe weld joints, the creep
properties of the individual regions of the welihjohas to be assessed. Impression
creep testing (ICT) is one such miniature testimghhique which has been
successively used in estimating the creep defoomgiroperties of narrow regions in
the 316LN SMA weld joint [119]. Though the duratiohthe test is short it can give
valid details on the time dependent deformationabein of the material. The
penetration rate using this testing technique gites understanding of the creep
deformation behaviour of the material/region testepon. ICT on different
constituents of both the weld joints have beeni@adrmout at 923 K and at a punching
stress of 680 MPa. This stress is equivalent toiaxial stress of 225 MPa taking into
consideration the conversion factor 0.33 which Hssen used in previous
investigations [98] . Since the width of the eq@dxegion in the dual-pass weld joint
was comparable to the indenter diameter (1 mm)rdlgens adjoining the equiaxed
region can also contribute to the deformation pgec€are has been taken such that

major portion of the punched region was under tibended zone.
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The impression creep curves of the different ctunestits of the fusion zone, base
metal and the HAZ region of the single-pass jomd ¢éhe dual-pass joints are shown
in Figures 5.10 (a) and (b), respectively. Fordimgle-pass weld joint, the penetration
depth was highest in the equiaxed region followgdhe HAZ region for the same

test durations. However, the steady state defoomaéite of the HAZ was comparable
to that of the base metal. It can also be notetthigapenetration rate of the columnar
region was lowest when compared to all the othgiores; this could be because of its

hard directionally solidified microstructure.
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Figure 5.10 Impression creep curves of (a) singlespweld joint and (b) dual-pass

weld joint, the steady state creep rates are mesdiovithin brackets.
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In case of the dual-pass weld joint, the trendsha penetration rate of the various
regions in the first and the second pass were &inkd that of the corresponding
regions in the single-pass joints. However, in aasthe dual-pass joints there was a
well defined primary creep regime for the columragion of the second pass when
compared to the columnar region in the first pag® negligible primary creep in the
first pass could be possibly due to the hardenmuiyiced by the subsequent thermal
cycle during second weld pass. There was significanation in depth of penetration
for the first and second pass for the same testtidar This variation can generate a
constraint at the interface between the zones gdutie initial stages of creep
deformation, when strain accumulation is significdn the equiaxed region, there
was a prominent primary stage and this region etddbcomparatively higher
penetration rate than the adjoining columnar regrmrboth the passes which is

substantiated by the lower hardness values (Figdréa and b)).

Through the findings of the impression creep tgstihis concluded that the creep
deformation behavior of microstructurally distimegions in the weld joint viz, base
metal, HAZ, columnar fusion zone and equiaxed fusamne vary appreciably.
Variations in mechanical properties in the distiregions of the weld joint create

constraint during creep deformation. This constguthe 'metallurgical notch'.

In case of the dual-pass weld joint, where the réx¢d the fusion zone was lower,
such variations occurred within a smaller volumiee Presence of an additional pass
created regions with higher gradient in mecharpcaperties. Hence, it can be stated
that the 'notch' in case of dual-pass weld joird h@re acuity when compared to
single-pass joint. The presence of this 'notchhvhigher acuity resulted in longer

rupture life of the dual-pass weld joint due to &mted 'notch strengthening' (Figure
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5.6). Though with decrease in the applied stregsl| the constraints caused by the
changes in mechanical properties across the varegisns of the weld joint become

less significant, they still play a major role inateation of creep cavities.

5.6 Effect of additional weld passon creep cavitation

Despite the fact that delta ferrite content in kbl single and dual A-TIG weld joints

are significantly lower when compared to the SMAMA{s, they still act as potential

nucleating sites for creep cavitation. Figure Sshiws the cavities nucleating at the
intermetallic/matrix interface in the equiaxed wegiof the single-pass weld joint

tested at 175 MPa.

Spectrum 11

0 3 10 13 20 ket

Figure 5.11 (a) SEM image showing nucleation ofites (indicated by arrows)
along second phase particles (b) energy-disper¥ivay spectroscopic (EDS)

analysis on the second phase particle reveal¢dnbse were rich in Cr, Fe and Mo.
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The orientation of the delta ferrite with respezttite loading axis is also a critical
factor determining creep failure. In the columregions of the single-pass weld joint,
delta ferrite was found along the direction patatte the loading direction as a
consequence the initiation of cavitation in thigiom was not significant (Figure
5.7(a)). Cavities in this case initiated preferalhyiat the interfaces of the equiaxed
grains (Figure 5.7(a)) which were aligned perpeuldicto the loading direction. In
case of dual-pass weld joints, the creep cavitiedeated in the columnar region of
the second pass, but its propagation was interdeqitthe weld pass interface (Figure
5.12). A more detailed explanation needs to beentesl for explaining the cavitation

behavior in the dual-pass joints.

Figure 5.12 The arrest of creep cracks at the wa&s$ interface in the fusion zone of
the dual-pass weld joint tested at 923 K and agteess of 175 MPa.

In the previous chapter it was shown how the micuatural inhomogenity caused by
substructural and morphological changes, influatheecreep cavitation behavior of
the multi-pass SMA weld joints. Both these changes generated due to the
deposition of the subsequent weld pass. The ptatgn of intermetallics which is
the primary requirement for cavitation to commeioceurs readily in morphology

which is relatively more continuous. The strengtismatch between the two regions

104



Chapter 5: Assessment of Thermo-mechanical Effect on Creep Rupture Properties

is yet another attribute for cavity nucleation girdpagation. In case of the fusion
zone in A-TIG weld joints, the delta ferrite contésmconsiderably low, consecutively
the associated morphological changes which evoluengl subsequent weld pass
deposition is negligible. Therefore in these jaistsength gradients across the various

regions of the weld joints play a more pivotal rmalictating the rupture life.

~ * loading
_ Direction

Figure 5.13 Macrostructure of dual-pass weld joasted at 923 K and applied stress
of 140 MPa. The possible location where the cawematcould have initiated is

indicated.

Figure 5.13, shows the optical micrograph of thalghass weld joint which was
creep ruptured at 140 MPa. The sequence by whigtaga occurred in this joint due
to creep cavitation is more complicated when corgbao the single-pass weld joint.
As the morphological variation in the first and sed pass of the dual-pass joint is not
significant, transformation kinetics in both thesgions would be alike. However, the
propensity of cavity nucleation would be more ie 8econd pass. This is due to the

constraint created as a result of the gradientréngth across the weld pass interface.
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The boundaries of columnar grains in the second pastaining the transformed
intermetallics/M3Cs precipitate would be the likely initiation siterforeep cavities.
The propagation of the creep cavities were mor@guoced along columnar grain
boundaries which were oriented at angles close5towith respect to the applied
stress as indicated in Figure 5.13. It is at thismation where the shear stress is
maximum [30]. As in case of the multi-pass weldjpthe propagation of the cracks
did not proceed into the first pass which was ith@mechanically treated’ and was
obstructed at the weld pass interface (Figure 5Q8)y after significant propagation
of the cavities into the second pass, did failuceuo in the weld joints due to the
reduction in the load bearing cross sectional areaase of SMA weld joints, the
presence of relatively continuous morphologies aforp ferrite transformed
precipitates would have easily enabled crack pratag (Figure 4.13). This is the
prime reason why the rupture lives of the SMA weldts are inferior to those made

with A-TIG.

5.7 Ruptureductility and fractography

Elongation of the weld joint and base material teldtagainst rupture life is shown in
Figure 5.14(a). As observed in case of SMAW joiffiigure 4.12), the presence of
the fusion zone reduces the values of elongatidmoti the A-TIG joints drastically
when compared to that of the base metal. The etmmgaalues of the dual-pass weld
joint is marginally higher than that of the baseahewvhich could be attributed to the
lower volume fraction of the fusion zone in thesmts. As mentioned in Chapter 4,
the percentage area reduction taken near the featipufor a specimen whose failure
location is in the fusion zone, would give a magkevant measure of rupture ductility
for weld joints. From the area reduction plot (F&gb.14(b)) it was clear that the

ductility values of both the weld joints were lowban that of the base metal and this
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Is due to the presence of the as cast dendriticostiicture in the fusion zone [120].

There was no significant change in ductility of theld joint specimen with respect to

rupture life. At higher applied stress levels, iasvthe constraint created by the

'metallurgical notch' which limited the ductilityf the weld joints. At lower stress

levels, pronounced creep cavitation in the fusiomezcaused reduction in ductility.
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Fractographic analysis was carried out to furtheteustand the nature of failure and
correlate it with the rupture ductility values. Tfractographs of the single-pass and
dual-pass weld joints tested at 140 MPa are showfigures 5.15(a, b, ¢ and d). It
could be clearly seen that for the single-pass vy@id, the fractured surface consists

of facets of equiaxed dendritic grains indicatingear intergranular failure.

Figure 5.15 Fractographs of (a) single-pass weltt @) dual-pass weld joint tested
at 140 MPa; figures (b) and (d) show the respectiagnified images.

As discussed earlier in case of the single-pasd yoatt, the cavitation which occurs
in the grain boundaries enables easy propagatitimeatracks resulting in lower creep
rupture ductility when compared to the dual-paskiyant (Figure 5.14 (a and b)). In

case of the dual-pass weld joint tested at 140 WBaal mode of failure was clearly
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evident. The fractured surface of the first passagd dimples suggesting a ductile
mode of failure. The fractured surface of the secpass of the dual-pass weld joint
consisted of intergranular failure similar to thdtthe single-pass weld joint. This
distinct dual mode of failure consisting of dimpkesd intergranular fracture regions
Is substantiated by the marginal increase in dtyctiblues of the dual-pass weld joint

over that of the single-pass weld joints.

5.8 Conclusions

In the previous chapter it was shown that the syeset weld pass deposition results
in both morphological and sub-structural changassed by a thermo-mechanical
effect in the previous pass. It was concluded Hwh these changes influenced the
creep cavitation behavior significantly therebytdimg the creep rupture strength of
the joints. In this chapter, in order to understahd influence of the 'thermo-
mechanical effect' alone, the creep rupture prageedf single and dual-pass A-TIG
weld joints were studied. Since the delta ferratent in the fusion zone is very low

in these joints, the associated morphological cearage considerably negligible.

The presence of the thermo-mechanically treatedomegould be characterized
explicitly by impression creep testing of individuagions of the weld joint. It was
seen that the minimum creep rate in the fusion zjrtee first pass was lower than
that of the second pass in case of the dual-passjeet. This suggested that the first
pass exhibited considerably higher creep stren@thwing creep exposure, the
presence of this thermo-mechanically treated fpa$s offered resistance to creep
crack propagation, enhancing the rupture life & tlual-pass weld joint over the

single-pass joint. The single-pass weld joint whiwhs devoid of the ‘thermo-
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mechanically treated' region did not offer resistato creep crack propagation, thus

resulted in comparatively lower rupture life.

Hence, it could be concluded that by incorporatarg additional pass, the creep
rupture life of the joints can be enhanced. It wlobk of interest to study in more
detail, the influence of weld passes on the cregpure behavior of the weld joints.
The next chapter discusses this issue, by evatu#ti@ creep rupture properties of
weld joints of similar thickness fabricated withryimag number of weld passes

employing weld electrodes of two different diamster
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Chapter 6

I nfluence of Simultaneous Variation of the Microstructural Features

6.1 Introduction

In the previous chapter, it was demonstrated haatiditional pass in an autogenous
316 LN SS A-TIG weld joint improved its creep rugwstrength. The influence of the
‘thermo-mechanically affected’ region generatedthoy additional pass, on the creep
cavitation was exhaustively discussed. As the deltite content in these joints were
low, its influence on rupture behaviour of the AsTwas considered insignificant. It
was shown that the rupture life of the joints madid the additional pass enhanced,
due to the presence of the 'thermo-mechanicalbtade region. Since the laying of
additional passes seems to be beneficial in theppetive of creep rupture life
enhancement, it would be a logical consequenceutty gshe influence of the number
of weld passes on the creep deformation and rupehaviour of weld joint. In this
chapter, the influence of the number of weld passesreep rupture properties of
316LN SS weld joints has been evaluated by fabnigajpints with two different
electrode sizes having almost the same chemicapeasiton using SMAW process.
The influence of the number of weld passes on xten¢ of both the microstructural
features viz., morphological and dislocation subettiral change has been
elucidated. Detailed conventional creep, ABI tegtilCT, hardness testing, optical,
SEM, TEM, EBSD investigation and finite element lsgaes (FEA) have been carried

out to illustrate features of creep deformation dathage of the weld joints.

6.2 Microstructurein as-welded condition
Two weld pads were prepared each employing 2.54andh electrode diameter using

similar restraint conditions to prevent distortiofhe variation in chemical
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composition between the electrodes was within drege (Table 3.1) specified for
design of welded components for FBRs [91]. The welcparameters used for the
fabrication of the joints are shown in Table 6ticdn be seen from the table that the
variation in heat input was not significant betwettie two weld joints. The
macrostructure of the weld joints fabricated witb 2nd 4 mm electrode diameters
are shown in Figures 6.1 (a) and (b) respectivetytae region from which the creep
specimens were extracted is also indicated. Siheebead size of the fusion zone
deposited by 4 mm electrode was larger, the wettquaild be fabricated with less

number of passes than that of the joint fabricatefd.5 mm electrode.

It could also be clearly seen from the figure that number of weld pass interfaces in
the fusion zone of the weld joint made with 2.5 mlectrode was considerably higher
than that in the weld joint fabricated by 4 mm #&lede. Figures 6.2(a) and (b) taken
at the vicinity of the weld pass interface of tlwénfs, show the presence of both
vermicular (Figure 6.2(c)) and globular morpholdgygure 6.2(d)) delta ferrite. The
variations in delta ferrite morphology were evident both the weld joints. As
discussed in Chapter 4, due to the laying of theseguent pass, the continuous
vermicular delta ferrite gets transformed in to bglar delta ferrite in regions
adjoining the weld pass interface. Since the volushdusion zone deposited is
slightly higher in case of the weld joint fabricate&ith 4 mm electrode, the extent of
the globular region was marginally higher than wivas observed for the weld joint

made with 2.5 mm electrode diameter.
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Table 6.1 Welding Parameters.

Electrode Size(mm) 2.5 4
Current (A) 80 128
Voltage (V) 24 24
Travel speed
80 97
(mm/min)
Heat input (kJ/mm) 1.44 (each pass) 1.89 (each pass

o S i e

Figure 6.1 Macrostructure of the weld joints fahted with (a) 2.5 mm and (b) 4 mm
electrode diameter showing the weld passes. Linesnacribed to demarcate weld

pass interface. The dashed line shows the regmm fvhere the creep specimens

were extracted.
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il

(@) 2.5 mm and (b) 4mm electrode diameter, andadeltrite having (c) globular
morphology and (d) vermicular morphology (microdragrom weld joint made with

2.5 mm electrode size).

The hardness variations taken across the transdéesetion of the weld joints are
shown in Figure 6.3. The hardness in the fusiorahtegion of both the weld joints is
substantially higher than that of the base matefiae presence of strong as-cast
structure in the fusion metal is the cause of higtaedness [103]. The hardness in the
HAZ was also higher due to multiple thermal cyclimbich this zone is subjected to
during multi-pass welding [104]. The HAZ in botlettveld joints were not defined as
the region containing coarse grain, but that hahigher hardness than the base metal

due to the influence of multiple thermal cycling.
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Figure 6.3 Hardness variations across the transwirsction of the weld joints.

The hardness values in the fusion region and th& ldAthe weld joint fabricated
with 2.5 mm electrode size was higher than in dspective regions of the weld joint
fabricated with 4 mm electrode due to comparativiegjher number of thermal cycles
which the joint is subjected to during welding. Thalth of the HAZ in the joint
fabricated with smaller electrode diameter was wuthslly higher than that of the
joint made with larger electrode size. The hardwedses in HAZ was higher than the
base metal in case of SMA welded joints, which masontrast to the hardness values
obtained from the HAZ of the A-TIG joint. The reasior such variations in hardness
in the HAZ region with welding process has alrebe@gn discussed in the previous
chapter. The TEM micrographs taken from the verharcdelta ferrite region of both
the weld joints are presented in Figures 6.4(a) (@hdit can be clearly seen that the
dislocation substructure in case of the joint fedmieéd with 2.5 mm electrode diameter
consisted of comparatively denser tangles when eostpto a more uniform
distribution of dislocation tangles in the fusicegion of the joint fabricated with 4

mm diameter.
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Figure 6.4 TEM microstructures taken from vermicualta ferrite region of fusion
zone for weld joints fabricated with (a) 2.5 mm byl 4 mm diameter in as-welded

condition.
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6.2.1 Hardnessand KAM variation across weld passinterface

Figures 6.5(a) and (b) show the hardness variafioross the short transverse
direction along the weld centre line of both thedveints. The lines shown in the
micrographs demarcate the weld pass interfacantbe clearly seen that due to the
laying of subsequent pass, hardness values iretfierr just adjoining the weld pass
interface of the previous pass increased signifigas shown in case of the dual
pass A-TIG weld joint, (Figure 5.4(b)) the hardenimhich this narrow zone
undergoes is a consequence of the ‘thermo-mechareeament’ which was induced
by the subsequent weld pass. Both the weld joiats imilar variations across the
weld pass interface. However, for the joint fabtlecawith 2.5 mm electrode, there
was a progressive hardening in each of the weld fpagards the root side. This could
be attributed to the comparatively higher numbethefmal cycles which the regions
in the root pass are subjected to when comparéketooot region of the weld joint

made with 4 mm diameter.

Though the hardness of the joint made with lardecteode was lower, the constraint
on the previously deposited weld pass in thesd @ated significant variations in
hardness within the weld pass (Figure 6.5(b)). Tihidbecause the extent of the
constraint invariably depends on the volume ofdosione being deposited in a single
pass. Larger electrode diameter results in exogsssition of weld metal, resulting in
more constraint on the previously deposited pa$ss €onstraint is the basis for
generating the ‘thermo-mechanical effect’ on thevmus pass, which causes
strengthening in the globular ferrite region. losld be noted that hardness values are
only indicative to the strength. The variation wnstraint in the two weld joints can
be better understood by using the kernel averagsormantation (KAM) maps

generated by the EBSD. A brief description of KAd/presented below.
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Figure 6.5 Hardness variations across the weld ipées$ace in weld joint fabricated

with (a) 2.5 mm and (b) 4 mm electrode diameter.

As strain induced in a material increases, the ntateon difference between
neighboring pixels within a grain also increasdsai gradient in the material can be
gquantified by many EBSD based misorientation m&egailed discussion regarding
estimation of strain by EBSD is presented in ChafteAmongst these maps the
KAM map is most suited for quantifying the localizstrain concentration [121].
These maps are constructed by taking the averagmriemntation value of a pixel with

its neighbors.
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100 um
Figure 6.6 1Q maps of weld joints fabricated wit) .5 mm, (c) 4 mm electrode

diameter and the corresponding KAM maps((b) ang (d)
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Figure 6.6(a-d) shows the image quality (IQ) areldbrresponding KAM maps taken
at the weld pass interface of the weld joints i #s-welded condition. For the weld
joint made with larger diameter, there was a greafwead in the KAM values
especially in the previous pass. In case of thedweint fabricated with smaller
electrode, the variation in KAM was less prevaldiite KAM variations substantiated
the presence of a more pronounced ‘thermo-mechignmacessed’ region in the

joint fabricated with 4 mm electrode diameter.

6.3 Rupturelife and elongation

The variation in rupture life of the two weld josnaind the base metal with applied
stress are shown in Figure 6.7. At higher appliegsses, the rupture life of both the
weld joints was higher than that of the base meétalvever, at lower applied stresses
the life of the joints was shorter than the baséam@&his transition in rupture life as
mentioned in the previous two chapters can bebated to the microstructural
instability of the delta ferrite present in theitus zone of the weld joints, as well as
variations in stress redistribution across the welest which arises due to the
microstructural inhomogeneity. Though this tramsitin rupture life trend occurred in
both the weld joints, there was a change in the ttharation at which this transition
occurred. The substantial delay in the transitibthe rupture life trend of the weld
joint fabricated with 4 mm electrode can be atti@olto the kinetics of creep damage

evolution associated with the microstructural ddgten in the fusion zone.

The rupture life of the weld joint made with 3.15mmelectrode size which was
investigated in Chapter 4 was almost similar td tffathe joint made with 2.5 mm
electrode. The lack of distinct trend in rupturie lwith electrode diameter can be

attributed to the variations in chemical compositod the electrodes (Table 3.1). Both
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the electrodes examined in this chapter (2.5 andmdiameter) were procured from
the same supplier hence the variation in chemioatposition between these two
electrodes was negligible. Apart from this the wwedd praetors in these two

investigations also varied significantly (Table$ 4nd 6.1)

240
—{1— 2.5 mm Electrode

—O— 4 mm Electrode

220 F —/— Base Metal

200

Stress, MPa
®
o
T

160

140 A
Al . APy

10000

100 1000 .
Rupture Life, h

Figure 6.7 Rupture life variations of the weld fsias compared to the base material.

The plot of variations in rupture elongation anduetion in area with rupture life are
shown in Figures 6.8(a) and (b) respectively. Thaation of ductility of the joints
showed a similar trend with respect to rupture. lifee rupture elongation values in
the weld joints are lower than the base metallahaltesting conditions and the trend
in the variation of the values reversed when coeghén the base metal with increase
in rupture life. The presence of the hard as-assbh zone as well as creep cavitation
prevalence due to the presence of delta ferritahereauses for reduction in rupture

elongation and area reduction in the weld jointemvbompared to the base metal.
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Figure 6.8 Comparison of (a) rupture ductility abjl reduction in area with life for
the weld joints and the base metal.

The continuous reduction in rupture elongation witpture life is due to the time
dependent precipitation of brittle intermetallic agles like sigma and chi which
precipitate from the delta ferrite. These phaseswaore brittle than the matrix, which
results in deformation mismatch across the maitni precipitate, as a consequence
cavities nucleate along the interface resultindufai without significant elongation
during creep deformation [73]. The elongation valder the weld joint fabricated

with 4 mm electrode diameter was higher than tidahe weld joint made with 2.5
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mm diameter. As shown from the hardness valuestakeoss both the weld joints
(Figure 6.3), substantial increase in the numbeweld passes in case of the weld
joint made with a smaller diameter, hardens theofuzone and the HAZ. As a
consequence, ductility of the weld joint made veithaller electrode diameter is lower

than that of the joint made with 4 mm diameter.

The cause for reduction in rupture ductility angtwre life for both the joints after
longer test durations can be explained based orubleition of damage attributed to

the creep cavitation and its propagation.

6.3.1 Variation in creep cavitation behavior with electrode diameter

Macrostructure of the failed weld joints testedhat different stress levels are shown
in Figures 6.9(a-f). The failure of the weld joirtested at 225 MPa occurred in the
base metal region in both the joints. The failuréhe weld joint made with smaller
electrode size (2.5 mm) occurred in the fusion zanall the other stress levels. In
case of the joint made with larger electrode di@mét mm), the failure at 200 and
175 MPa occurred at the fusion zone/HAZ interfdégyre 6.9(b) and (d)). Though
the failure occurred at the interface, at both ¢hssess levels significant cavitation
was observed in the fusion zone of the weld joiatiewith larger electrode diameter.
As discussed in the previous two chapters, theasianctural inhomogeneity caused
by the deposition of subsequent passes and theiatesb cavitation damage play a
dominant role in dictating the rupture life of theints. The findings and the
conclusions drawn from the previous chapters aseudsed again for giving a better
insight to the variations in failure mechanismstbé weld joints under current

investigation.
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2.5mm, 140 MPa, 5624 hours B§

Y 4mm, 140 MPa, 8060 hours | = =%

Figure 6.9 Macrostructure of weld joints tested&@t 200 MPa (2.5 mm electrode
diameter), (b) 200 MPa (4 mm electrode diamete)),175 MPa (2.5 mm), (d) 175
MPa (4 mm), (e) 140 MPa (2.5 mm) and (f) 140 M#Panm).
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Weld Pass
Interfaces

Weld Pass
Interfaces

Figure6.10 Micrograph showing the cavity nucleation sitesveld joints fabricate:
with (a) 2.5 mm andh) 4 mm elecode diameter creep tested at MBa

As reported in Chapter 4wo types of inhomogeneitidsave been report in multi-
pass weld joints, anis caused by the change in delta ferrite morghyoénd the othe
the formation of a locally strengthened regioroth these changes occin the
regions of theprevious pass which are subjected to a thermalecycle to the
deposition of the subsequeweld passWhile the change in morphology is a resuli

of shape instability of delta ferrite, the hardenin tris region is caused by lo
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constraint evolved during solidification. These tmbomogeneities were evident in
both the investigated weld joints. As in Chapteth® region containing both these
modifications is designated as globular region #redunaffected region is termed as
the vermicular region. The influence of these modtfons on the creep damage has

been summarised below.

Elevated temperature exposure of austenitic steé yoints containing delta ferrite
in the fusion zone results in the precipitationirdérmetallic phases like sigma, chi
and Laves. The formation of these phases is extegsiontrolled by diffusion of Cr
and Mo from the austenite matrix to the delta fefmmatrix interface. A more
continuous vermicular morphology could result itnamced diffusivity of Cr and Mo,
when compared to the isolated globular delta #emuith lower interface area. Hence
the precipitation of the intermetallics can occeadily in the delta ferrite having a

vermicular morphology.

The variations in dislocation substructure acrbgsweld pass interface would result
in a strength gradient. This gradient causes mdoligton of stress preferentially at the
softer region. As a consequence, the deformatiahenvermicular region adjoining
the weld pass interface is more significant thaa giobular region. Since the
intermetallic phases are hard and brittle, theifoheation characteristics vary
significantly from the adjoining ductile austenitetrix. Deformation incompatibility
generates stress concentration at the interfaceebat the intermetallics and the
matrix. As a result, cavitation occurs at the m@briecipitate interface during

prolonged elevated temperature exposure [71].
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Figure 6.11 Phase map and the corresponding banttasb map showing creep

cavitation across the intermetallic/matrix integfam fusion zone of weld joint tested
at 140 MPa.
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The growth of these cavities is also influencedthy prior morphology of delta
ferrite, a more continuous morphology causes arppmpagation of the cavities. The
propagated cavities are then arrested at the wald [interface as they cannot
propagate into the more hardened globular regiemthBr propagation of cavities
depends on the applied stress level. The formatiameep cavities in the fusion zone
of the weld joint specimen fabricated with 4 mmcélede diameter, ruptured after
testing at an applied stress of 140 MPa is showrignre 6.11. The phase map and
the corresponding band contrast image is presantéae figure. The nucleation of
cavities occurs at the interface of the transformedrmetallics and the austenite

matrix.

It can be clearly seen from Figures 6.10 (a) andHhat the nucleation sites for such
cavities usually pertain to the region near thedwsss interface. These micrographs
show how the cavities nucleated in the vermicutgian are arrested at the weld pass
interface, and did not propagate into the globtgarite region. For the weld joint
fabricated with smaller electrode the cavities pgated through many weld pass
interfaces (Figure 6.10 (a)). This suggests thatlcipropagation proceeded without
much hindrance resulting in shorter rupture lives these joints. Although the
sequence by which the damage proceeded in botwele joints are similar, there

were variations in the kinetics influencing nucieatand propagation of cavities.

In the present context, there are two attributesed by the microstructural variations
in the fusion metal of the weld joints, which irdluce both the kinetics of cavity
nucleation and propagation in weld joint - a) ekteihvariation in strength gradients
across the weld pass interface and b) distanceebketiwo successive vermicular

regions which are more prone to creep cavitatimtalized strain variation is more
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significant for the joint made with larger electeodthen compared to the joint made
with smaller diameter as observed from the harddessbution (Figure 6.5(b)) and
the KAM map (Figure 6.6(d)). Thus the ‘thermo-madbal treatment’ induced by
thermal cycling during solidification of the webol is more pronounced in the weld
joint made with 4 mm electrode diameter. This rssul arresting of creep cavities at
the weld pass interface. In case of the weld jomade with 2.5 mm electrode, the
localized variation in strain across the weld pederface was not so significant,

which enabled easier propagation of the creepieavit

The propensity for propagation of cracks also ddpemn the distance between the
cavity nucleating regions. In case of the jointsriegated with 2.5 mm electrode, the
distance between the cavitated regions were sh@tigure 6.11(a)) when compared
to the creep cavities in the fusion zone of thatpifabricated with 4 mm electrode
(Figure 6.11(b)). This is because a comparativehaller fusion zone volume is
deposited using a 2.5 mm electrode diameter. la o&goints fabricated with 4 mm
electrode, the susceptible delta ferrite regiorts wermicular morphology are placed
farther apart. With the application of stress, phepagation of the creep cavities did
not progress due to the lack of interconnectivitthvother cavitated regions and was
blocked at the weld pass interface having globutasrphology with thermo-
mechanical heat treated hard structure. Consideaopagation of creep cavities in
case of the weld joint made with smaller electrddaneter result in lowering of the
load bearing cross sectional area causing faildirthe® weld joints. The summary
showing the variation of creep cavity nucleatioml d@s propagation with respect to

change in electrode diameter has been illustratéagure 6.12.
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Fusion zone made Fusion zone made
with 2.5 mm with 4 mm
electrode diameter electrode diameter
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ferrite (o}

Weld pas The fu_5|on zone
interface . contains vermicular
obl ©" and globular delta
Globular ferrite regions placed

delta ferrite

almost alternatively

Roor‘l, across thecross
section

Nucleation of creep
cavities occur
preferentially in the
regions containing
vermicular delta
ferrite region

In case of weld joint
made with 4mm
electrode propagation
of cavities are
blocked across the
weld pass interface,
the interlinking of
cavities is more
feasible for the joint
made with smaller
electrode

Figure 6.12 Schematic depicting the nucleation rghagation of creep cavities in

both the weld joints.
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6.4 Factorsinfluencing the failurelocation

The fusion zone is the weakest link in the welagott is in this region where failure
occurred for the weld joints fabricated with smalé&ectrode, except in the case of the
weld joints tested at 225 MPa. But in case of twet$ fabricated with 4 mm electrode
diameter, the failure occurred in the base metalZ khterface at stress levels of 200
and 175 MPa. Investigation of the localized defdrama behaviour is therefore
essential to comment on the variation in failurealton with respect to change in

electrode size.

The weld joint specimen is broadly composed ofdhegions viz., fusion zone, HAZ

and base metal which are microscopically distinith \&ppreciably different hardness
(Figure 6.3) and so the deformation characteristidsder creep loading, stress
redistribution is likely to occur resulting in infmmgeneous deformation across the

composite weld joint specimen [122].

In order to clearly assess the deformation belaofothe composite weld joint
specimen, it is first essential to understand tleehanical behaviour of the individual
region of the composite weld joint. Miniature speen techniques offer a valuable
insight in this regard. As shown in the previousmier, mechanical properties of
microstructurally narrow zones in weld joints candvaluated using such techniques.
In this study, the Automated Ball Indention Techigq(ABI) has been used to
evaluate the tensile properties and Impression Chiessting (ICT) was utilized to
obtain the steady state creep rate of the differegtons of the weld joints. The
mechanical properties obtained from these two tgci®s have been used in FEA

simulation. Through this simulation, the underlyioguses for change in failure
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location of the weld joint under creep loading atind, with respect to change and

electrode diameter has been discussed.

6.4.1 Evaluation of tensile properties of variousweld joint constituents

It has been shown that the tensile properties wéttirom ABI technique can be well
correlated to the uniaxial properties [99]. Theiatawn of yield stress (YS) and the
ultimate tensile strength (UTS) of the fusion zoA&Z and base metal region of the
weld joints fabricated with 2.5 and 4 mm electredee obtained from ABI technique

at 923 K is shown in Figure 6.13.

S —@— 2.5 mm weld joint yield stress

| —O—2.5 mm weld joint ultimate tensile strength
——4 mm weld joint yield stress
={J=4 mm weld joint ultimate tensile strength
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200 | -\\.
100 : ' . : '
FZ HAZ BM

Figure 6.13 Tensile properties estimated by ABhtegue across various zones of the

weld joints.

The fusion zone (FZ) possessed the highest yieddst(YS) but its ultimate tensile
strength (UTS) was the least among the three zdresmicrostructure of the as-cast
structure fusion zone is composed of higher dislonadensity generated during
solidification when compared to the HAZ and theebasetal; this increases the YS in
this region. The lower UTS in this fusion zone danattributed to the presence of

delta ferrite phase having less work hardening loitipa especially at higher
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temperatures. The YS and the UTS of the HAZ waggymally higher than that of the
base metal in both the weld joints as a result ofkwhardening induced due to
repeated thermal cycling produced during multi-paskl. The YS of the fusion zone
and HAZ regions of the weld joint fabricated wittb2nm was higher than that was
observed in the corresponding regions of the weldtjfabricated with 4 mm

electrode. This is because the regions in the &b joint were subjected to more

number of thermal cycles when compared to thegdetricated with 4 mm joint.

6.4.2 Creep deformation properties of theweld joint constituents

The impression creep curves showing the relatiyggthdeof penetration with time,
taken from the three regions of both the weld pimsted with a punching stress of
681 MPa (uniaxial equivalent of 225 MPa) at 92ark shown in Figures 6.14(a) and
(b). The trend in variation of penetration ratehe various regions of both the weld
joints was similar. The fusion zone in both thenfeishowed the lowest penetration
rate. As indicated earlier, the presence of thel lagrcast dendritic structure renders
the microstructure more resistant to creep defaomaiThe HAZ in both the joints
exhibited lower penetration rate than the base Im#ts could be possibly due to
higher yield stress which results in sluggish resgvThe base metal in both the weld
joints exhibited highest penetration rate, as tifleiénce of multi-pass deposition was
minimal in this region. It can be distinctly seematt the cumulative depth of
penetration in the HAZ and base metal regions efwkld joint fabricated with 4 mm
electrode was substantially higher than the weliaht jdabricated with 2.5 mm
electrode for the same test duration. Though timetpation rate in the fusion zone of
both the weld joints was comparable, there was ethdifference in the cumulative

depth in other two regions.

136



Chapter 6: Influence of S multaneous Variation of the Microstructural Features

Depth of penetration, mm

Depth of penetration, mm

o
-
[$)]

o
-
N

0.09

0.06

0.03

| 316LN Weld joint with 2.5 mm electrode diameter (a)

| Test Temperature: 923 K
Punching Stress: 681 MPa

[ Equivalent Uniaxial: 225 MPa

~/A\=Fusion zone (8.1x10* mm h™")
—0=-HAZ(8.99x10™* mm h™)

ik —[—Base Metal(1.3x10 mm h'")
0.00 == . g : : . .
0 25 50 75 100
Time, h
I 316LN Weld joint with 4 mm electrode diameter (b)

0.15

o
a
N

0.09

0.06

0.03

0.00

| Test Temperature: 923 K
Punching Stress: 681 MPa
[ Equivalent Uniaxial: 225 MPa

—/A\—Fusion zone (8.61x10* mm h™")
=0=HAZ(1.32x10°3 mm h'")
—[—Base Metal(1.05x102 mm h™")

1 " 1 1

50 75 100
Time, h

Figure 6.14 Impression creep curves showing thestpation with time for various

regions in the weld joints made with (a) 2.5 mm émdd mm electrode diameter.

For the fusion zone made with 4 mm electrode, thva® a distinct primary region in
the impression creep curve, which was not expiicithe impression creep curve of
the fusion zone made with 2.5 mm electrode diaméibrs is a consequence of
excessive hardening induced in the fusion zondefweld joint made with 2.5 mm

electrode size as a result of higher number ohthaécycles.

The variations of steady state creep rate of tfierdnt constituents of the joints with

the applied equivalent stress obtained from impoessreep tests (ICT) are shown in
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Figure 6.15. In this study a conversion factor @330for converting the punching

stress into uniaxial stress has been adopted [98].
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There was a distinct variation in the creep defdionarate of the HAZ with respect to
size of the electrode used. Since HAZ of the weldtjmade with smaller electrode
diameter endured comparatively higher number afntlaé cycles, the microstructure
was hardened, which offered more resistance tqadegormation. Though the ICT
tests were short and could not characterize theiptation phenomenon, the results
did give a fair idea on the time dependent defoimnabehaviour of the different

constituents.

The steady state creep rate and applied stresgdiéyrton’s power law equation of
the formés= Ac", whereigs the steady state creep rates the applied stress, A is a
material constant and n is the stress exponenteTaB gives the values of Norton’s
law constants. It can be clearly seen that theegabf n which is the stress exponent,

varied within the range of 3-7 suggesting that thslocation creep was the
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dominating mechanism in all the three regions.dase in values of n suggests the
presence of higher back stress. Since the fustre has comparatively higher
dislocation density its microstructure generateghér back stress thereby causing

significant increase in values of the constant28]1

Table 6.2 Values of the Norton’s power law constahtand n used in the ABAQUS

simulation.
Weld joint fabricated Weld joint fabricated
with 2.5 mm electrode diameter with 4 mm electrode diameter
Fusion Zone HAZ Base Metal Fusion Zone HAZ Basedllet
A(MPa"™h?)  177x10-19 223x10-18 186x10-14 224x10-15 646x10-13 105x10-12
n 6.5 6.17 4.5 45 3.9 3.88

The possible cause for changes in failure locat@amsbe attributed to the difference
in tensile and creep flow behaviour of the différeonstituents in the weld joint.

Finite element analysis (FEA) simulation using pineperties deduced from miniature
testing techniques has been used for further utahelimg the evolution stress

gradients across various regions in the weld joints

6.4.3 Finite element (FE) simulation of stress state acr oss the weld joints

FE simulation has been carried out on the weld gpgometry using tensile properties
obtained from ABI testing and the creep propenieined from ICT. The data from
these techniques were used for populating the piepeof the regions in the weld
joint for simulating the stress distribution. Ore#fth of the specimen’s gauge length
was used in the analysis. The partitioning of uasiagegions was based on the
microstructure and hardness values obtained atihesweld joint. The width of the
HAZ in the weld joint made with smaller electrodasasignificantly higher than the

joint made with larger electrode diameter due ® phonounced hardening resulting
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from higher number of weld passes (Figure 6.3).

Figure 6.16 shows the geometry of both the welchtgoimeshed using two
dimensional four nodded quadrilateral element. &ittte groove angle was small
(10°) and the welded plate thickness (22 mm) wagelathan the specimen gauge
diameter (10 mm), the weld angle was not considerede simulated geometry. The
refinement of the mesh was carried out until cogeet values for von-Mises stress
was obtained. The contours of the stress distobutbtained with an applied stress of
175 MPa after duration of 750 hours of creep expodor both the weld joint
geometries are shown in Figure 6.17. Figures 6)1&td (b) show the variation in

stress gradients with different hours of creep sxpe.

Figure 6.19 (a-c) shows the tri-axiality factor,nvllises stress and principal stress
normalised with the applied stress. For the weldtjmade with 2.5 mm electrode
diameter, the gradients in von-Mises stress anmtipal stress were more prominent
in the base metal/HAZ interface. Since the bount@tyween the base metal and HAZ
Is not distinct, failure is not likely to get imatied at this interface. On the contrary,
stress gradients across the fusion zone and theaiéXikely to initiate failure across
the interface. Since the gradients between therfusbne and the HAZ are sharper for
the joint fabricated with 4 mm electrode diamet&ailure occurred at fusion

metal/HAZ interface (Figures 6.9(b) and (d)).
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‘Weld joint made ‘Weld joint made
with 2.5 mm with 4 mm
electrode diameter electrode diameter

4= Fusion zone =

w  Fixed boundary

________ Centerline of axi-symmetry

Set of nodes used for plotting

4—— Base metal =+ J swress profiles

1
| Loading i Loading
' direction direction

Figure 6.16 One-fourth of the weld joint geometryesied using quadrilateral
elements showing the boundary conditions and tHaseiwhere load was applied.
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Figure 6.17 Stress contours on the deformed ge@satnodelled with an applied
stress of 175 MPa for 750 hours. The region whigneifscant deformation occurred
in 4 mm electrode diameter weld joint is indicated.
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in Figure 6.16 with different durations of creeppesure.
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FE simulations also give greater understanding tatieicreep cavitation in the two
weld joints. The von-Mises stress not only caudastic deformation, but also aids in
nucleation of cavities [124]. The principal stressthe other hand promotes cavity
growth by diffusion process [124]. The tri-axialifgctor (p1+ 62+ 63)/ Gvon-Mised
gives the measure of constraint caused by the lmegical notch’ [125]. Though the
von-Mises stress and principal stress are highéheénbase metal and HAZ region,
fusion zone is the most susceptible region to cieptation due to the presence of
transformed intermetallics in this region. Withiretfusion zone, the normalised von-
Mises stress, principal stress and tri-aixialityctést are higher near the fusion
metal/HAZ interface for both the joints. Amongse ttwo weld joints, this factor was
marginally higher for the weld joint made with 4 mthus the propensity of cavity
nucleation and growth is more significant in tlesf. In addition to this gradient, the
increase in the tri-aixiality factor in this regioestricts plastic deformation and aids
cavity growth by diffusion. Thus, the influence thie ‘metallurgical notch’ is more
pronounced in case of weld joint fabricated withgéa electrode diameter. Thus,
creep cavitation is more pronounced in fusion zoinge weld joint made with larger
electrode diameter, especially at regions adjatetite fusion metal/HAZ interface at

stress levels of 175 and 200 MPa (Figure 6.9 (D)(d)).

As mentioned in the previous section, though c#witawas prevalent in this region
its propagation was restricted in the vermicularitie region, and could not propagate
due to the presence of the thermo-mechanicallyetdeglobular ferrite region. The
failure in these joints occurred at fusion metalHiterface where stress gradients
were more significant. For the weld joint madehngmaller electrode, though the tri-
axiality factor near the fusion metal/HAZ interfas@as lower than that of the joint

made with larger electrode, the distance betweencHvity nucleating vermicular
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delta ferrite region was smaller (Figure 6.12)stbaused the failure location to be

within the fusion zone.

6.5 Fractographic characteristics of failed weld joints

Though the failure of the weld joints made with 2d8n electrode was within the

fusion zone at both the applied stress levels & a@d 140 MPa, the nature of
nucleation of cavities and crack propagation wasedqdifferent. Figure 6.20 (a) and

(b) shows the fractography of the correspondingdvy@its. The leading (A) and the

trailing edges (B) of the fractograph and those tl® corresponding optical

micrographs (Figure 6.9(c) and (e)) are indicatécan be clearly seen from the
corresponding cross-sectional optical images that dendritic facets were fairly

coplanar for the joint tested at 140 MPa wherdasetwere more corrugations in the
fractograph of the specimen tested at 175 MPa.allans in failure mechanism in

both these testing conditions can be explainedithgrethe domination of nucleation

or the propagation during creep exposure.

At elevated temperature exposure under the infleefian applied stress, nucleation
of cavities occurs in the vermicular delta ferrégion near the weld pass interface.
Since the weld pass interfaces are higher in nurfdsehe joints made with 2.5 mm

electrode diameter, there are comparatively severekating sites for creep cavities.
But at higher applied stress, the propagation e$ehcavities is more dominant and
therefore fewer nucleating sites are sufficient ifwerlinking of these propagated
cracks. Another attribute assisting the formatidércavities is the tri-axiality factor.

The increase in the tri-axiality factor denotes enconstraint to plastic deformation. It
can be seen that for both the weld joints, thextrality factor was quite high at the

fusion metal/HAZ interface (Figure 6.19(c)). Howevecavities originate at
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boundaries which are at an angle of 45° to thestagis, where the critically resolved
shear stress is highest to cause extensive graindaoy sliding. This is the reason
why cavitation was more prevalent in the fusionahetgion adjacent to the interface
rather than at the interface itself (Figure 6.9.(bhe propagation of creep cracks at
an angle of 45° creates significant corrugationbatracture surface of the weld joint
made with the smaller diameter. The presence di socrugations is a signature of
significant propagation of creep cavities. The nambf cavity nucleation sites

needed for reducing in the load bearing cross @agitiarea is comparatively less in
number at 175 MPa when compared to the joint teateth0 MPa. This trend was

more explicit for the joint tested at 200 MPa, weheren more corrugations could be

observed (Figure 6.9(a)).

For the weld joints fabricated using 4 mm electrddemeter at an applied stress of
200 and 175 MPa, there were similar cracks whichgrapagated at an angle of 45°
to the stress axis (Figures 6.9(b) and (d)) asrgbden the weld joint fabricated with
smaller electrode diameter, but the lack of intenaxtivity between the cracks
enhanced the rupture life. The contributing fadtr failure of this joint was the
significant strength mismatch between the HAZ dredftision zone, which resulted in
interface failure. The fractograph of this weldnjpshowed dimples endorsing the
contribution of the more ductile HAZ (Figure 6.24)) At the applied stress level of
140 MPa, the fractograph of the weld joint fabmchtvith 4 mm diameter had fewer
corrugations (Figure 6.21(b)) as observed in césheojoint fabricated with 2.5 mm
diameter. Prolonged elevated temperature exposwsulted in complete
transformation of delta ferrite even in the globufarrite region. As the cavity
nucleating sites are abundant at this stress Iéadlre occurred by interlinking of

these cavities without significant crack propagatio
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p———————{2mm  20.00kV 111 pAEmission

{2 mm 2000 KV 85 pA Emission

Figure 6. 20 Fractograph of the weld jcspecimerfabricated with 2.5 mm electro«
diameter creep tested &) (17t MPa and (b) 140 MP& and B refe to the leading

and trailing ends respective
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Figure 6. 21Fractograph of the weld joiilspecimerfabricated with 4 mm electroc
diameter creep tested &) (17¢ MPa and (b) 140 MP& and B refe to the leading
and trailing ends respective
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6.6 Conclusions

Based on the detailed investigation of creep dedtion and fracture behaviour of

316LN SS joints, fabricated employing two differeatectrode diameters, the

following conclusions have been drawn:

1.

The two microstructural modifications (viz., changa delta ferrite
morphology and formation of a localized thermo-naeubally treated region)
as a resultant of subsequent weld pass depositeor evident in both the

weld joints.

. The change in electrode diameter resulted in sggmf variations in the

formation of thermo-mechanically treated regiongaeeht to the weld pass
interface. The influence of electrode diameter arrphological change was
not pronounced.

The increase in size of electrode diameter ledhéoincrease in creep rupture
strength.

Though the sequence by which failure occurred wasdas in both the weld
joints, the kinetics of damage caused by creeptai@m varied significantly
which influenced the creep rupture life.

The constraint created in the previous pass wae significant in case of the
joints fabricated with larger electrode, which meted the propagation of
creep cavities leading to increase in creep ruptigre

The propensity of crack propagation was enhancéakeinveld joint made with
smaller electrode as the cavity nucleating sitesewser, resulting in shorter

rupture life.
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Chapter 7
Creep Strain Estimation using EBSD

7.1 Introduction

The inhomogeneity in microstructure of the fusimne and its influence on creep
rupture properties has been exhaustively discussttk previous three chapters. It is
however essential to note that strain inhomogezsetan occur even in the adjoining
base material region of the weld joint during crelgormation. The fusion zone
generates stress gradients across the weld joichvidnthe cause for generating such
inhomogeneities. The stress gradients in turn cadyze variations in strain across
the various regions of the base material on creppsaire of the joint. In this chapter,
a novel method has been described to estimatdrtie s various regions of the base
metal using an EBSD based parameter. The value@snebt by this parameter were
correlated with the results obtained from FEA sitioh. In this investigation the
weld joint fabricated with 3.15 mm electrode diaengtwhose creep deformation

properties were discussed in Chapter 4 is analyzed.

7.2 Strain measurement by EBSD- an overview

In recent years, measurement of strain using EB&&dysis has gained significant
momentum [126]. The general understanding in sungthyais is that the presence of
dislocations can cause lattice distortions which edter the EBSD patterns. The
presence of geometrically necessary dislocatiol$0$& which cause such lattice
distortions can result in a net non-zero Burgerstarein the region; as a result the
local orientations in the lattice are altered. Measy the orientation gradient can
therefore give a measure of the plastic strain mctated in the material [127]. This

method can be used to correlate the effect of @rgstentation changes in submicron
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level and the accumulated bulk plastic strain. bses where the area under
investigation for the determination of strain igywemall, this method can be well
suited for measuring localized plastic strains. lparameters have been developed
based on EBSD, which can be correlated with thegypdastic strain in the material.
Quantifying plastic strain based on change in EB@Rerns which is reflected in the
image quality is one of the earliest method whias been attempted by some
researchers [128, 129]. It has also been foundhaitthe average orientation spread
could be an effective parameter characterizing dbgree of plastic deformation.
Plastic strain induces an orientation gradienthia tattice and using the orientation
gradient the GNDs can also be directly estimat&@,[131]. Alternatively, it has been
shown that the plastic strain in a material candbated to a scalar parameter which
characterizes the orientation within a grain. Th&wation of mean misorientation
can be carried out either by spatially correlatedirecorrelated misorientations. The
various parameters used to evaluate the plasatmdtave been reviewed by Brewer
[132] and Wright [127]. A brief description of tlegoopular methodologies is given

below.

a) Grain Orientation Spread (GOS): In this method the misorientation is calculated
between each scan point in the grain and the asevagntation in the grain. The
average orientation of the grain is calculated byethod described by Kunze [133].
The GOS of the grain is then calculated from theamef these calculated

misorientations.

b) Grain Average Misorientation (GAM): This is a measure of average misorientation
between a neighboring pair of scan points in angreinis method is more sensitive to

step size. Smaller step sizes yield lower valugSAif.
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c) Kernel Average Misorientation (KAM): Kernel is described as a set of points
surrounding a central scan point. The KAM is simita GOS except that it is

estimated for a kernel. The misorientations areutated for each point with respect
to the nearest neighbors. The calculated averagjeedternel is then assigned to the

central scan point. KAM is very useful for estinmgtiocalized strain.

Apart from these methods, commercial EBSD softwaree other customized tools

for estimating strain.

7.2.1 Quantification of orientation spread within thegrain

In this study, the crystal deformation gjCparameter which quantifies the average
intra-grain misorientation (AMIS) [134, 13Bas been used to measure the localized
strain variation across the base metal of the ctesfged 316LN austenitic stainless
steel weld joint. It was reported that this paranés less sensitive to scan step size
when compared to the strain measurements using pdrameters based on local
misorientation [126, 135]. However, it should bdaeatbthat the step size should be
judiciously chosen to get a gross representatioth@forientation spread within the
grain. A comparatively larger step size can averagfethe minor gradients across
smaller scan distances. The grain size also hol#isfinitive role in determining the
appropriate step size needed for the analysis.olst of the analysis, the step size was
fixed in such a way that at least 10 scan pointddcbe obtained from each grain. In
this study, the threshold misorientation angle leetw neighboring points for
demarcating two different grains was 10°. Since ¢hentation spread of only
austenite grains was evaluated, all other indexegs like delta ferrite andMCs
were not considered during estimation of the oagoh spread. The scaling up of

orientation spread within a grain to the bulk stravas carried out based on the
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assumption that the contribution of strain is cthlye to GNDs and not by statistically
stored dislocations. Since the estimation of theaqpater is based on comparison
between the strained and unstrained material, quires the construction of a
calibration curve using materials deformed to prexhined plastic strain levels.
Using the calibration curve, the strain can be bzadkulated from the measured C
which characterizes the orientation spread. Theutation of G in this study was

based on the Euler angles obtained by orientati@ging microscopy (OIM) using a
fully automated EBSD system. A brief descriptiontbé methodology adopted in

correlating bulk strain and with parameteri€provided in the following section.

7.2.2 Calculation of the parameter Cgq

Plastic strain induces orientation gradient withigrain. The misorientation of each
point with reference to a central orientation idses with plastic strain. In this
analysis, the central orientation value of themgraiassigned to the location which has
the least sum of misorientations with all the otbeentations in that particular grain.
The misorientation between two points i and j carcbmputed from their respective
orientation matrixes;gand ¢ The 24 symmetry operators applicable for fcc tedgs
were applied to get the least value for both théentation matrices. The

misorientation M (i,j) between two points is thdaen by

trace [gi 9 )'1] -1

M(i,j) =min[cos? >

(7.1)

Heremin refers to the minimum of value obtained after gy the 24 symmetrical
operators to both the points i andtijace refers to the sum of the main diagonal

elements in the computed matrix.
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The scan point having the least sum of misoriemnati(3) with respect to all the

other pixels (n) is defined as

n

n-1
S.= min Z M (i.j) 7.2

i=0 =0

This point is considered as the one having centrahtation for that particular grain.

The crystal deformation s given by

Cym Z M(c,i) /n (7.3)
i=0

where c refers to the point with the central oioh. The arithmetic mean of this
parameter derived for several grains in the regibmterest was used to obtain the
value of G. In this study an algorithm written using C pragravas used for the

calculation of parameteryC

Figure 7.1 shows the Inverse Pole Figure (IPF) arapthe corresponding orientation
spread for the solution annealed specimen anchi®ospecimen deformed plastically
to a strain of 0.15 at ambient temperature by kenmilling using a universal testing
machine.lIt is clear from these figures that the orientatgpread within a grain
increases with plastic strain. In fact it has bsleown that the parametey (S linearly

dependent on the plastic strain [126,135].
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Figure 7.1 IPF map of (a) solution annealed andv(tf) a cold work of 0.15 and their

corresponding misorientation profiles (b) and (d).
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Figure 7.2 Calibration graph relating crystal defation parameter £and plastic
straingp at 300 and 923 K.

In this study, a calibration curve was construdigdlotting values of g¢for various
known strain levels imposed on the base metal ligxial tensile load. An empirical
equation deduced from this relationship was theadus estimate the plastic strain
directly from the parameteryCA calibration graph correlatingqg@nd various strain
levels obtained after deforming the base metalfterdnt strain levels at 300 and 923
K is shown in Figure 7.2. It could clearly be sdbat at both the room and high
temperatures, the values of €uld be satisfactorily correlated to the plastrain by

a linear equation. It has been reported that thev&lues are independent of
temperature [136hut can depend on the strain rate [135]. Thoughsthen rates
during creep were relatively lower (of the order1df® s*) than that of the tensile
tested specimens (fGs%), the correlation of this parameter is still calesed quite
valid for lower values of accumulated strain (<3).IT'he non-zero value ofs@or the
specimen with no plastic strain could be due toamstrains introduced by processes

like solution annealing followed by cooling and rhanoical polishing [134].
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The measurement of strain by EBSD parametehds been restricted to base metal
due to complications in estimating the orientaspnead and obtaining reference pre-
strained specimens for the fusion zone and HAZnt&dton of the parameter in the
fusion zone was even more complicated due to tlesepice of delta ferrite. As
mentioned earlier, for correlating the bulk streorthe metric @, a calibration curve
was required which could be generated from basemahtieformed to various levels
of plastic strain. Generating this calibration a8 much more complicated for the
fusion zone, which requires extraction of all-walgdecimens from the weld joints,
which during the process can induce additionairstifaurther, deriving the parameter

Cq for fusion zone and HAZ is more intricate becaofsis larger grain size.

In this study, the EBSD data was acquired fromehequidistant regions in the base
metal which are indicated in Figure 7.3. Thesetiooa were designated as near HAZ
(regionl), midway (region 2) and near ridge (regB)n The step size used in the
analysis was 1.25 um. The average orientation ddoraat least 20 grains were used
to get the average value of the EBSD parametethat particular location. The

number of data points in each grain varied fromQ0t2800.

Figure 7.3 Schematic showing the locations from rehine EBSD analysis was

performed in the weld joint specimen.
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7.3 Evolution of strain gradientsin weld joints

The deformation characteristics of the fusion zand HAZ are markedly different

from that of the base material. As a consequetasip flow occurs non-uniformly

across the fusion zone, heat affected zone and rhasal to redistribute the stress
generated due to the imposed constraint. Convaltiefongation measurement
techniques estimate only the overall elongatiothefcomposite weld joint specimen.
Since there is a gradient in strain across the v, its estimation becomes
cumbersome. Therefore, estimation of the straigdlgulating the orientation spread

in the narrow regions is a more viable techniguest@h complicated cases.

7.3.1 Estimation of local mechanical properties

Though estimation of strain gradients in 316LN waetints by conventional
techniques is improbable, the finite element anslgan provide an overall trend in
the strain gradients. The strain values obtainech fFEA can be useful to validate the
results obtained from the EBSD parameter. ABAQUSsiva 6.11 was used for
simulating the stress and strain gradients in @msttucted weld joint geometries. The
creep specimen used in the testing had geomesyoaietry and hence only one half
of it was modeled. The region beyond the gaugetlengs also used in the model to
give a clearer trend of the stress and strainibligton in the specimen. The properties
of the fusion zone, HAZ and the base metal wereégasd to each region after
partioning the specimen based on the hardnesssvalleee dimensional 4-noded
linear tetrahedron (C3D4) was used to model th@eegeometry of the specimen
(Figure 7.4). A 3-D simulation could be attemptied this case as the strain
incompatibly between the three regions was notgasficant as observed in the weld
joint made with 4 mm electrode diameter which wesn@ned in the previous chapter.

The mesh size was refined until convergent valoesdn-Mises stress was obtained.
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Y-axis symmetry boundary condition was applied agef 1 thus constraining the

displacement along this axis. The load was apgethce 2 of the specimen.

(a)

Face-2

Face-1

X /
‘__'_____,__,4--4- Base metal
HAZ

¥ z Fusion Zone

(b)

1
Figure 7.4 (a) One-half of the meshed weld joirdcsmen partitioned into different

regions based on the variation of microstructuied ggometry, (b) Schematic of the 4-

node linear tetrahedron element (C3D4) used fahing the specimen geometry.

Strain continuously accumulated to various degreeshe composite weld joint
specimen during the creep test. The time duratwrsiimulation should be fixed in
such a way that the estimated value for strainigrasl must be indicative values to
the actual strain values in the specimen. Figusesiiows the plot of time to onset of
tertiary of the base metal, the rupture life of theld joint and the duration of

simulation used in the FEA analysis. The duratiérthe secondary regime of the
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weld joint was much shorter than the onset ofdeytin the base metal; hence the
steady state creep behavior of the base metal ¢multsed for the entire duration of

simulation. The simulation also reached a satunadaution after this time duration.

250

—{+ Time to onset of tertiary of base metal
— B~ Rupture life of weld joint
- -O - Duration of FEA simulation

225 O.

Stress, MPa
N
o
o
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175
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Figure 7.5 Plot of time to onset of tertiary in ®asetal, the rupture life of weld joint
and the duration of simulation. The duration of @Wation for both the stress levels
was shorter than the time to onset of tertiaryhim base metal and was equivalent to

the duration of the secondary state regime of thlel yoint specimen.

The estimation of mechanical properties of theghnelividual regions is essential for
carrying out FEA simulation on the correspondingrgetry. The tensile properties
were obtained from the ABI technique and the crg@perties from ICT. The tensile
properties were incorporated by the dependenceuefplastic stress on true plastic
strain obtained from ABI testing. As mentioned ihapter 6, there are sources in
literature citing excellent correlation between theta obtained from the miniature
specimen testing techniques and the conventionakiah testing [98,99]Figure 7.6
shows the variation of the tensile properties dsnased by the ABI techniqudhe
base metal region of the weld joint had the lowegsid stress followed by the HAZ.

The ultimate tensile strength was highest for ti&ZHvhen compared to the other
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two regions. The trend in variation of tensile pdms in the three regions was

similar to what was observed in the previous chapte

500

—8— Yijeld Stress
—O— Ultimate Tensile Strength

400 D/\@
— =
1 1 !

Stress, MPa

300
200

100 2 . .
Fusion Zone HAZ Base Metal

Region in the weld joint
Figure 7.6. Variation of yield stress and ultim#&gasile strength of the fusion zone,
HAZ and base metal at 923 K.

The Norton’s lanés= Ac", relating the secondary creep rate and the appgliexss
obtained by ICT was used as the constitutive eqadtr creep deformation analysis
using FEA. Since the Norton’s law characterizesydhké second stage of the creep
deformation behaviour, FEA analysis was carriedanly up to the duration of the
secondary stage. The values of the constants A arfithe Norton equatiorid= Ac")
were obtained from the impression creep tests agaduat 923 K and at equivalent
uniaxial stress levels of 150-225 MPa are giveffable 7.1. The stress values of n
are greater than 3 suggesting that the governirghamesm for creep deformation in
all the three regions was dislocation creep. THaegof n were higher in case of
fusion zone and HAZ than the base metal suggethiaigthere was significant back
stress present in these two regions as a resufiighier dislocation density. The
modulus of elasticity (150 GPa) and the Poissoat®r(0.29) were assumed to be

similar for the fusion zone, HAZ and base metakhd# joint [137]. Since the FEA
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were carried out for the weld joints creep testedhigh temperature, the effect of
initial welding residual stress was not incorpodaie the simulations and the joint

was assumed to be fully relaxed before loading.

Table 7.1 Values of the Norton’s power law constahtand n used in the ABAQUS

simulation.
Fusion HAZ Base Metal
Zone
AMPa"™h™)  251x10%4  1.74x107°  2.13x10%°
n 8.6 9.3 6.9

From the results of the ABI and ICT it is cleartttfze deformation behavior of the
three regions in the weld joint is quite differehhis is the reason why the presence of
fusion zone and HAZ in the composite weld joint @pen is equivalent to the
presence of a circumferential notch. As in caseswfh a mechanical notch, this

‘metallurgical notch’ creates stress gradients stbe length of the weld joint.

7.3.2 FE analysis of stressdistribution acrosstheweld joint

The von-Mises stress gradient across the weld gpetimens at applied stresses of
175 and 225 MPa are shown in Figures 7.7(a) andT{i® contours shown in the

figures were plotted after running the simulationthe duration corresponding to the
secondary creep regime of the weld joint. The stesidte condition was reached in
the base metal region in all the three weld joifitse gradients in stress distribution
were more pronounced in the central region of crgegcimen than those at the
surface for the specimens tested at 175 and 225 MBares 7.8 (a) and (b) shows
the variation of normalized von-Mises stress (wéhpect to applied stress) along the
axis of the specimen and Figures 7.9 (a) and (byvstme variation of equivalent

creep strain along the same axis. It could be lglezren that due to the presence of
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fusion zone and the HAZ, the von-Mises stress wiglseln than the applied stress of

175 and 225 MPa in significant portion of the bamsal.

5, Mises
(Avg: 75%)
+2.744e+02

~ +1.877e+02
+1.707a+02

- +1.552e+02

+1.412a+02

- +1.284e+02

+1.167e+02

- +7.984e+01

+
b B I B N B N R N R

(b)
Figure 7.7 Contours of von-Mises stress for weidtgcreep tested at (a) 175 MPa
and (b) 225 MPa after running the simulation uphe duration of the secondary

creep regime in the weld joint specimen.
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The effects of stress distributions arising duenticrostructural inhomogeneity in
2.25Cr-1Mo/2.25Cr-1Mo similar and modified 9Cr-1Mdnconel 182 / Alloy 800

dissimilar weld joints on creep rupture behaviofittee joints have been reported
earlier [138, 139]. Since, plastic deformation iginty facilitated by von-Mises stress;
the variation in von-Mises stress across base nwtahe joint in the present

investigation would result in corresponding vanatin the plastic deformation.
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Figure 7.8 von-Mises stress distribution alongdkes of the creep specimen tested at
(a) 175 MPa and (b) 225 MPa.
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Figure 7.9 Equivalent strain distribution along tin@s of the creep specimen tested
(&) 175 MPa and (b) 200 MPa.

For the weld joint tested at 225 MPa there wasadst decrease in von-Mises stress
and equivalent strain from the near HAZ regionhe tidge portion. As discussed in
previous chapter, the stress gradients are higheintarfaces, which result in
significant creep deformation in the region nea HAZ. Since the gauge thickness
was higher near the region 3 (near ridge portioreep deformation was least in this
region of the base metal at both 175 and 225 MRal74 MPa, the fusion zone

offered more resistance to creep deformation winégdulted in more constraint in

167



Chapter 7:Creep Strain Estimation usng EBSD

region 1 (near HAZ). This resulted in higher valuels von-Mises stress and

equivalent strain in region 2 of the weld joint.

7.4 Strain mapping using the EBSD parameter Cgy

The distribution of orientation spread within theigs varied significantly on creep
exposure under different applied stresses. Figut® $hows the orientation spread
within a typical grain in each of the three regiomsntioned in Figure 7.3. Figure 7.10
also shows the variation of the accumulated buleprstrain calculated using the
EBSD parameter. The orientation spread within godibase metal near the HAZ had
a non-zero value even before creep test and thiéd coe due to plastic strain
developed by the thermal cycle of multi-pass wejdanocess [104]. The orientation
spread particularly at regions adjoining the graoundary increased with applied
stress. These values were especially higher arthendoundary containing precipitate
particles and at grain boundary triple points asicated in Figure 7.10. The phase
map showing the carbides pinned against grain lkemigslis shown in Figure 7.11.
The restriction in grain boundary sliding by gradmundary particles and grain
boundary triple points results in stress conceomatwhich increases the
misorientation values in these regions with refeeeto the central orientation of the

grain and this consequently develops strain loaton.

Creep cavitation is often associated with the gtaandary precipitates and triple
points. Stress concentrations are produced whecipteges resist grain boundary
sliding. If these stress concentrations are naixes, then cavities nucleate at the
precipitate/matrix interface by athermal decohesobnatomic bonds between the
precipitate and matrix. The detailed sequence eofatan during creep has been

discussed in Chapter 2.
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The higher misorientation around the grain boundamBcipitates and triple points,
leads to nucleation of creep cavity by rupturing blond between the adjacent grains.
Thus the information of misorientation around thaiig boundary precipitates and
triple points by EBSD technique has the potentiflearly detection of creep

cavitation in service exposed components.

B — CI'23C5

Figure 7.11 Phase map showing4Cs carbides precipitated along austenitic grain

boundaries in the near HAZ region of the specinestet] at 225 MPa.

The estimated strain values showed that the cre@m saccumulation across base
metal of the joint varied considerably with respecipplied stress. The base metal
near to the HAZ region experienced higher creeqrstwhich decreased progressively
towards the ridge of the creep specimen teste@@atVPa. The overall strain values
increased with increase in applied stress level.d&sussed earlier, for the creep
specimen in the as-welded condition, the straimmcdtation in base metal near to the
HAZ might be due to residual stress generated bitiptes thermal cycles during

welding.
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The strain values obtained fromy @arameter across base metal of the weld joint are
in good agreement with the von-Mises stress vanafFigures 7.8 (a) and (b)). At
225 MPa applied stress, higher von-Mises stredsase metal near to the HAZ is
reflected into high strain accumulation. At strésgel of 175 MPa, the higher von-
Mises stress in region 2 (the mid-region of bastah@hen compared to region 1 is
reflected into marginally higher creep strain acalation in this region. It should be
noted here that the values of strain obtained wensiderably higher than the values
estimated by simulation (Figures 7.9(a) and (bhisTs because the FEA simulation
takes into account only the secondary stage. Tdralthowever was comparable in

both the cases.

The variations in stress gradients across the yoghtl occur due the presence of the
“metallurgical notch” [89]. The presence of thistalkirgical notch increases the von-
Mises stress to values higher than the appliedstresulting in a higher strain in
region 1 and 2 of the base metal. The effect of thetallurgical notch was more
severe at higher stress level of 225 MPa. At agrinédiate stress level of 175 MPa,
the contribution of the geometrical notch was kemgere resulting in a comparatively

uniform distribution of plastic strain throughobttbase metal region of the specimen.

75 TEM analysis

The dislocation substructure in the creep testekgocan be correlated with the
values of @G estimated by EBSD. In this section, the microstrad evolution has
been studied by TEM, by extracting specimens froenrtear HAZ region. In the as-
welded condition, relatively fewer dislocationsthre matrix (Figure 7.12 (a)) were
observed. After creep exposure at 175 MPa, theaisibn substructure had started to

evolve (Figure 7.12 (b)), signifying creep straiccamulation. For the weld joint
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tested at 225 MPa, there was a considerably hidgeesity of dislocations. The
presence of higher amount of these tangled disttatesulted in an increased value
of Cy (Figure 7.12(c)) than that was observed for sti@sd of 175 MPa. It can hence
be stated that the parameter can also indicate the type of dislocation substmact

evolved during creep

Figure 7.12 TEM micrographs of the near HAZ reg{oggion 1) (a) in as-welded
condition, (b) creep tested at 175 MPa and (c)MP%a.
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7.6 Conclusions

The EBSD technique of estimating localized accutmutaof creep strain along with
FE analysis of state of stress distribution haspibtential to predict the remnant life
of component, which can be complemented with stahdeetallographic techniques.

Minor variations of strain within the component danestimated using this technique.

In this investigation, based on the studies ontatysientation parameters@btained
by EBSD analysis coupled with FE analysis of vorsdai stress distribution across
the base metal and TEM investigation of dislocasabstructure of creep tested 316
LN steel weld joint, following conclusions have bhedrawn:

1. Creep strain accumulation which manifested as taiem spread across the
grain varied considerably and was dependent onafipdied stress. Higher
strain concentration was observed near to the dgrawndary region and
particularly around the grain boundary pinned vpé#mticles.

2. Base metal near to the HAZ, which was subjectekigber von-Mises stress
due to stress distribution resulting from the mstroctural inhomogeneity
across the joint, experienced higher orientatioeagh and strain.

3. Near one to one correspondence between the EBSDa#stl orientation
parameter ¢ FE estimated von-Mises stress and dislocatiorstautiure

evolution was observed.
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Chapter 8

Summary and Recommendations for Future Work

8.1 Summary

The fusion zone of the austenitic steel weld joexkibits a complex microstructure.
Therefore, unlike the base metal, creep deformadioth damage behaviour in weld
joints are much more complicated. One of the afttalresponsible for the complex
and composite microstructure is the deposition oftipie passes especially while
fabricating thicker sections which generate repkateermal cycles which can
significantly modify the microstructure. This studgtails the evolution of two types
of microstructural modifications caused by the d#fpon of subsequent weld passes.
The modifications in microstructure of the fusioone pertained to a narrow region
which was subjected to thermal cycling. Two typésnodifications occurred in this
regions —a) morphological changes in delta ferrsied b) dislocation sub-structural
change. In the as-welded condition, the morphologydelta ferrite is usually
continuous and interconnected. The higher surfaesa-@-volume ratio of this
‘vermicular morphology delta ferrite makes it uaiske, which upon elevated
temperature exposure fragmented into isolated tdaob morphology. The thermal
cycling also induced localized expansion and catita which strengthened the
region containing globular delta ferrite. In otlesrds, it can be stated that this region
is subjected to a ‘'thermo-mechanical treatment'th Bthese microstructural

modifications had significant influence on the dgeaaused by creep cavitation.

At elevated temperatures as during creep expotiueedelta ferrite transforms into
intermetallics and carbides. The kinetics of thEnsformation is dependent on the

morphology of delta ferrite. Since the vermiculaorphology comprised of a
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continuous interface within the austenitic matdxfusion of Cr and Mo occurred
readily in this region compared to the regions aomhg globular morphology. The
precipitation of intermetallics in the globular i@g containing isolated packets of

delta ferrite was delayed, as its morphology waspmaratively less continuous.

The formation of a hardened microstructure in tlodglar region as a consequence of
the ‘thermo-mechanical effect’ produced a strengthdient across the weld pass
interface. Upon creep loading the gradient affedtes stress redistribution which
induced significant creep deformation and grainraauy sliding in the vermicular
regions. Creep cavitation occurred preferentiadlyhie vermicular delta ferrite regions
due to the arrest of grain boundary sliding by ptiansformed delta ferrite and lack
of relaxation of stress. Therefore, both the mictatural changes played a
synergistic role for nucleating cavities. The pnogiey for propagation of the cavities
was significant in the vermicular region when conmegato the globular region. This
again can be attributed to the preferential stredsstribution in the softer vermicular
region during creep loading. After significant paggtion in the vermicular regions
these cracks are arrested at the weld pass irdediad do not propagate into the
region having globular ferrite. The hardened glabulegion offered resistance to

crack propagation to a greater extent.

Since both these microstructural modifications clem@nt each other in dictating the
damage kinetics in the weld metal, it is diffictdtisolate their individual influences
in a SMA weld joint. Hence, studies were carried oo weld joints fabricated with
the autogenous A-TIG process. The fusion zone @sdhjoints contain very low
amount of delta ferrite and as a consequence thghuolmgical changes of delta

ferrite induced by subsequent weld pass is alsgnifant. In this case the creep
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rupture properties of single and dual-pass weldtgowere studied. It was observed
that the rupture life of the dual-pass weld joirgsahigher than the single pass weld
joint, depicting the beneficial effect of thermo-chanically treated region on the

creep deformation and rupture behaviour of thenkss steel weld joints.

Since the volume of the constituents within thedyghsses were significantly higher
when compared to those observed in the SMA jompression creep studies were
more feasible on A-TIG joints. The results obtaifenin impression creep testing of
the individual constituents of the weld joint shatat in the dual-pass weld joint,
there was significant strength disparity between fitst and second pass. The creep
strength of the first pass was considerably highan that of the second pass. As a
result of which the creep cavities which nucleatedhe second pass could not
propagate into the first pass. Thus, with introducof an additional pass in A-TIG
weld joints, the rupture life was enhanced up touad two times than what was

observed for the single-pass weld joint over tihesstlevels investigated.

It was clearly established that the microstructanatifications which evolved during
multi-pass welding is beneficial as it enhancedriure life of the austenitic steel
weld joints. A natural consequence of this undediteg was to compare the rupture
life of the weld joints, which differed due to cly@ms in number of weld passes.
Towards this perspective, creep tests were cawoigdon weld joints which were
fabricated using two different electrode diametgrs, 2.5 and 4 mm. The number of
weld passes could be varied significantly, keephmg heat input almost similar for
both the sizes. The two types of microstructuradifications were evident in both

the weld joints. Since the number of passes invik&l joint made with smaller
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electrode size was higher, it contained relativetye interface regions comprising of

these two types of inhomogenetities.

The creep rupture life of the joints which had lessnber of weld passes i.e., weld
joint made with larger electrode diameter was highan the joint made with smaller
electrode diameter. The extent of the constramdited in the previous pass due to the
variation in volume of weld metal deposited hadignificant role in dictating the
nucleation and propagation of creep cavities. I wiaown through local orientation
gradients obtained from EBSD that the depositiom ddrger volume of weld metal
resulted in more constraint in the previous weldoUdgh the strength gradients across
the weld joints made with larger electrode diametas significant, the ‘thermo-
mechanically treated' region, which was more pramirnn this weld joint resisted the
propagation of creep cavities to a greater extémiother attribute which resulted in
inferior rupture life of the weld joints made widmaller electrode diameter is the
proximity of the cavity nucleating regions. Sinde tnumber of weld passes was
significantly higher in this weld joint, the cavityucleating vermicular regions which
were separated by globular regions were closeatt ether. During creep exposure
the interlinking of the cavitated regions was mfaa&sible which reduced the rupture

life of these joints.

Incorporation of additional pass in weld jointsuks in microstructural modifications
in the fusion zone. These transformed regions akfsistance to creep cavitation.
Therefore, weld joints fabricated using an addaiopass for the same section
thickness exhibits better rupture life. But it slibalso be considered that increasing
the number of weld passes does not enhance thareuge as the cavity nucleating

regions are in closer proximity. This results incelerated interlinking of creep
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cavities thereby reducing the joints rupture liléhus depending on the welding
process the number of weld passes can be alterdblgu for the joints to exhibit

better creep rupture life.

The multi-pass welding not only generates regidnsiicrostructural disparity in the
fusion zone, but also results in significant strgiiadients across the base metal. These
strain gradients result in a non-homogenous elimyatf the weld joint during creep
loading. Conventional methods cannot be used fiomasng the evolution of strain
gradient. Therefore, estimation of strain usingemiation gradients obtained from
EBSD prove to be a viable solution. It has beenl waberstood that orientation
spread within a grain can be related to the inhestain in the material. A calibration
graph was constructed relating the orientationapend pre-strain levels for the base
material under the current investigation. The calibn graph was used to estimate
the strain in different regions of the base meyafiteasuring the orientation spread in
these locations. This technique can be used tmaticreep strain of service exposed

components and hence has a potentiality for renlifargssessment.

8.2 Suggestionsfor futurework

The current investigation which demonstrated th#u@mce of microstructural

changes on the creep rupture properties of 316LN yaats has opened many new

avenues for further research. Some of the possiiéxtions for future work are

suggested below:

1. The influence of number of weld passes on creepuragroperties of thermally
aged weld joints can be investigated. The currardiss were carried out on as-
welded specimens, where precipitation of interntiesabccurred only during creep

testing. Thermal aging for sufficiently longer dtions would result in complete
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10.

transformation of the delta ferrite regardlesstefmorphology. The propensity of
creep damage in such joints can further deepeuartierstanding in this subject.
The influence of number of weld passes and fusi@ahwvolume on the creep
rupture properties of weld joints made with subredrgrc welding (SAW) can be
studied. Using the SAW technique the number of weddses and fusion zone
volume can be varied over a wider window and iteatfon the mechanical
properties can be evaluated.

Interrupted creep tests can be carried out to tigae the different stages of
cavity nucleation in multi-pass weld joints, to ther validate the mechanisms
proposed in this study.

The creep rupture properties of multi-pass weldtfoican be evaluated at lower
temperatures where the precipitation of intermielk sluggish.

The influence of nitrogen content on the creeputgproperties of single and dual
pass 316LN SS A-TIG weld joints can be evaluated.

In light of findings from the current investigatiotine creep properties of all-weld
specimens extracted from weld joints made withedéht processes can be studied.
Long term (more than 10,000 hours) creep ruptuopgaties can be carried out the
check the validity of the findings from this thesis

Creep strain measurements can be attempted irush@nfzone using the crystal
orientation parameter.

The influence of microstructural inhomogeneities the fusion zone of other
materials having different deformation charactersstan be attempted.

Studies can be carried out on careful considersitioinwelding techniques to
reduce the scatter in creep properties. This cdp éehance the design life of

welded components.
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