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ABSTRAC

ABSTRACT

Many industrial sectors requirthe joining of dissimilar metals, including the power plant industry
where the different parts of a power plant are made of different materials due to differing
requirements. The locations where the dissimilar steels or alloys are joined are termed ldissimi
metal welds (DMWSs). It is generally known that a significant percentage of DMWs can fail prematurely
in service as a result of both primary system loads and constraints introduced due to differences in

the coefficient of thermal expansion across thajpas well as metallurgical compatibility issues.

Somers Forge Ltd and TWI introducedowel TransForge fabrication technique which incorporates
singlepass EBW and forging, followed by psige heat treatment, to produce a DMW joint between

two thicksections of metallurgically dissimilar materials. This technique needs to be evaluated in order
to assess the process that potentially allows welding with much lower distortion than achievable with
conventional arc welding technigues and offers the potainio be of high integrity. Two DMW joints
(A508/304L and A508/IN60Qroduced using this fabrication technique were evaluated using

microhardness testing and tensile testing and the microstructure characterised.

Microstructural studies revealed that the are many microstructural zones in the vicinity of the
interface, running parallel to the interface. In each of the joints examined, there are different
microstructural features at the interface in different parts of the joints. Tensile testing at room
temperature indicated that the tensile properties across the weld, at different parts of the joints
exhibiting different microstructures, are comparably strong and ductile (or more so) compared to the
bulk alloys, showing the viability of the fabricatioropessin addition, A508 and 304L steelg/hich
previously have only been joined with the use of electrodes/fillefsision DMW have beerdirectly
joined successfullygdemonstrating good weldability of this pair dissimilar alloysvhen utilising the

TransForge fabrication technique.



ABSTRACT

The most common type of DMW is, however, still fusion weldiparticularly in the energy sector.
Increasingly, newer 9€liMo steels such as P92 are used in power plants in order to allow the use of
higher steam pressure amressure, and thus the behaviour of P92 in DMW joints are increasingly
studied. However, there tends to be some discrepancy between the failure modessefvioce
components and those of accelerated creegted joints in labs. It is hypothesised thaid may be

due to the difference in the magnitudes and states of the applied stress and the durations of exposure
to high temperature between the two situations. Precipitate growth is a potentially important factor
that is affected by stress and high tenmpture that may in turn influence the failure modes of DMW,

so the behaviour of precipitate growth under different stresses and durations of exposure to high
temperature may have a role in DMW failure. To test this, the three DMW specimens from P92/IN182
joint were subjected to 154, 129, and 116 MPa of stress, at temperature of 630°C,redudtad in
timesto-fracture of 109, 1453, and 5862 hours, respectively. Separately, additional joint specimens
were subjected to thermal ageing for the same duratiamghe same temperature. The difference
between these two sets of specimens are that the crept samples experienced mechanical stress during

the exposure to the high temperature, whereas the thermally aged specimens did not.

It was foundthat while both theLaves phase and the Type | interfacial carbides (which occurs near
the interface between a ferritic steel and a nickel alloy filler in fusion DMW) were affected by the
applied stress, they are affected differently. Applied strizssrept samples likelycaelerated the
growth of Type | carbides in the minor axis direction, while the major axis dimensions of the Type |
carbides appear to not be affectetligh mechanical stresses in creep (as observed in the short
duration creep sample) increased the numhignsity of Laves particles, indicating greater Laves
nucleation and formation, but may have decreased the coarsening rate. Type IV failure in the longer
duration creep may be explained by this Laves behaviouhenfine-grained heat affected zone

(FGHAZ
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Symbol Description Units
A nanoindentaton contact area m?
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D diffusion coefficient or diffusivity m?s?
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F number of degrees of freedom -
G Gibbs free energy Jmoft
h nanoindenter displacement m
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J diffusion flux mol m?s?
K strength coefficient Pa
n strainthardening exponent -
N number of datapoints in each nanoindentation ledgplacement curve -
p phase -
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Phermo  absolute pressure Pa
Shermo  €Ntropy JKt
S stiffness Pamt
T absolute temperature K
Tm absolute melting temperature K
U internal energy of a system J
\Y; volume m?
X mole fraction of an atomic species -
X vector coraining values of inverse method optimisation parameters -
X value of a material propertybeing optimised in the inverse method Varies
X lower limit of x; set for the optimisation using the inverse method Varies
XV upper limit ofx set for theoptimisation using the inverse method Varies
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be elastic strain -
By plastic strain -
b1 total strain -
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A t2A342yQa NI (A2 -

YIEY2AYRSYGSNI t2Aaa2yQa NI GAZ2 -

stress Pa

yield stress Pa
number of phases in equilibrium -
number of components in a system -
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1 INTRODUCTION

Due to increasing worldwide concern for climate change, there is a strong push to limit and ultimately
decrease greenhouse gases emissigarticularly carbon dioxide. In 2014, energy production is the
leading source of carbon emissions in the UK, contributing 31% of thg1ptdlhus, one important

way to achieve this is to increase the efficiency of power plants, i.e. generating more energy but using
less fuel, which in turn will reduce carbon dioxide emissiotfigssil fuel power plants. Here, efficiency

can be increased thermodynamically by maximizing the peak temperature and pressure of the steam

cycle.

However, this introduced new challenges as the power plant components need to be able to withstand
such extreme temperature and pressure, but still being economical to fabricate. More specifically, the
alloys utilized in these components are required to have sufficient service life in their respective
service environments whildhe minimizing costs of produittn and maintenance. Thus, different parts

of a power plant are made of different materials due to differing requirements. Thetbigherature

parts require materials with good corrosion and creep resistance at the high service temperatures and
pressuresmost suitable of which are austenitic metals, such as nickel alloys or austenitic stainless
steels. They are relatively expensive, so they cannot be used throughout the power plant. Instead, the
less expensive ferritic steels are used in the less critmakr temperature and pressure) areas. All of
these components are interconnected, so welding them togetbrecessary to create the full steam
vessel. The weld joints between the different types of alloys are termed dissimilar metal welds

(DMWSs).

DMWs are thus commonly employed in power plants. However, peculiar issues that arise in DMWs
are generally known to cause premature failures in service in power plants, i.e. the welds have well
below the expected creep life of the base materials involved.rddicuctural changes, atomic
interdiffusion between alloys, as well as differentials in coefficient of thermal expansion, in high
temperature service environment are wddhown issues.

1
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One wellknown issue is the discrepancy between the locations dfiraiteported in service welds

and the locations of failure in accelerated creep testsséxice DMWs using nickiehsed weld
repeatedly point to Type Il premature failure due to the formation of creep cavities armtedacial
precipitates called thdype | carbides. But accelerated creep tests tend to cause Type IV cracking.
Hence it is thought that for a given system of DMVd given temperature, the location of failure may
depend on the applied stress and the duration of creep. The reasons fdsthat clear, but it has
been suggested that a contributing factor may involve the effect of applied mechanical stress on
precipitate development in a DMW system, but this has not been investigated widely, thus offering a

gap in the knowledge in an importaarea.

Somers Forge Ltd and TWI introduced a novel TransForge fabrication technique which incorporates
singlepass EBW and forging, followed by ptsige heat treatment, to produce a DMW joint between
two thick sections of metallurgically dissimilar raals. This approach allows welding with much
lower distortion than achievable with conventional arc welding techniques and offers the potential to
be of high integrity.It is possible that this technique can increase the weldability of dissimilar alloys,
i.e. more diverse pairs of dissimilar allogan be joined directly withouproducingdefects such as
pores, voids or cracksyhile achieung the level ofstrength and ductility of at least one of thaulk

alloys The manufacturing process will be fasind more coseffective using this technique. If
successful, this technique could be used to manufacture, for example, a transition joint that can
replace the current design of noz#le-safeend fusion DMW in nuclear power plants. The technique
could al® be utilised for the fabrication of forging tools used in the metallurgical sector. This novel

fabrication technique has yet to be deeply characterised, so this can be the focus of this project.

The overall aim of this project is to investigate furthlee formation of detrimental microstructures
within dissimilar metal weld (DMW), and to relate this formation to welding and-pett heat

treatment (PWHT) industrial practices as well as to extended high temperature ageing conditions.

In consultation withndustrial partners, the objectives of this project are as follows:
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1. To charactege materials from the TransForge projeetxaminingthe weldability of the

materials andhe feasibility of the innovative fabration of dissimilar weld joints

2. To charactase the microstructural evolution of DMW between P92 and IN82/IN182 under
creep and thermal ageing, and investigate the effect of applied mechanical stress on

microstructural evolution of DMW.

The thesis consists of the following chapters:

2. Literature Revew, where the progress of previous research is outlined and sets the current
situation regarding DMW in industry.

3. Research Methodology which outlines the samples preparation, examination,
charactersation techniques, and modelling technigues.

4. Characteristion of A508/304L TransForge Jojiwhere the microstructural and mechanical
characterisation of a joint made using the TransForge fabrication method is presented.

5. Characterisation of A508/IN600 TransForge Joimhere the microstructural and mechanical
characterisation of another joint made using the TransForge fabrication method is presented.

6. Microstructural Evolution of Dissimilar Metal Weld Between P92 and IN82/IN182 Under
Creep and Thermahgeing where a particular fusion DMW that underwent creep loerimal
ageing are characterised, allowing for comparison between specimens that were exposed to
prolonged high temperature with applied stress and those without.

7. Conclusions and Future Workyhere the main conclusions are detailed and directions for

future work are presented.
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2 LITERATURE REVIEW

2.1 Introduction

To provide the background and context to the research, it is important to understand the current
researchon metallurgy of alloys in power plarasd themicrostrudural evolution occurring in typical
fusion DMW under high temperature conditiohrovel DMW fabrication method, TransForgethen

introduced as a way to address the issues associatedtyytbal fusion DMW.

In order for materials to be considerditifor use in power plants, theypust hase acceptablatrength,

toughness, creepesistance (i.e. resistance to plastic deformation of materials under load at
temperatures higher tham&"Y , where"Y is the absolute melting temperatureand corrosion and

oxidation resistance in theirespective operating conditions. With these criteria in mind, these
materials are expected to have a predicted (fgthout failure)on par with that of the power plant

itself; if not, then at leasbe easily repairecor replaced.Materials for use in @mponents in high
temperature power plant environmentd N3 &a2YSGAYSa RS&aA3IySR 2N asSt S

100,006hour creep rupture strengtff2].

Typicallysteelsare used in power plants because of the relatively ample supply of iron and the general
familiarity of iron in engineering applications, with its versatility to obtaimaage of physical,
chemical, and mechanical properties througiocess manipulations such as heat treatment
however, nickebased alloys are also increasingingused in power plants due to their excellent
creep and corrosion resistance and other prajms. Forthis project, nickel alloys are used fater

weld metals as well as bulk materials in TransForge

2.2 Steels

2.2.1 Plain carbon steel
All steels contain varying amounts of iron as the main element, and carbon as an alloying element.
The simplest type fosteel contains only these two elements, with the carbon content generally in the

4
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range of 0.080.20 wt%.The phase diagram @fon-carbon binary systerin equilibrium is shown in
Figure2.1. This plain carbon steel exists in tleem of oneor moreof the followingthree stable phases

in equilibrium depending on temperature and carbon content

1 Ferrite, with a bodycentred cubic (BCC) crystal structureFigure2.1, the ferrite structureis
showntooccurinther 'y R 1 LIKIFaSaod ¢ K2 dediffereit €Speraturel ¢ 2 LIK |
ranges, their crystallographic structures are identical.

f Austenite, with a faceOSY G NBER OdzoA O o6C/ /0 ONRaidlf &dNHzO0d
phase diagram.

1 Cementite also kiown as iron carbide, with an orthorhombic crystal structanel achemical
compositionof FeC. This is actually a pseudquilibrium phase, but is stable enough to
warrant inclusion in the phase diagram. At low temperatures, cementite tends to exist in

alternate layes with ferrite, inalamellar fashion, to create a structure called pearlite.

The phasegeported in phase diagrars are only those thaibccur in equilibriumthere are other
phases that do occur in real alloys but do not appear in the ptaggam because these phases are
metastable, i.e. it will degradever timebeforethe alloy reactequilibrium, but degradation is slow
enough for the phase to exist in service. The most important metastable phase is the martensite,
which is formed when sel in the austenite phase is quenched (rapid cooled) to room temperature.
Without time to diffuseinto cementite layersthe carbon is trapped in the ferrite lattice, forming a
body centred tetragonal (BCT) structufesimilar phase called bainite istfioed when a slightly slower

cooling rate is applied.

Carbon, as an element with small atomic diameter, fills in the interstitial space between the metal
atoms in the lattice until it reaches its relatively low solubility limit as a solid solution; the rest
precipitates into carbides. Both the solid solution and the carbides a@saengthenng mechanism

in steels; carbon in the solid solution matrprovides lattice strains that impede dislocation

movementswhile the carbides act to stop or pin dislocati movements.
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Iron readily combines with oxygen to foroxides(FeOs, FeO or F£), so plain carbon steel has low
oxidation resistance. The iron oxide layer that forms on the surface can flake off, which exposes more
iron to oxidation. l#nce rust preventiormethods such as coating or inclusion of other alloying

elements are done to protect the steel.

2.2.2 Alloying elements and phases in steel

While plain carbon steel is strong and ductile, igémerally not adequatenough for most modern
engineering applications. Hence, other alloying elements such as chromium, manganese, nickel,
molybdenum, vanadium, copper, niobium, tungsten, cobalt and silicon are added to enhance steel to
desired properties and design applicationghe influence of allging elements includes several
important aspects: enhancing mechanical or chemical properties of the alloy matrix (by e.g. solid
solution strengthening or corrosion resistance improvement), promoting certain type of crystal
structure (FCC, BCC etc.) of #ley matrix, or becoming the source elements for precipitates (which

6
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would also enhance mechanical properties). Hestistant alloys in particular depend on precipitate
phases such as carbides and intermetallic phases, wdtabdity at high temperatues isan important

factor inalloy desigrdue to their effects on mechanical properties in high temperature conditions

The rolesof each element in steelre described below:

9 Nitrogen, like carbonjs also used for strengthening steels role is generidy analogous to
that of carbon: nitrogen atom fills in the interstitial space in the metal lattice alsd a
precipitates into nitridesr carbonitrides in the presence of some alloying elemgletading
to possible improvement of mechanical properties

T Ghromiumis among the most important alloying elementsteelsand is used to enhance the
corrosion resistance of steel (including at high temperature) and to form carbides. The
increase in corrosion resistance is due to the formatiom sfow-moving andselfrepairing
film of chromium oxide on the surface, which acts as protective barrier that prevents further
oxidation of thesteel Chromium can also form carbides, suchvisG. The importance of
chromium means thasteels forsteam vessalalmostalways contain some level chromium,
with stainless steel alloyfor higher temperatureapplicationshaving greater amoustof
chromium content.

1 Nickel is mainly used to promotehe stability of theaustenie phase sothat it can be
conservedat lower temperatues. The solid solution strengthening properties of nickel also
generally increases strength, ductility and toughness.

1 Manganese like nickel, is an austenite stabilizer at low temperature, though at high
temperatures it will stabilize ferrite. As a resuthanganese can replace some of the nickel,
though greater amount is needed to achieve the same effect. Manganese also increases the
solubility of nitrogen in steels, which means treagreater manganese content can lead to

higher nitrogen contents in stée(especially austenitic stainless steels).
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$ Molybdenum is used to increase resistance to corrosion, and also increases mechanical
strength due to solid solution strengthening. It also tends to promate ferritic
microstructure in steels. Molybdenum maiso lead to the formation of secondary phases in
ferritic and austenitic steelsuch as the intermetallicaves phas@e,Cr(Mo,W).

9 Tungstencan be usedas a supplement to osubstitution of molybdenum in some alloy
systems because the roles are samilespecially with regards to high temperature stability of
carbides such as 2[4, 5]

1 Vanadiumand niobium strongly ppmote the formation of carbides and carbonitrides, the
most common of which ithe fine secalledMX-type carbonitrides, which enhances theeep

strengthand other mechanical properties of variokigh performance steel, 7].

As can be seerthe inclusion of carbon, nitrogen, and other alloying elements may lead to the
formation of several carbides and carbonitrides in the steels, some of which are previously mentioned.

Theseprecipitatesare:

1 MsC(cementite), where M is usually Fean be founaven in plain carbon steel, as mentioned
previously though in steels with chromium content this phase is less stablelaesl not form
in equilibrium.

T a-3X 6KSNB WaQ A& dzadzvff FROWYRRA dzy OF, {eBad ¥ NI Y RR
FCC crystastructure. The presence of this precipitaggeatly improvesthe mechanical
properties of the creegstrength enhanced ferritic (CSEF) steels.

1 MeC E-carbide has an FC&ructure M is predominantly molybdenum, though it can also be
iron, chromium, nickel or silicon.

1  M23Gs, where M is predominantly chromium, but may also be iron and other elements. This
chromiumrich carbide commoly exists inequilibrium in steels with significant chromium
content

T M:G, likeM23Gs, is also a chromiumich carbide.
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1 MoCis a carbide with M being predominantiyolybdenum tungsten, and/or chromiunf8].

This carbide forms in lowlloy steels. In steels with higher molybdenum and chromidmCs
forms more favourably.

1 Zphase is a nitrideconsising of Cr(V,Nb)Nthat formsin steels with significant nitrean
content. Greater chromium content allows more favourable formationhef Zphase[9]. The
Z-phaseforms and grows at the expense of MX carbonitrides, and is detrimental to the creep
strength of CSEF steels.

9 Lavesis an intermetallicconsisting of (Fe,G({Mo,W) that forms in steels with significant
molybdenum and/or tungsten content. The formation and growth of Laves depletes

molybdenum and tungsten from the matrix, thuesducingsolid solution strengthening

2.2.3 Ferrtic/bainitic steels

Amount (wt%o)
Element P22 P91 P92 A508

Al C ¢ 0.04 max| 0.04 max 0.025 max
B ¢ C ¢ C 0.001-0.006 | 0.003 max
C 0.050.15 | 0.080.12 | 0.070.13 0.25 max
Ca ¢ C ¢ C (Y Ca 0.015 ma;
Cr 1.92.6 8.09.5 8.59.5 0.25 max
Cu ¢ C ¢ C (Y Cu 0.2 max
Fe Bal Bal Bal Bal
Mn 0.30.6 0.30.6 0.30.6 1.21.5
Mo 0.87-1.13 | 0.851.05 0.30.6 0.450.60
N C C 0.030.07| 0.030.07 C C

Nb G C 0.060.10 | 0.040.09 0.01 max
Ni C G 0.4 max 0.4 max 0.41.0

P 0.025 max| 0.02 max| 0.02 max 0.025 max
S 0.025 max| 0.01 max| 0.01 max 0.025 max
Si 0.5 max 0.2-0.5 0.5 max 0.4 max
Ti ¢ C ¢ C ¢ C 0.015 max
V C C 0.180.25| 0.150.25 0.05 max
W ¢ C ¢ C 1.52.0 ¢ C
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Ferritidbainitic steekarecommonly employed in most industries becatisey havebetter properties
than plain carbon steelahile havingrelatively low concentrations of alloying elements, so generally
have lower cost to rduce compared t@omeother types of steels (e.g. stainless steels). The limiting

compositions of ferritithainitic steel alloys of interest to this project are outlinedTiable2.1.

2231 P22

P22 steel, also known as 2.25[0o, hasbeen widely used in temperaturesup to 560°Cin
powerplantsfor decades. Unlike the other ferritic steels considered in this project, it is a bainitic high
strength lowalloy steel. Chromium gives the oxidation resistance, while the molybdenum increases
the strength of steel.There also has been extensive research of DMW utilising this metal as the ferritic
part of the joint. As a result, most reports on DMW of ferritic steels involve P2Zalk anetal, so

they form a significant part of the literatureeview of DMW, even though this alloy will not be used

in samples for this project.

2232 P91

Demands to increase the temperature and pressure of power plant operaitioosder to improve

efficiencyled to efforts to design a better steel alloy. Eventualhe CSEBteels containing 42wt%

chromium were developed. The reason why this chromium composition range is desired is that it
maximises thechromium content of the steel (which maximises the corrosion and creep resistance

etc.), while at the same time #tiallows the alloy to fully transform t6/ / ONE & i & & G NHzO
austenite) at certain high temperatures. This ability is illustrated in thed¢toemium phase diagram
inFigure2.2x g KA OK &adK2ga (KL ( ofydzbsside up tdzirauiyiAvit% Cr. The LIK | &

CSEF grade most commonly usegdawer plantsis P91[10].

10
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In service, P91 is preferred to have tempered martensite microstructure, which is the reason why the
full transformation to austenitic phase is desired. This is iblei during the fabrication of the joint
using stages of heat treatments. It is first normalised to around RW°C for full austenite
transformation, followed by quenching to form martensite. Afterwards, the steel is tempered at 730
780°C for a numbeof hours to decrease residual stresses d@ndencourage the formation of
precipitates such as dG and MX in order to increase creep rupture strength to be useful in service
[12]. In welding applications, the steel is post weld heat treated (PWHT)-temper the weld
induced martensite. Even with this, however, the haffected zone (HAZ) in P91 is reported to be

problematic in weld$13-15] .

The formation of precipitates are generally beneficial because their placement irgustenite grain
boundaries (PAGB) and lath boundaries contribute to creep strength, as long as they do not coarsen
excessivelyThe Laves formation is somewhat detrimental due to the removal of molybdeinam

the alloy matrix, which decreases solid solution strengthening

Unfortunately, with the presence of chromium, the MX phase is not thermodynamically stable at high
temperature,causing it absorb chromium and transform tgplase. The vanadium nitride (VN) is the
type of MX more prone to transform intoghase due to favourable crystal structyts]. Zphase
coarsens into large particles, so its formation would strongly lead to a net decrease in creep strength

11
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due to the replacement of fine and dispersed MX phase (especially VNawwitlch coarser pse.

Hence the development of-ghase thought to have a strongly detrimental effect on the creep
strength. This is especially a concern for CSEF alloys with relatively high chromium concentrations,
because there would be more Cr availatudeed into the Zphase growtl{17]. Nonetheless, for P91

or other 9%Cr steels the formation of modifieghZase is relatively small in the pertinent time scales;
only low amount of modified ohase is observed evafter over 100,000 hours of creep at 600°C

[18].

As for the MsG and Laves precipitates, there are still potential to coarsey Ostwald ripening

and thus decrease the creep resistar{@®]. M:sG and Laves precipitates particles that coarse
0Se@2yR ndp > Y[20]. N fink BX phdseris§ lgefialconcern because of its coarsening
resistance, though again must be prevented from excessively transforrphage. Nevertheless, the
main microstructural degradation mechanisms of 9%Cr heat resistant steels durifigflongreep
and/or aging ard_aves phase precipitation and recovery of the matrix rather than precipitation of Z

phase [18].

2.2.3.3 P92

P92 steel is an improved version of nifgetl P91 steels, withthe most notable change being the
addition of1.8 wt.% tungsterand a small amount of bororhile the molybdenum content isslightly
decreasedLike P91R92 is strengthened by tempered martensite structure stabilized hgdarbide

and MX carbonitridg20, 21] However, in P92 the creep strength is further improved because the
incorporation of tungsten leads to greater solid solution strengthening and hardendBityThe
molybdenum content is reduced taround 0.5wt% in order to suppress the increasing tendency to

the formation of delta ferrite.

The major differencén precipitatecharacteristicsn P92 compared to P91 is that the composition of
the Laves phase is now (Fe (p,W), which is different from P9#lue to incorporation ofungsten

in P92. The incorporation of mgsten furtherstabilises this phase, which leads togreater amount

12
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appearingn P92[23]. The addition of small amount boron leads to improved coarsening resistance of
the MxsG phase and perhaps also promotes grain growth in FEGH#hich improves welding
properties[24], though it is essential to limit the boron contentorderto avoidthe formation of BN

particles[25].

2.2.3.4 A508

A508 Grade 3a(k.aSA5085r.3, SA508 CI.3, 16MND5, etc.)idraNi-Mo low-alloy bainitic steel used
in the nuclear power plant industry, mainly for structural and other relativelyittensity (moderate
temperature and pressure) environmengsccording ttASME Boiler and PressWWessel Code (BPYC)

A508 steelsto be utilised in nuclear reactorgp to 371°C/700°R26].

The microstructure in seise is mainly tempered bainite after being quenched and tempered (at 650

700°C) in the fabrication process. Various precipitates can form during the tempering process, the

most abundant ® which is cementite, forming as lommgd and spherical particles in the intkth
region. Another important carbide is theeedlef A }M®,Ctarbide, which are nansized 0.02>m
thick 0.3>m long)and forms in bainitic ferrite laths. The carbides, mostly cementéte,shown to
create voids that allow the initiation of fractuf@7]. Other possible phases that may occur during

tempering include M@ype carbides (such as MoC) and-&@ihides FaiMosGor FeMoC)[28, 29]

Sulphur, whichexiss in all steels to some degree as an undesired impurity, may combine with

manganese to form the MnS inclusion, which has been shown to be the primary cause of large void

nucleation innuclear pressure vessel ste§B0], alongside cementite mentioned above.

2.2.4 Austenitic stainless steels

All stainless steels havechromiumcontent of at least-12 wt% higher than those derritic steels as
reported before inorderto havei KS 2 EARF A2y NB&aAA&GI yQSomé &do i
havehigh nickelcontent, which then causes thaustenitic crystal structuréo be maintainedat low

temperatures, instead of transforming to ferrifer martensite) Austenitic stainles steels arenore

13
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resistant to corrosion and oxidatioas well as having superioreep resistance. Due to relatively large
amount of these alloying elements, however, the cost of production isenigompared to ferritic
steels, so the usage of theseagi is limited to critical componentat very high temperature
conditions.Sometimes stainless steels are also used as filler metals in DMW, though disadvantages
such as the large gap in coefficient of thermal expansion between them and the ferriticamase,

other issues, mean that other filler metals (especially as nichséd alloys) are preferred.

The stainless steelsed inthis projectis 304L, the composition of which is outlinedliable2.2.

Amount (wt%
C Cr Fe Mn N Ni P S Si
304L | 0.03 | 16.0018.0 Bal 2 0.1 féo(()}o 0.045 | 0.03 | 0.75

304L is an austenitic grade stainless steel containing-188randt 2 6 O Nb2y O0KSy O0S
The low carbon content is intended tinimise the precipitatiorof chromium carbidedf the M23Gs
type) at the temperature range of ~5009D0°C, which is commonly encounteréd welding
operationswhich can lead to intemgnular corrosion (phenomenon known as sensitisatidgpically,

no other precipitates types form, so unless thertisGs present, 304L is a singfhase alloy.

Efforts to eliminate the need for austenitic stainless sta@$e replaced by improved EB steeldn
order to cut costs as well as to decrease the amount austenitic-&tefelrritic steel weld joints in
power plants have so far beamsuccessful due to the unexpected failures of CSEF steels in service

[15], so austenitic stainless ste@ldl continue to be used for the foreseeable future.

2.3 Nickelbased alloys

Nicketbased alloys are common in applications invohhigh temperature and high stress, such as
the power plant industry, due to good mechanical properties and corrosion resistance at high

temperature, surpassing that of stainless steels in most camit An important and common

14
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austenitic nickebased family of alloys is the Inconel range, which are predominantly composed of
nickel and chromium as the primary and secondary elements, respectwighyNi >50wt% and Cr
>15wt%).Even more so than atemnitic stainless steels, the high cost of production limits their use to

only critical components and sometimes as coating of steels for corrosion resistance.

Nicketbased alloys aralso widely used as filler materials in DMW joints because their casffiof
thermal expansion is between the ferritic steel and the austenitic stainless steels, but closer to the
ferritic one, as well as other beneficial properties. This is important because the interfacial region
between the ferritic bulk and the weld Wilready be the weakest point in the joint; so the fact that

the distortions experienced by the two alloys are similar after processes such as welding helps to
prevent this distortion phenomenon from being an additional factor that further contributéaitore.

There are also other advantages of using nitleeded alloy filler, such as decreased carbon migration

between the dissimilar alloys.

2.3.1 Inconel 82/182

Hot cracking habeen a major issutor the integrity of weldmentsn high temperature applicatios
especially the nuclear power industry. Research conducted frantate 1940s for weldments with
better integrity eventually gave rise to welding metals that became Inconel Welding Electrode 182
(AWS A5.11 ENiCHgand Inconel Filler Metal 82 (AWS IEERNICB) [31]. These weld metals are

part of the600 Series MNalloy filler metals They arghe most commonly used filler metals for DMW
applications, in austenititerritic steels joints as well as toip them to highnickel alloys. They are

alsoconsidered to bemongthe best weld materiafor creep or high temperature applications.

The difference between the 182 and 82 is that the 82 filler is used ituggsten arc welding (GTAW),
also known a tungsten inert gas (TIG) welding, whereas 182 electrode is uselidtdexi metal arc
welding (SMAW)also known as manual metal arc (MMA); otherwise the properties of these welds

are similar. The limiting compositions of these metals are listethinle2.3. It is common to utilise
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both of these alloys in a single weld joint, certainly when the joint fabrication procedure involves both

TIG and SMAW welding.

Amount (wt%)
In 182 In 82
Element| (ENICrFe3) | (ERNIGB)
C 0.10 max
Cr 13.017.0 | 18.0-22.0
Cu 0.50 max
Fe 10.0 max 3.0 max
Mn 5.09.5 2535
Nb+Ta 1.025 2.03.0
Ni+Co 59.0 min 67.0 min
P 0.03 max
S 0.015 max
Si 1.0 max 0.50 max
Ti 1.0 max 0.75 max
Others 0.50 max | 0.50 max

Klueh and Kindg32] reported that in longterm high temperature exposurethe formation of
precipitatescauses the weld metal to increase in strength but reduce ductility, but it wasecently

that Siressha et a[33] identified these precipitates as MG, NgTi((Q A Y i S NI S, &ridNHCA O LIK |-
Siressha et a[33] also showed that in a Charpy impact test, these precipitates only appear at the

fracture surface in aged welds and not in theveesdded condition. While both the aselded and aged

welds exhibit microvoid coalescence, the precipitates that fornaged welds can accelerate the

microvoid coalescence by allowing more decohesion between the particles and the matrix, thus
contributing to premature failure. It should be noted, however, that despite these significant changes

in strength and ductility, ta ductility and toughness is still relatively high.

2.3.2 Inconel 600
IN600 (Nil5Cr8Fe) is a standard nickel superalloy used for its good corrosion resistance in the

chemical and nuclear industriggue to its particularly higNicontent (minimum 72 wt%), thacrease
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of which has been shown to increase stress corrosion cracking resi$dn@&5] According to Special

Metals[36], the only precipitated phases present in the microstructure cdmemium carkides(in

the form of MesG and MyGs). The chromium carbides can foon the grain boundarieéintergranular)

and within graing(intragranular) Intermetallic phases likeQz KAt S O2YYdatediy Y2a

alloys, arenot present in IN600 at any temperatidue to the lack of Al and Ni

2.4 Interface between ferritic bulk alloy and austenitic weld in fusion dissimilar

metal welding

The austenitic to ferritic weld jointare the mostrelevantDMW joints in this project. Since most of
the failure in these DMWsazur in the vicinity of the ferritigveld interface as well as the ferritic bulk,
the examination of the interface between ferritic bulk alloy and the wedd well as adjacent regions

in either sida are prioritised

It is important to understand the proptes of the DMW in asvelded state for the weld metal and
ferritic metal, as these will affect the microstructural evolution of the DMW joint during the
subsequent heat treatments. During the heat treatment, DMW experientdesostructural evolution
when exposed to high temperature for a prolonged period of time, with particular attention paid to
carbon migration/diffusion and interfacial precipitate formations and their consequences. These in

turn affects the failure modes of DMW.

2.4.1 Properties of asvelded pint
The most commorfiorm of DMW is fusion welding, which involves melting the weld metal onto the
bulk metal [37-39]. The distinct microstructural zones that appears in fusion DMW is illustrated

schematically ifFigure2.3.

In the fusion zongFZ) any melted portion of the lk metalis completely and homogenously mixed
with the weld meta) so the composition is usually macroscopically uniform through®ut neaithe

boundary, however he melted fluid experiencesome sort of stagnation and does not homaogenously
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mix with the bulk metal alloy; this the partiallymixed zone (PMZ) Next to it, on the other side of
the weld line/interface, the bulk metal is heated to a high temperature thuthe conduction of heat
from the weld, which causes microstructural changes, but below the solidus, so no melting occurs;

this is known as the heat affected zone (HAZ).

Weld line/interface

Partially mixed zone (PMZ) /

Figure2.3: Schematidllustration of microstructural zones in the ferritic side of fusion DMW joints

2.4.1.1 Properties of weld metal in the-alded condition

As mentioned, the mixing between the weld and bulk metals in BNMiomplete and heterogeneous,

so the composition in this zonearies as a function of position; the composition gradually changes
from that of the bulk metal to that of the weld metal, as showirigure2.4. This composition gradient

plays a significant role in the microstructural evolutand thus service performance. While the width

of PMZ can vary as a function of welding variables such as heat input and filler feed rate, the zone
always exists in fusion DMA0, 41] regardless of the all@yinvolved; in general, however, the width

of PMZ in steehickel welds is found to be less than 50 pm.

The weld metal typically solidifies in directional manner from the bulk metalwilh a dendritic
structure growing irthe FCC <100> crystallograpticection[42, 43] The fact that the weld metal

has an FCC structure causes the weld crystal that initially solidified on the bulk ferritic steel to orientate
differently with respect to the BCC bulk metal (because thengfted ferritic steel material that is
close to the melting poin SEG (2 (KS t denite B2QieiyRal HKric@irS). As the bulk

metal cools and transforms to FCC austenite, however, some of the weld crystals adjacent to the bulk
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metal rearrange to fit into the FCC crystal structure, leading to an appardtirstthe boundary

0Sti6SSy G(KS o0dz 1 YR ¢6StR YSiGlftazr AadSe GKS C// C

15

| INCONEL 2.25Cr—-1Mo
Cr

10

. ITT
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Figure2.4: Distribution profile of major alloying elements in the vicinity of PMZ in DMjdint, between the Inconel 182
weld metal and P22 steel. The zero position of the horizontal axis is arbitrary. Courte 44¢f

2.4.1.2 Properties of ferritic bulk metal inraelded condition

The HAZ shown iRigure2.3 needsto be broken dowrinto more detailed classificationa order to

be usefulfor analysis This is shown ifrigure2.5, where the ironcarbon phase diagram aids the
identification of phases at various locations in the vicinity of the weld, as a function of the maximum

local temperaturecaused by the welding procesghe diagram shows the following regions:

9 Coarsegrained heat affected zone, or CGHAHRe upper part oftiis zone, while not melted
G FeEtx KFra SELSNASYOSR (GKS KAIKSadG GSYLISNI G
ferrite (fine-grained)l Yy Raustenite(coarsegrained)phases appeaiThet ferrite, although
fine-grained, is detrimental to the local singth because it does not form martensite upon
fast cooling (recall that the ideal microstructure of P91/P92 is tempered martensite), since no
allotropic phase transformation can occur betweedfierrite |y Rferfite [45]. The lower
temperature part of CGHAZontains2 y t & -aliskeite phase (becauseit is within the
austeniteonly region), but the grains here amso coarse because thisgh temperature

environmentencourages their growtloy the complete dissolution of carbide particles that
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would otherwise restiit the growth. When the zone is cooled quickly after the weld pass near
the region,martensite laths form

Finegrained heat affected zone, or FGHAAe transition between CGHAZ to FGHAZ is
gradual. Like in the lower CGHAZ, the region fully transformsatestenite phasghowever,

the graindail to coarsen significantly like in CGHAZ because the carbide phases do not dissolve
compleely at this lower temperature (and thus impede grain growth) meatiggaustenite
grains here are relatively finelence when the zone is cooled quickly after the weld pass near
the regionthe martensite laths$n this region are smaller than in CGHAZ (and also smaller than
Ay GKS o6dzZ {1 YSOFIt>X 0SOFdzaS NBOFfft GKIG GKS
to the lower CGHAZ during its fabrication heat treatment). Since the carbides are not fully
dissolved, the metal matrix has relatively lower carbon content, meaning that the martensite
that forms would be less distorted (i.e. less tetragonality) compared toAZ&iHd bulk metal.
Intercritical heat affected zone, or ICHAZ. This region partially transforms to austenite, with
a Y | tabstenite grains forming and growing within the original tempered martensite
structure of thebulkmetal. Like in FGHAZ, the austergrains here have relatively low carbon
content The part of the region that does not transform to austemi¢ains themartensite
structure from the previous fabrication heat treatment, thas been ovetempered.
Overtempered region. Thigs the region exposedo a temperaturethat istoo low for any
austenite to form, but above tempering temperature (approximately 760°C for P91/P92), so
it is overtempered. This causes dislocation annihilation and also greater local carbon
diffusion, which leads texcessive ferrite recovery and carbide coarsepiogering the local

strength of the material
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Figure2.5: Microstructural regions/zones in P91 steel in the vicinity of the weld, shown to be linked ®thaximum local

temperature during the welding process by using the irgarbon phase diagrarf46].

2.4.2 Microstructural evolution during ageing

As there are compositional gradients between the different alloys of a DMW joint, there would be
chemical potential gradients of elements across the weld lines, which will be the driver for the
diffusion process. Hence, diffusion of these materials across the weld lines, termed interdiffusion, are
expected to occur when exposed to high temperature for an extended period of time, and higher
temperature leads to an increased diffusion rate. This is esihecrae for carbon (and nitrogen),
because they are small and occupy the interstitial spaces within the matrix of either alloy, so they have

greater freedom to move and diffuse.

2.4.2.1 Carbon diffusion and migration
As mentioned, carbon has a relatively fasfugifon rate. Since carbon is known to have significant
influence on the microstructure and thus mechanical properties of metals, the diffusion of carbon is

of fundamental importance when dealing with DMW; as such, it has been extensively studied.

The constutive law for diffusion states that elements diffuse down a chemical potential gradient.

Chemical potential gradient in turn is usually proportional to the concentration gradient. Hence,
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elements tend to diffuse from areas of high concentration to amefal®w concentration. Assuming

steady state diffusion in one dimension, this is describe#ibly's first law

where is the diffusion flux of specids in amount of substance per unit area per unit tinbgs the
diffusion coefficient or diffusivityin area per unit time§ isconcentration of specigsin amount per

unit volume; andis the position along the diffusion gradient, the dimension of which is length.

However, chemical potential gradient is also heavily influenced by the presence of different elements
within the alloy system. This is especially true foboa, whose chemical potential was demonstrated
to be affected by the presence of silicptv]. Silicon sufficiently increases the chemical potential of

carbon to cause it to diffuse up its concentration gradient.

Chromium, manganese, and molybdenum have also been found to decheashdamical potential of
carbon. The role of chromium is especially important, since ferritic and austenitic alloys contain
significantly different levels of chromium, which leads to very different chemical potentials between
the two alloys. It is shownof example, that the level of chromium in a highoy steel directly impacts

the decarburisation level in a lealloy steel joined to if48]. It was also found that carbon diffusion
from ferritic steel to austenitic weld metal is less pronounced when B9dsed as the ferritic
component, compared to using P22, partly because the chromium level difference across the weld
interface is less when using P91 (P91 has higher chromium level thaj382Zhis phenomena has

since been observed in other ferridustenitic joints as wel#9, 50]

Metals with anFCC crystal structure (e.g. the austenitic alloys) generally have shorter diffusion
penetration distance compared to BCC metals (e.g. the ferritic alloys). FCC metals with high nickel
content are especially effective in reducing the diffusion distance tdweduced atomic mobility in

the nickel matrix, so carbon diffusion in nickelsed alloys is significantly less extensive than in
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austenitic steels[51, 52] This means that it is advantageous to utilise nitkeded alloys as weld

metals in order to minimisearbon migration.

2.4.2.2 Carbon enriched and denuded zone

When carbon diffuses through the interface between the two alloys against its concentration gradient,
the carbon content at the lovalloy side of the interface would be depleted, whereas on the other
side the carbon content is augmented. This creates the carbon denuded/depleted zona (@l&7)
referred as decarburized layetin the low alloy part of the interface, and a carbon enriched zone (CEZ)

in the austenitic side of the interface.

Figure2.6 illustrates this phenomenon in the interface between ferritic P22 steel and an Inconel filler
weld that had been in service. It shows a decreased carbon concentration in the ferritic side close to
the interface; on the other side of thiaterface, the carbon concentration spikes to such a high level
that it significantly exceeds the carbon solubility of the weld metal. This causes carbide precipitates to
form in the CEZ. The precipitates that usually form in this zone are identified M4 and MsC
carbides[41, 53, 54] On the other side, the CDZ exhibits the dissolution of carbide to supply the
carbon for diffusion (because carbides themselves are immobile, so carbon needs to be freed from
the carbides before it can diffuse), which also leads to local grain growth due to the removal of the

pinning effect of carbide precipitates on the grains.

The choice of alloys in DMW affects the extent to which carbon migration, and thus CDZ and CEZ,
occurs For the ferritic side, it is found that P91 experiences less decarburised region compared to P22,
as mentioned earlier. For the austenitic weld side, it has been found tieadécarburized layer in the
ferritic side of the joint is far less severe whasing a nickebased weld metal, compared to an
austenitic stainless steel weld metal, because the diffusion is reduced to the extent that the

decarburized layer does not appear or is very sfpall 55, 56]
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Figure2.6: Carbon concentration profile in the weld interface between P22 steel and an Inconel weld metal that has been
in service. Courtesy db7].

2.4.2.3 Precipitation formation near welddin

One phenomenon unique to the ferriteustenitic system that is not observed in, say, ferfigiritic
DMW, is the formation of carbide bands adjacent to the weld interface in the ferritic side during
thermal ageing. The formation of these carbidestisrgly influenced by the welding fabrication

process, high temperature conditions, as well as compositions of both alloys in the joint.

These interfaciatarbidebands are recognised to contain two distinct morpholo@s59], examples

of which are shown ifrigure2.7:

1 Type | carbideg these carbides form in a single line along (but not on) the weld interface in
the ferritic side of the steel. They initially form in discreet spherical shapegtadually
become more lenticular (whose dimensions can be defined by major and minor[6R&s)
which allows them to join or coalesce with each other and thus form a continuous line of
carbides.

1 Type Il carbides a wide band of fine latiike structures
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-

(a) (b)
Figure2.7: Scanning electron micrographs of the two carbide morphologies that are observed at the DMW interface
between the P22 steleand Inconel 182 after aging: (a) Type | carbide and (b) Type Il cafbitle

Type | carbides are the most frequently observed, and it is the predominant type carbide that appears
in DMW using itkelbased alloy fillers. Type Il carbides are rarely observed in DMW usinglrésles

alloy fillers, mostly only appearing in DMW using stainless steel fillers due to the wider interfacial
martensite region in stainless steel welds. Hence, investigatiegarding nucleation, growth, and

morphological changes of Type | carbides are given priority and have been studied substantially.

Regarding combinations of alloy systems and their impact on the precipifatps,| carbides in wedd
of P22 steel usin@16 stainless steel filler arebservedto contain two groups of carbides: the
chromiumrich MxsGs carbide and the molybdenusrich MsC carbidg61]. When welding Inconel 625,
however, onlyM2:Gsis observed62]. Type | carbides have also been observed irR1@r steels (i.e.
P91/P92), though these carbides &ap to be smaller than in P22 joirj&3], and the precipitates that

form there may include the Laves phase as welMa&s carbides in a joint with IN62[64].

2.4.2.4 Failure modes of DMW

The microstructural evolution during welding fabrication and ageing discussed above has significant
effects on the mechanical performance of DMW, making the DMW joint weaker than the unaffected
bulk metals. One of the most imp@ant measurable mechanical properties relevant to this is the
hardness of the material. The carbon migration that results in the formation of the CEZ and CDZ

directly affects the local hardness of the materials. It is well known that CEZ has high hasthtess
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to the bulk alloy due to the formation of large amount of precipitate (carbide) phases, while the CDZ
has relatively low hardness due to the depletion the carbide phases; the changes in hardness values
correspond directly to the changes in pretipé volume fractions. An example of this is illustrated in
Figure2.8, where there is initially a high hardness in the HAZ after welding, but after PWHT and
especially creep testing, the HAZ exhibits a lower hardness due to caepdetion, whereas the local

hardness at the interface increases due to carbon enrichment at the interfacial area such as the PMZ.
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Figure2.8: Microhardness profiles across interfacial region of weld madetlween P22 steel and alloy 800H withconel
182 filler in as welded condition, after application of PWHT at 7@for 1 h, and after creep testing at 150 MPa at 350
(failure occurring at ~1000 h). Courtesy [@f].

The failure of DMWs in higiemperature environments primarily involves creep. Caya
accumulation due to creep is almost always most severe at the weld line/interface or on the ferritic
side, not in the weld itself, if proper weld procedures are followed. There are four types of damage
that can contribute to failure (not to be confusedth Type I/l carbides mentioned in a previous

section), depending on location relative to the weld as illustratefigure2.9:

1 Type I, which is cracking in the weld itself. Since austenitic weld metals are more creep
resistantthan the ferritic bulk metal, this rarely occurs in practice if the weld is carried out
correctly.

1 Type I, which is cracking on, or close to (within microns of), the weld interface

1 Type I, which is cracking in the CGHAZ
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1 Type IV, which is cracking thafportedly occurs in either/both the FGHAZ and ICHAZ

N

I~
Base HAZ Weld Metal HAZ Die
Plan View
Weld
" HAZ ,. -
i Metal i Base

Cross-Section
Figure2.9: Classification of cracking in weldments according to Scheller €6&]. Courtesy o{66].

Mechanical compatibility issues such as differences in trefficeent o thermal expansiorand
metallurgical compatibility issues can result in premature fail[##&-43, 67] There have been
numerous investigations into the factors and mechanisms that contribute to cracking problem in

ferritic-austenitic DMW$41, 55, 68, 69]which are summarised below:

9 Differences inthe coefficients of thermal expansion between ferritic steels and austenitic
welds lead to different magnitudes of thermal expamsbetween the weld and theulkmetal
in high temperature operation, causing stress to develdpsmay contribute to high residual
stress following welding procedure as wedl eyclic fatigue during servic€his is especially
true for welds using austitic stainless steels, but it is far less severe in welds using -hickel

based fillersas they havesimilar thermal expansion characteristics as the ferritic alloy.
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1 Carbon depletion in the ferritic materialhe carbon migration results in the formation af
decarburized CDZ band, which reduces the local hardness and strength to below design levels.
Furthermore, the adjacent CEZ is particularly hard and strong, so additional strain is forced to
be Whbsorbedby the CIZ

1 The Laves phase may coarsen (leattindpe leeching of molybdenum and tungsten from the
matrix which decreases solid solution strengthening), and the strengthening MX phases may
transform into the detrimental fphase, during prolonged high temperature exposure,
particularly in FGHAZ wheredlsmall grains provide larger surface area of PAGB (where the
Laves phase forms) per unit volume of material.

1 The Type linterfacial carbides may induce the nucleation, growth, and coalescence of
microscojic voidthat would create crack surfacespeciallyas they grow in size during ageing
This leads to the Type Il damage failure. An example is shokigune2.10 where it can be

seen that the voids nucleate around the Type | particles to form the interface cracking.

For a givenystem of DMW in a given temperature, the location of failure may depend on the applied
stress and the duration of creep, as shown schematicallyignre2.11. At high stresses, failures
commonly occur in the bulk metal or the waltketal; however, when thetressis reduced, there is a
threshold beyond which the dominant failure shifts to the FGHAZ/ICHAZ, causing type IV creep
cracking. The premature failure in this regime occurs sooner than what can be predicted from the
performanceof the bulk metal or weld metal material under the same conditions, termed the Type IV

shortfall.
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Figure2.10: Creep cavities are assomated with mterface pat|cles of DMW ]0|t between-Bi@o-VNb and Ionel 182,
creep tested at 180 MP§63].

At still lower stresses and longer creep duration, however, the failure location may no longer
correspond to Type IV cracking. In a recent study by Lahg@Bhicreep rupture properties of DMWs

using Inconel 182 weld metal, with P22Cr1Mo, or P91 on theferritic side of the joint were
investigated. It was demonstrated that, as the creep stress was decreased (and thus increasing the
duration of creep) at a fixed temperature of 5% the failure siteshifted fromdeep in theferritic

bulk metal toICHAZ m ferritic side(indicatingType IMlamagé. At still lower stress, the failuhifted

close to theweld interface which is at the location of Type | carbides (indicating Type Il damage). This
is illustrated inFigure2.12, wherethere is a rupture life threshold between failure at the interface and
Type IV failure, with the performance of the DMWs experiencing shortfall when the failure occurs at

the interface.

There has been some difference in observations about where failurddyaredominantly occur
under long term service conditions. A review by Abson and Rotf&@Bhows that weldments made
with steels such as P91 and P92 as bulk metal wexperience Type IV cracking in general. A review
of DMWs by DuPorj#1], however, indicated that when nickbbhsed weld metal is used, the failure
would occur near the weld interface as a resoitformation of creep cavities around th&pe |

carbides.
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Figure2.11: Schematic representation of the reduction in creep rupture strength beyond the onset of type IV cracking in

welds involving 912%Ciferritic bulk metals (such as P91) at a given temperat(@8].
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Figure2.12: Comparison of the creep rupture lives of diffent DMW joints made with ferritic bulk metals and IN182 weld

metal [63].

Exservice DMWs using nickiehsed weld repeatedly point to Type Il premature failure due to the

formation of creep cavities around Type | carbides, as interfacial carbides are sometimes detected on

the crack surfacqd39, 70] But accelerated creep tests tend to cause Type IV crafking 2] This is
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consistent with the observations of Laha et[@B]and DuPonf41]. All these imply that in accelerated
creep tests, the stresses are too esgsive so that the time scales involved are usually insufficient for
microstructural evolution to take place that would accurately reflect the microstructural evolution of
DMWs in long service durations. Perhaps another failure regime at even lower stissseld be
added toFigure2.11 to account for phenomenon illustrated fRigure2.12. This is important to be

kept in mind when conducting and examining accelerated creep tests of DMWs.

2.5 Effect of creep stregstrain on precipitation behaviour

It is known that precipitation processes are positively affected by increasing stress as well as
temperature, but it is thought that the effect of applied stress is only merely apparent, when in fact
precipitation behaiour is strain dependenf73-75]. Elastic and plastic strain can contribute to the
nucleation and coarsening of precipitat§86]. Elastic straincontributes to a more favourable
condition fornucleationbecause the rsulting additional interaction energies contribute to the total
precipitate energy, which lowers the required transformation energy and critical nucleation energy.
Plastic strairalso contributes to nucleation, mainly due to dislocation multiplication mrarement,
which provides favourable nucleation sitdslastic strairmay affect thegrowth and coarseningf
precipitates by contributing interaction energy that affects the orientation of precipitadastic
strainalso contributes to coarsening becaube higher dislocation density promotes more effective
pipe diffusion routeswhere the dislocations in the matrix act as a channel for rapid traasd;that

the movement of dislocations would increase the mobility of sstitition elements in the maitx

that could form precipitates, which results in the solute dragging effect, leading to more rapid

coarsening.

All these indicate that the effect of strain on nucleation and coarsening rates of precipitates is only
significant when the strain is particulg large, i.e. when the stresses are high, leading to significantly
high deformationwhen comparedto stressfree situations. Therefore, straiis likely to have a

negligibly small effect on nucleation and coarsening of precipitates in practical seoridé@ions,
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which generally involves only very small creep deformation, while accelerated creep tests

particularly those with very high stresgemay unrepresentatively alter the precipitate behaviour.

A number ofstudies have observed the effect of strain microstructural evolution on bulk alloys,
particularly on P9J75] and P92[74, 7%79] and varias other highchromium ferritic steeld73],

chiefly by comparing the microstructures in the grip (i.e. mechanically unstressed location) and gauge
(i.e. medanically stressed location) parts of a creep specimen. The precipitates of interestywenéch
M23Gs, Laves phases, and to a lesser extent Wite shown to have enhanced nucleation and growth

under creep strain.

So far, studies for this kind of behavidn welded samples (similar or dissimilar) remain limited, for
the simple reason that one cannot malk&omparison between the grip and gauge portions in order
to evaluate weld behaviour (because the weld interface carmapptearon both locations unlesshe
weld interface is parallel to the uniaxial stress applicatidqowever, according to one study, the
behaviour of certain precipitatasType | carbides appear not to be affected by mechanical loading
as shown irFigure2.13[60]. The authors for this study offered no reasoning for this, though the likely
reason is thatonly a small stresswas applied 80¢80 MPa which would have led to minimal
strain/deformation in theinterfacial region, which means that the precipitate behaviour in that vicinity

wasnot affected significantly by the applied stress.

This is just one study, and in this respeacbnly focuses on the morphology and growth of Type |
carbides. Effects on ther precipitates such as those in FGHAZ, which may have a role in inducing Type

IV cracking, was not investigatethisisa gap in literature that could biavestigated for this project.
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2.6 TransFagefabricationmethod background and development

Fusion welding, commonly in the form of arc welding such as GERMAW or submerged arc welding
(SAW), is typically used to join components of dissimilar allmysever, this introduces challenges
unique o DMW in addition to the drawbacks that would be present in similar metal welding.
Mechanical compatibility issues such as differences in the coefficient of thermal expansion (which may
contribute to high residual stress) and metallurgical compatibilisyés (such as that which result
from the difference in chemical composition of the dissimilar alloys) can result in premature failure
[41-43, 67] High energy density fusion welding processes, such as electronwelaing (EBW) and

laser beam welding (LBW), have been gaining popularity in industry recently due to their potential to
reduce these issues to some extent, in addition to providing practical benefits such as the possibility

of automation[80, 81]

Alternatively, solid state welding, such as friction welding (rotary or linear), friction stir welding, and
diffusion bonding can be used to join dissimilar alloys. As the alloys remain in the solid stdiegfmuc
the complications associated with fusion DMW are not present and these techniques may produce
excellent jointg82, 831 however, thesgrocesses may be constrained by joint geometry (as in the

case of friction welding or friction stir welding), economical considerations (diffusion welding takes a
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significant time) or process difficulty (friction stir welding is so far only commercialiyevfor soft
materials, e.g. Al/Mg, and but not for joints with exclusively hard mater[82). Forge welding,
another solidstate joining process, may be a viablation, but there is scarce literature available for

the application of forge welding for DMW. A study investigating forge welding between stainless steel
and aluminium alloy shows that, at least microstructurally, the weld interface can be as good as
diffusion bonding, though weld quality is sensitive to several forging parameters and conditions
(temperature, deformation amount and forging sped@]. So hijh energy density fusion welding

processes such as EBW remain a competitive DMW techB&jie

TransForge aims to demonstrate the feasibility of combining EBW and forging to join two dissimilar
metals in order to create an interface piece between two respective dissimilar metal pipes (i.e.
creating a transitn joint), so that autogenous welding (i.e. without filler or interlayer) can be
performed without compromising the stringent quality requirement of the nuclear power plant
industry. The EBW provides a strong fusion joint, and the forging consolidatgsntyeéemoving any
unfused locations as well as providing flexibility to further shape the component close to the desired
finished shape (e.g. a disk). The forged joint would have no distinct heat affected zones because the

whole component is heated tolkigh temperature during the forging process.

TransForge follows a previous successful project called Forgefdigah investigated the use of EBW

for similar material joints. The ForgeMan project was conceived as an alternative method to
manufacture RPVs udén nuclear power plants, presently fabricated as forged monoblocks. The goal
of that project was to study the feasibility of joining smaller pieces with a novel-igickon EBW.
Instead of making one very large forged component, with the aim of sgittie fabrication of RPV

into smaller pieces, which would then be joined together using EBW.

The advantage of using EBW compared to other fusion welding processes is that it has a high
penetration depth which allows for thick sections to be welded, italao be performed quickly with

a great degree of automation. Conventional arc welding cannot be performed on thick sections in a
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single pass and may require the use of filler for thick sections. The other highly automatable
autogenous welding technique thi deep penetration, laser welding, shows promising results with
respect to mechanical performance compared to conventional fusion welding methods (specifically
GTA welding) and being porositge [86], but the thickness of the material may be limited because
the weld depth to width ratio is limited to approximately 10:1 (versus 40:1 for EBW). So for welds that
require depth in excess of 10 mm, EBW is by far the moreeaffsttive method, because penetrations

of up to 250 mm in steel can be achieved with a high power (~100kW) EBW in a sing&padse

high energy density of EBW enables deep penetration with a relatively narrow fusion izdleus
minimizes residual stresses and distortion and also minimizes the mixing between dissimilar metals.
In addition, a vacuum environment is required during the EBW process, which ensures that any gaps
at the unfused centre would not contain air (aapped air could present complications during the
subsequent forging process and also potentially creates unwanted voids). This is thus another
advantage of incorporating the EBW process before proceeding to forging, especially for larger

components.

The dawback of the EBW process is that it requires a vacuum chamber to perform, which may
represent a constraint on the size of the component, as well as a (small) increase in manufacturing

time due to the chamber evacuation during the process. EBW operatiendaosme in a higivacuum
environment, typically 1810°F G Y®T K2gS@OSNE 201t @ Odzdzy 2NJ W2

developed in order to perform EBW without a vacuum chanjBér 89]

The novel TransForgmbrication technique incorporates singbass EBW and forging, followed by
postforge heat treatment, to produce a DMW joint between two thick sections of metallurgically
dissimilar materials. This approach will allow welding with much lower distottian &chievable with
conventional arc welding techniques and offers the potential to be high integrity. The manufacturing
process will be faster and more cesffective using this technique. If successful, then this technique

could be used to manufacturegif example, a transition joint that can replace the current design of
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nozzleto-safeend fusion DMW. The technique could also be utilised for the fabrication of forging

tools used in the metallurgical sector.

2.7 Knowledge gaps

The review of research suggestgep stress/straimay have an effect on precipitation behaviour. In

DMW between ferritic steels arausteniticalloys,

1 A study suggested that no effect of creep stress on a specific type of precipi(@tipe |
carbides)in DMW exposed to a fixed higemperature, perhaps due to low stress levels
exerted. It is possible that strain that develops under larger stress in creep conditions may
affect precipitation behaviour at the interfacial region between the two alloys, which in turn
affect the integrityof the weld itself.

1 Type IV failure is associated with higher creep stress, whereas lower creep stresses tend to
cause failure closer to the weld interface in DMWs with nitlesded weld metals. Laves phase
coarsening in FGHAZ has been suggested assa tauType IV failuréhe high stress itself
have may a role in inducing Type IV failure, perhaps by influencing precipitation behaviour in

FGHAZ.

In order to examine whethetreep stress/straimave an effect on precipitation behaviour, and thus
weld integrity, microstructural evolution of crept and thermally aged samples experiencing similar

high temperature in similar durations from the same DMW joint need to be compared.

The TransForge fabrication method outlined in the previous section has the tenbe a fast and
costeffective way to produce thick section DMW joints while maintaining high integrity. Being a novel
method of producing DMW joints, it has yet to be deeply reviewed and thus offers a wide scope for

evaluation on its integrity in t@ns of mechanical and microstructural properties.
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3 RESEARCH METHODOLOGY

3.1 Introduction

This sectiorfirstly describes the type of materials to be examined as part of this project. It is then

followed by descriptions of the methods of preparing the samfdesnicrostructural examinations
Afterwards, the techniques for samples examinations and charaatems are described:inally, the
computational technique used f@redicting the phases that may appear in a giaday under given

conditions, which help supplement the microstructural investigation, is outlined.

3.2 Materials supply

There arawo groupsof samplesprovided forthis project. They a from TWland Doosan Babcock

3.2.1 TWIg TransForge samples

The intention of the TransForge process is to bypasblpmatic fusion DMW between dissimilar

metal pipes by creating a transition joint that is produced offsite (the ring) and then simply

incorporated into the desired location by similar metal welding. The transition joint made of two

dissimilar alloys is pduced by using EBW followed by forging, machining etc.

3.2.1.1 TransForge fabrication method summary

A summary of the TransForge fabrication process is illustratEdyime3.1.

1. A pair of solid blocks or cylinders madedi$similar alloys are electron beam welded in

vacuum (5x1e! mBar) at the outer edges all around the interface, with each edge welded in

a single pass. The incorporation of EBW in the process means that there may be some fusion

welding that occurs in thenterface, except at the centre of the interface between the two

blocks where it may be deep enough to be beyond the reach of electron beam welding.

2. The joined blocks are heated to approximately 1000°C. The actual forging temperature(s)

depends on the adlys being joined.
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3. While still glowing hot, the blocks are forged/pressed together.

4. The fused blocks are further forged into a desired shape (disk/cylinder shape for this work) in
stages.

5. A hole is pierced through the centre of the disk, creating a-simgped componentKigure
3.2), where one side (top) is made of an alloy dissimilar to the one at the other side (bottom).

6. The component can be further machined, inspected, given heat treatment, etc.

1. Electron Beam
Welding (EBW)

2. Heating

3. Weld forging

4. Further forging ta

desired shape (disf/

cylinder in this
work)

/\

5(i). Piercing hole a
centre of disc/
cylinder

5(ii). Post-forge heg
treatment

6. Further machinedl,
inspected, post-
forge heat
treatment, etc.

Step 5(i) inFigure3.1 is for the sole purpose of creating a ring with different alloy on each side, as
shown inFigure3.2; however, this step (Step 5(i)) of the fabrication process was not necessary for the
demonstration purposes of this work, which only analysed the specimen produced in stigs 1
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Alloy A

Alloy B

Figure3.2: Transition joint ring created using TransForge process (not part of this investigatidms is the finished product
after Step 5(i)in Figure3.1.

3.2.1.2 Materials

Three alloyshave be@ used to demonstrate the TransForge process08 Grade 3 (bainitic steel
supplied by Carrs Stainless StgeB04L (austenitic stainless steebupplied by Tecphy Division
Firminy), and IN600 (nickel superalleyHeat260027- supplied by Acciaieriedlbrung. The joint
combinations are 1) A508/304L and 2) A508/IN600. The compositions of these alloys are outlined in

Table3.1.

Table3.1: Chemical Composition 04508, 304Land IN60Q

Amount (wt%)
Element| A508 304L IN600

Al 0.003 | 0.009 -

B 0.0001 | 7 PPM -

C 0.24 0.029 0.07
Ca 0.0001 - -
Co - 0.03 0.01
Cr 0.11 18.57 15.6
Cu 0.039 0.21 0.01
Fe Bal Bal 8.74
Mn 1.42 1.62 0.53
Mo 0.58 0.11 -

N 0.007 | 0.084 -
Nb 0.004 0.02 -

Ni 0.61 10.45 74.37

P 0.015 | 0.019

S 0.01 0.001 0.001
Si 0.24 0.54 0.3
Sn - 0.007 -
Ta - 0.03 -

Ti 0.001 0.01 -

Vv 0.002 0.08 -
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3.2.1.3 Electron Beam Welding

To make a joint, a pair of blocks of dimension 150x150x175mm of the dissithilgs were joined
using EBW in a vacuum (5%1@Bar) at the four edges. The welding parameters for the different joints
are summarized ifTable3.2 with the only difference between the two material combinatidnsing

the welding speed; with the welding speed for the A508/IN600 joint being faster than that of the

A508/304L joint.

The joint was welded on one edge and then rotated 180° to weld the opposite edge. The third edge

was welded after rotating 90°, and thehe last edge was welded after rotating further 180°.

In the case of the A508/304L joitihe 304L specimewasdemagnetized prior to the welding process
however, EBWf dissimilar metal joining is complicated by the Seebeck effect, where thermoelectric
fields produced by temperature gradients deflect the beam from its intended path (i.e. along the
interface between the two alloys, perpendicular to the outer surfd®€). So, in order to keep the
electron beam perpendicular to the outer surface and pardbielhe interface, the electron beam

heightwasoffset +1mmand slightly tiltednto the A508 side for each joint.

Joint
Parameter
A508/304L | A508/IN600

Voltage (kV) 150
Working Distance (mm) 230
Beam Current (mA) 80
Welding Speed
(mm/min) 125 200

A cross section of the A508/IN600 after electron beam welding is showiguime3.3. It shows that
the weld penetration extends about 2/3 to the centre from each edge, leaamgnfused region at

the centre of the joint between the two blocks.
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EBW penetration

Unfused region

3.2.1.4 Forging

The joined blocks are heated up to approximately 1000te. blocks arethen forged/pressed
together. Forging two metalsvith different high temperature strertp would reailt in a different
deformation magnitude between the fused alloys, producing a lip flow of A508 around the IN600 or

304L, as shown schematicallyFigue 3.4, because A508 is the weaker alloy at this temperature.

Forging load
IN600 or 304L
A508
Flow Flow

This fused blocis further forged into a desired shape (disk/cylinder shape for this work) in stages.
Unfortunately thedataregarding force etc. is not available as the forging m&$ormed manually,

and the data has not e logged.
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3.2.1.5 Postforge Heat Treatment
After fabrication, the samples were given a péstge heat treatment (PFHT), consisting of
austenitisation/solutiontreat at 980°C followed by water quenching and then tempering at 680°C

followed by air cooling.

Ovenvew images of both the TransForge joints after forging and heat treatment are shadwgure
3.5. It can be seen thatlue tothe difference in high temperature strength betwetre alloys there
isadifference inthe deformationof each alloy, resulting in a lip of A508 to flow around the austenitic

alloy in both cases.

(b)
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3.2.2 Doosan Babcockfusion P92/IN182 DMw&amples

3.2.2.1 Alloys and pipe geometry and samples received

IN82

Figure3.6: Configuration of Doosan Babcock P92/IN182/740H weld, viewetha2D sketch to be revolved to form a pipe
model.

The conventional DMW weldasconstructed usingingle sided vee groove (pipe) weld configuration

as shown irFigure3.6. First, the root of the weld is made wigastungsten ac welding (GTAWH a
single pass with Inconel 82 filler. Therstaelded metal arc welding (SMAW)ultipass weld with
Inconel 182 is used to close the wekdterwards, postweld heat treatment (PWHWasperformed

at around 770+10°C for about 8 hotostemper the martensite that formed in the heat affected zone
(HAZ) of P92efore controlled cooling to 425°C (at the cooling rate of 178°C/H), and then cooled in

still air.

The compositions of the alloyssed in the pipe mockup are reported Trable3.3 and Table 3.4.
Composition of alloy 740H is also available, but is not reported here because this alloy is not examined,
as thefocus of analysis is on the interface between the P92 steglibi82 weld metal, where the

review of literature suggests is the likely location of failure.

Table3.3: Chemical composition for ferritic steel P92, as reported by Vallourec Group, which supplied the allbpdsan
Babcock.

Element | Al B C |Cr Fe Mn Mo | N Nb/Cb | Ni P
(A\Ar,t";)‘;m 0.004| 0.0021| 0.1| 8.79| 88.01| 0.46|0.47|0.052| 0.052|0.12|0.015

0.005| 0.15| 0| 0.2 1.568 0
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Table3.4: Chemicé composition for nicketbased electrode IN182, as reported by Bohler Welding Group, which supplied
the electrode to Doosan Babcock.

Element C Co |Cr| Cu| Fe | Mn | Nb | Ni P S| Si| Ti

Amount 0.02| <0.01| 16| 0.01| 5.85 | 5.75| 2.15 | 69.4| <0.01| 0 |0.45| 0.1
(Wt%)

3.2.2.2 Asmanufatured (PWHT samples)

Figure3.7: Diagram showing how the PWHT sampl@as obtained from the asreceived pipe mockup sample. The yellow
dotted line indicates where cuts were made, and the red dashed lineidgates the interface of interest (between P92 and
IN182).The blue lines in IN182 were added indicate the individual weld beads in the multipass weld.

A segment from the wedge is cut usilgctrical discharge machiniigDM cutting, then small pieces

(up to three per segment) in the interfacial area between P92 and IN&&t further cut using
waterjet cutting, as shown iRigure3.7. Care was taken to avoid the root wedt the bottom because

the weld material tlere is different (IN82 instead of IN182). These pieces are then mounted, polished,
and analysed. As this sample has been tempered duringdise weldheat treatment (PWHT), it is

labelled as sampl&.
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3.2.2.3 Crept samples

Figure3.8: The locations (holes) in the pipe mockup from which the creep samples were obtained.

Doosan Babcock also provided crept samples that are tested to failure, obtained from the pipe mockup
as shown irFigure3.8. In the creep tests, the threpipeweld joint specimens were subjected to 154,
129, and 116 MPa of stresd,temperature of 630G whichresultedin time-to-fractureof 109, 1453,

and 5862 hours, respectivelJhese samples are labelled @seepl09h Qeep-1453h andCreep

5862h respectivelyMore information on the crept samples are available in the Appe(icible0.1).

3.2.2.4 Heat treatment

A few of the PWHT samples were further heat treated (thermally aged) at the same condditites

crept sample (630°C) for 109h, 500h, 1000h, 1453h, 3000h, and 5000h in order to investigate the
effect of creep stress on microstructural evolution, especially on precipitate development, by creating
samples that underwent the same high temperataanditions as the crept samples but without the
applied mechanical stresEhese samples are labelledr&109h, HF500h, HFL000h, HT1453h, HT

3000h,andHT-5000h respectively.

To prevent the surface oxidation that occurs during heat treatment froneriating with the
observation, the cut has been made at the middle of the thermally aged samples, and the surface

along the cut was examined.
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3.3 Metallographic preparation

To examine material microstructureamples are hot mounted in the black conductiveirg as shown
in Figure3.9. The faces of the samples to be examined are then successively gabomd240, P400,
P800, and P1200 grit silicon carbide papers, in order. Afterwards, the faces are polished using 6 um
and then 1 umdiamond abrasive particleszinal polishing is done usitj025 um colloidal silica

suspension.

SN > =t
9 . S ul02

Figure3.9: Sectioned samples mounted in a blac&nductive resin (hot mounted).

Etchants are used to exposiee microstructures of the polished samples. It works by preferentially
attacking some features of the alloys, such as grain boundaries and precipitates, which then results in

surface topography defined by microstructure that can be examined with a mapesc

Since there will always be different types of alloys present $imgleDMW, therewill be different

levels of corrosion resistanagithin a singlesamplesurface with the austenitic stainless steels and
nickel alloys generally being more corrosi@sistant than the ferritic steel. As a result, no single
etchant can be used to examine all the alloys in a single sample face. Therefore, the etchant(s) suitable
for the less corrosion resistant alloys in the sample face are applied first, followée lexamination

of these alloys, and only thethe etchants for the more corrosion resistant alloys are applied.

The following are the etchants used for this project:
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f Nitalisusedi2 NB@SFt =~ 3INI Ay oiretluzXRstak ISssamktyeR O2 y &
of nitric acid and ethanol (or methanol), most commonly in 1:50 volumetric ratio to
produce 2% nital. This etchant is applied by swabbing it onto the surface for up to 60
seconds.
1 A solution ofl ml of hydrofluoric acid 2 mL ofnitric acid, and100 mL distilled water is
used to revehconstituents such as carbides and grain boundaries irP8steel It is
swabbed onto the surface for up to 30 seconds.
1 Aqua regiais for austenitic stainless steel (304L) anitketbased alloyIN600 and
IN82/IN183 to revealgrain boundaries, carbides, adéndritic structures. It is a mixture
of hydrochloric acid and nitric acid in a 3:1 molar ratio. It is heated up to 50°C and then

swabbed for up to 10 seconds.

Application ofaqua regia, whichis used to etch mog corrosionresistant alloys, onto the surface
dissolves substantial amount of ferritic steel, damagingace of that alloyThus, he samples must

be repolished before the ferritic steel can be-examined.

3.4 Microstructural characterisation

Metallographc examinations of the samples are done using both optical and scanning electron
microscopy with energgispersive xay analysis (SEM/EDa)d dectron backscattered diffraction

(EBSD)

3.4.1 Optical microscopy

Optical microscopy is done using Nikon Eclips®QND digital optical microscope to examine etched
samples under visible light, whose digital images can be captured and recorded into a computer. The

equipment contains five objective lenses, with 5X, 10X, 20X, 50X, and 100X magnifications.
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The limitationis that optical microscopy has absolute limited resolution, only down to 1 um, and has
a poor depth of field (i.e. unable to uniformly focus on surfaces with rough topography). In addition,

it does not give direct chemical or crystallographic informatibthe features in the alloys.

3.4.2 Scanning electron microscopy

Scanning electron microscopy (SEM) uses electrons to illuminate the surface of the sample, performed
in a vacuum chamber. A beam of electrons is fired from an electron gun and is typicallyaedeler
through voltages of -BO kV. The electron beam is then narrowed into the sample surface using
magnetic condenser lenses. When the electrons hit the surface of the sample, some knocks out
existing electrons on the surface to scatter, some others peateta small distance into the surface
before ballooning out and scattering, while others cause electrons in the sample to become excited.
The three types of emissions produced are inelastically scattered electrons, elastically scattered
electrons, and chacteristic Xrays. Some electrons may be absorbed into the sample, which is why it

is important for the sample to have a conductive connection to the ground to prevent buildup of
charge that may interfere with the electron scattering. The depth of penietnadf electrons in the
surface can be controlled by adjusting the acceleration voltage. These emissions are collected by three
corresponding types of electron detectors placed close to the specimen. The detectors then input

information into a CPU to corrsict an image of the sample surface.

SEM has two main advantages over optical microscopy: higher spatial resolution, due to electron's
shorter wavelength compared to visible light photons, and greater field of depth. In addition,

magnification and focus wk independently of each other, unlike optical microscopy.

SEM worksvere done using the tungstedilament JEOL JSB490LV SEM as well #80L 7100F FEG

SEM
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3.4.2.1 Secondary electron

The secondary electron (SE) mode is the primary mode in SEM. The detecicts @ifletrons that

have inelastically scattered at the surface of the sample that resulted from the inelastic interaction of
the primary electron beam with the sample. Like optical microscopy, this reveals the surface
topography of the sample, which meatist it is most useful for examination of etched sampthes

is far less useful for flat polished samples. Typically the acceleration voltage is set to 20 kV and the

working distance to 10 mm.

As Type particlesin ferritic steelsmay play an important de in crack nucleation close to the weld
line in service weldSype | particles were investigated quantitativelhese particles were observed
using SEMSE on etched surfaces of P9gpe | particle siz&as quantified using the ImageJ software
Parkerand Stratford60] suggested that it is important to measure Typaiticlesin terms of elliptical
major and minor axes, instead of assuming circular shapes, due to the carbides sometimegidigvelo
into lenticular shapes. So thgarticle sizes areharacterisedn terms of the mean area, mean major
axis dimension, and mean minor axis dimenskive measurementsdpeatg were taken in different

locationsnear the weld lingo establish confideoe limits for these measurements.

3.4.2.2 Backscatter electron

Backscattered electrons (BSE) are the beam electrons that reflect off the sample surface, similar to
how light reflect off a mirror. This elastic interaction between the sample surface and the electron
occurs in a region somewhat below the surface of the sample, typically in a bathaped interaction
volume. Because the interaction volume is larger than the width of the original electron beam, the
BSE mode cannot give image resolution as high asn&ges can. The backscattering efficiency
depends on the atomic number, so regions with heavier elements such as tungsten will appear
brighter than those dominated with lighter elements such as iron. It can also be used to contrast the
surface topographybut in lower expected resolution compared to the SE mode. Hence, this mode is

most useful for examining grain structuge.g. dendritic structure in welds well as the presence or
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distribution of secondary phases that have different average (weightemipia numbers from the
alloy matrix. Like the SE mode, typically the acceleration voltage is set to 20 kV and the working

distance to 10 mmbut the sample surface has to be polished smoothly

The development of Laves phase in P92 steel specimens wasexkasi this type of precipitate can

be readily distinguished in SEBSE, and may be relevant to Type IV creep failures. Brightly coloured
particles that appeared in SEBSE were confirmed to be Laves phase by checking that these are rich
in W and/or Mo. Fothe quantification of the Laves phase, a sampling area o##0vas taken for

each measurement. From this, the Laves particle size was quantified using the ImageJ software, from
which the mean diameter, area fraction, and number density was calculatedording to Dimmler

et al.[91], no truncation correction of equivalent diameter is necessary when quantificatiorvesLa
particle sizes is performed solely using BSE imdgeemeasuremats (replicates) were taken in
different locationswithin the eachregion (bulk CGHAZ, and FGHAZ each specimeto establish

confidence limis for these measurements

3.4.2.3 Xray Emissio

Sometimes the electrons from the electron beam collide with the existing electrons in the sample. If
the electrons from a low energy shell get collided, then it gets knocked out of the shell. The electrons
in the higher energy shell then drops into thewly-created vacancy, releasingay energy whose
magnitude depends on the energy difference between those-tdagd lowenergy shells. The energy
difference between the shells are discreet, and they are distinct for different elen{aatsvell as
different pair of orbital shells in questignso the xray energy detected can be used to identify and
distinguish the different elements present in the sample surface. This method is called energy
dispersiveX-ray (EDX,also known as mergydispersive Xay spe&troscopy EDS). EDI used to
identify the relative amount of different elements presdatally(by wt% and at%) as well as to map

the distribution of elements on the surface of samples.
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3.4.2.4 Electron backscatter diffraction

Crystallography of phases on eath (finely polished) sample surfaces can be observed using electron
backscattered diffraction (EBSD) in SEM. The surface of the sample is tilted (typicafyfram70
horizontal), so that when the electron beam hits the surface, the electrons are aétteonto a
phosphor screen in patterns characteristic to the crystal structure and orientation of the material at
that location. This pattern can be used to determine and discriminate different phases (by referencing
a library of crystallographic data phases), measure the crystal orientation, measure grain boundary
misorientations, etc. EBSD mapping of the sample surface can be obtained by scanning the surface

with the electron beam in a grid fashion and obtain the diffracted patterns at each grit poin

An EBSD detector fitted to JEOL 7100~$E3 and controlled with AZTEC software was used to
obtain EBSD results. EBSD and EDX mapping were obtained simultaneously in order to relate the

chemical composition with the crystallography of the pha3es.acceleration voltage is set tthb kV

3.5 Hardness testing

z

Hardness testing is a ndRS & G NUzOG A @S (SadG dzaSR (G2 RSGSN¥YAYS
indentation, which is type of permanent deformation and is thought to directly relate to the materials

hardhesg 6 KA OK Ay (GdzNYy KIF&a | RS3INBS 2F NBf{IFIGA2YaKAL

3.5.1 Microhardness testing

In a microhardness testing, a diametidped indenter presses a small controlled load onto the surface
of a polished sample, which creates an indérte local hardness of the material is then calculated
using the load magnitude as well as the size of the indent. Succé@sdargationalong a straight line

can create a hardness profile across the face of the sample. For this project, Vickers hashisem®et
implemented using Buehler MMT Digital Microhardness Tester, typically usti®200 gf load with

5 second dwell timeln the case of creating microhardness profiles, the offset between each indents
within the profile is at least 58m in order toensure that there is sufficient distance to avoid strain

field interaction between different indents.
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3.5.2 Nanoindentation testing

3.5.2.1 Nanoindentation setup

While microhardness testing is useful to obtain the local hardness measurement in most situations,
the inderts created are relatively large and may well include differing microstructural regimes within

a single indent, averaging out and masking the local microhardness variations. It is for this reason that
nanoindentation testing was also performed on some of famples, asanoindentationallows
smaller indents to be made. Nanoindentation testing was performed using Micro Materials Ltd.

NanoTestTM NTX with a Berkovich indenter.

Like the microhardness profiling, there needs to be sufficient distance betweemtsich order to

avoid strain field interaction. The offset for the nanoindentations were at least 20 times the maximum

depth of the indent, in accordance with ASM Internatid®&l]. To satisfy this requirement, the testing

was depthcontrolled, with the maximum depthof eachindentof> Y | YR ( KSemeahaSi o685
AYRSyGa 2F on >Y® ¢KAa O2yaraidsSyd 2Ff¥asSd 2F o
microstructural zones near the interface between two alloys, while still fulfilling the minimum offset

requirement.

3.5.2.2 Determining elastiplastic material propgies from nanoindentation data

Depth sensor in nanoindentation tester enables the measurement of the depth of the indenter and

the corresponding load exerted by the indenter onto the surface while the testing occurs. A load
displacement relation can begited for each indent, as shown Figure3.10, and from this elastic

LI FA&GAO LINRPLISNIASAa O2dzZ R 0S SEi( BtabéaSiRbe obtaln&l St | &
from the plot by considering the stiffneSgthe slope of tle unloading forcedisplacement curve that

is measured at the maximum load)he relationship betweef the contact ared and the effective

modulus,0 is

52



Chapter3: RESEARCH METHODOLOGY

Y T —=0 WMo 3.1

where

3.2

describes the effective elastic modulus, which consists of the indenter modDlughe indenter

t 2A842004F NIREAFXKS St aGA0 Y2 Rdz dzEarldy i@specivdlyd 5 2 v Q4

As the diamond tip of th&erkovch indenteris very stiff,O is assumed to be infinite, so

—38 3.3

f is a correction factor and is not constant, but assumed to b&.034 here for the Berkovich

indenter.

Elastieplastic properties can also be obtainaeding the inverse method, which involves optimising
the input parameters K, ', yield stress, , and strainhardening exponent) into Finite Element
Analysis (FEA) simulations so that these simulations would produce results that bestHih et
obtained experimentally. This inverse approach was described by Iraf98jten more detail, with
GKS 2yte& RAFFSNBYyOS o6SAy3a GKIFIG 2yte | aay3ats

reproducedherewith minor modifications

The nanoindentation testing using a Bevich indenter was numerically simulated using the ABAQUS.
Due to symmetry of the Berkovich indenter, only half of the problem geometry has been modelled as

illustrated inFigure3.11.
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Load P (mN)

Ryrax ~ 1000nm
Depth h (nm)

Figure3.10: Schematic of loadlisplacement P-h) plot from nanoindentation testing.

U2 =-0.001 mm
Berkovich

indenter

vl Indenter tip

Specimen =

Figure3.11: Finite element model of the nanoindentation testing using Berkovich indenter

The Berkovich indenter was modelled as a&arete rigid body usingB8ode 3D rigid triangular facet

elements (R3D3). The specimen was modelled as a 3D deformable body using tetrahedral elements
(C3D4) due to the ability to approximate complex boundaries, such as the plasticised material around

the indenter. The indenter is only allowed to translate in the vertical direction, to a depth of

U2 = 16 mm (i.e.the maximum depth of 1> Y @&nd constrained in other axes (U1 = U3 = UR1 = UR2
=UR3=0L KS 2dziLdzi FTNRBY GKS aAyYdzZ I GA2y A& GKS WNBI O
the specimen, equivalent to load The data of load vs the displacement of indenter in the U2

direction were then used to construct the predicted/simulateth curve.
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The model assumes a rigid indenter pressed onto an isotropic, efdastic, rate independent, semi
infinite body under quasstatic and isothermal conditions. The material congtite model was
RSTAYSR dzaAy3a |+ {6AFGQa LI ¢ SHhlhsticltrée stiessMdRsFaimi v 3 NI
behaviour was assumed to be

o &i,0 ,

o- AlL0, 34

where " is the stress at the corresponding total strain=¢ +- ),- and- are the elastic and

plastic strain componentE A & G K S 2 dzK The strendft? deeffitietztianch the strain

5

hardening exponent. In order to ensure continuity-at 0,

” (03 0-
3.5
. O
U " —
Therefore the complete material constitutive relationship wher, is modelledby
(0]
” ” p - - 36
la | NBadzZ 4§ GKNBS YI (S Erhe hitiaLyeB $ti8sh) Ar e sirair? dzy 3 Q &

hardening exponentn)) are sufficient to describe the stregdrain relationship of a material.

The inverse analysis involved an iterative optimisation procedure to find the set of material properties

that generated, using FEA, the predictBéh curve that best fits the corresponding experimental

curve. The optimisation model has been defined as fatow

subject to
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0O

3

® o o hQ pliioh
The vectox contains the optimisation parameters, i.e. the values of the material properties (2snd
isthe objective function to be minimisee is the normalised error, defined as the sumsqgtiare
of error of the predictedP values, i.e. the sum of the difference between the experimental (exp) and
predicted data (pred) o at each datapoint on th&-h curve squared The physical data extracted
from experimental indentation and FE simulated data have been linearly interpolated in order to
evaluate the objective function at the specific sample poiki& goes up toN, which is the number

of dataponts available in each experimenth curve.

The range of possible solutions has been limited by a set of bound constraints, whened ®
represent the lower and upper limits of, respectively For this study, there are three sets of limits
imposed on the range, as showniliable3.5. Most metals have strain hardening exponent ia thnge
01<n<06LYLIRAaAY3I [AYAGa { SO HbeiigBldsezd 308 BPaA.¢/ makikudn W2 LG .
allowed limit, so the limit oEis increased in Limits Set 2 to 400 GPa (though unfortunately even with

this, theEstill tends towards the mamum).

Limits Set 1 Limits Set 2 Limits Set 3
Parameter | Lower limit | Upper limit | Lower limit | Upper limit | Lower limit ‘ Upper limit
£GPy 150 300 150 400 [Determlnegg]om Equatior]
A 0.28 0.32 0.28 0.32 0.3
"y (MPa) 0 1500 0 1500 0 1500
n 0.1 0.6 0.1 0.6 0.1 0.6

For Limits Set 3, individuBlof each indent is determined by calculation ustguation 3.3where

‘O is automdically provided by the nanoindentation machine (which used Equation 3.1 to obtain

it), andv is assumed to be 0.3. Hence oplyandn are optimised.
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The optimisation method starts from an initial guess material properties defined by the user am vect

e . The current vectos , which is the solution of the optimisation probl€fde at thei-th iteration,

is iteratively modified in MATLAB using a treesgionreflective algorithm until convergence is
reached, as detailed iigure3.12. The convergence is reachédrminating the optimisation process,
when the solver attempts to take a step norm that is smaller than the defined lower bound on the size
of the step (TolX = 18), or that results in a change in thelue of the objective function that smaller

than the defined lower bound (TolFun =-8g

Start optirmisation procedure.

h 4

Read initial guess vector xy,

Y

Zet current optimisation parameter
vactor x;.

h 4

Y

Edit ABAQURS input file (Pre-
processor) using x;.

:

Fun ABAQUE mput file (Processor)

v

Extract ABAQUE P-k curve
fromthe output
file (Post-processor)

I

Bolve fix,) using Matlab script.

Optirmisation procedure

Set new optimisation paramneter
vector x; by trust-region
algorithm

Solution
converged?

Tes

Stop optimisation procedure and store
optimised parameter vector x;.

3.6 Tensile testing

Tensile testing was used to measimak crossweld mechanical properties such as yield stress¥®.2

offset method), ultimate tensile stress (UTS), and ductility (elongation). These were then compared to
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the values of the base metaf{the bulk portion of each alloyih order to demonstrate whether the

joint could perform at least as well as the base materials. The samples were machined into tensile
specimens with the dimensions specifiedrigure3.13 (the geometry was chosen due to the small
transverse dimension dhe forged joint), in accordance with ASTM E8/EBB&[94]. The tests were
performed with 0.5 mm/min (strain rate <¥8?) extension rateslow enough to ensure quastatic
behaviour until fracture at room temperature (18°C) using an Inst&ervohydraulic Test Maclan

The fracture surfaces were observed usiieOL JSBUOOLV scanning electron microscopethe

secondary electron mode in order to examine the fracture behaviour of the specimens.
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5,00 25,25+ 0,05 5,00
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3.7 Thermodynamic equilibria phase calculations

In addition to experimental methods, it is also advantageous to undertake mathematical or
computational modellingas it allowsreasonablepredictionsand parametric analysiabout the

behaviour of materials without having to conduct large amounts of experiments.

One important type of calculations involg@redicting the phases that may appear in a giadoy
under given conditions, thas to calculatewhat phases are likely to oacundergiven the conditions
(such as composition and temperatur@his is used to predict the phases in equilibrium (i.e. the

phases formed after a long period of time).

These calculations can be made using commercially available software packagesGALRHAD
(CALculation of PHAse Diagrams) family. This technique utilizes minimization of Gibbs free energy to

determine which phases are likely to appear in a given condition, as defined by several state variables
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[95]. This is because within any material, only a phase or phases that has/have the lowest Gibbs free
energy, compared to other possible pleasof the alloy, can materialis&he CALPHAD method
combines the equilibrium thermodynamic properties of all phases of a system in order to calculate
the thermodynamic properties of the system as a whole, which can be used to generate a phase

diagram.ThemoCalcsoftware was used to conduct these calculations.

The formula for the Gibbs free enerdy,is the following:

O Y v w YY 3.8
whereU s the internal energy of the system, is absolute pressurd/is volume,Tis alsolute
temperature, andY is entropy.

Each phase has its own characteristic Gibbs free eneftgained experimentallyThe Gibbs free
energies of each possible phases that can occur in the material at a given temperature can be plotted
as a fumtion of the composition as shown in an arbitrary binary system (i.e. an alloy consisting of 2
elements, here A and B) Figure3.14. Here, the composition is defined by the mole fractions of the
two componentsxa and xg, which is assumed to give rise to two possible phases: liquid and solid
phases; the temperature is 1100°C. In this case, at this temperature, the liquid phase has a lower free
energy at all molar compositions, and thus only liquid phase can agesry compositiorat this

temperature in equilibrium.
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At a slightly lower temperature, 900°C, the Gibbs free energy of each phase changes and this causes
the two curves to overlap, as shown Kigure3.15. Whenx > x,, the solid phase has ¢hlower
associated Gibbs free energy and thus will be the sole phase to appear in equilibriumxWken

only the liquid phase will be in equilibrium and thus only liquid phase will appear. When the

composition is betweemr; andx., both the solid andduid phases will appear in equilibrium.

An important property of a phase is its chemical poteritial which is the ability of a componenio

change the energy of a given phasdt is simply the rate of change of the Gibbs free energy of the

phase with respect to the component:

—a

o
: ‘ 3.9
w

—a

A system will be in equililum when the total Gibbs free energy is minimized. Any changes to the
chemical potential within an alloy would drive change, so at equilibrium the chemical potential must

be the same everywhere in the system of interest, though energy itself may vaigsabmsystem.
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Figure3.15: A plot of Gibbsifee energies of two phases in an arbitrabmnary system at 900°C. Minimization of Gibbs free
energy here is achieved by the common tangent method. Underneatlovet how phase diagram is constructed by
referring to the Gibbs free energy curves at each temperature.

All setup of thermodynamic calculations must follow the Phase Rule. According to Gibbs, the number
of phasegb, the number of degrees of freedof ard the number of components, are related as

follows:

% O .. C 3.10

Thephasegefer to homogenous parts of a system, though in practice it may include parts of a system
that are not completely homogenous. Thamber of components this case means éhnumber of
constituent elements. Theumber of degrees of freedorafers to the number of conditions/variables
that can be varied without changing the state of the system, or that have to be specified in order to
fully describe the state of a system. Taggiation assumes that there are only three variables that can
be externally controlled in order to effect phases in equilibrium: temperature, pressure, and

composition.
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Since the vapour pressure of the metal (in solid or liquid form) is usually negtgileared to the
atmospheric pressure or service pressure, the pressure can be considered as a constant in most
metallic systems. Thus the pressure variable would usually have negligible effect on the

thermodynamics of metallurgical changes, which alloeshase rule to be reduced to:

% Qe .. p 3.11

where @i number of degrees of freedoifipressure is assumed to be constant

The ThermoCalc software was used to calculate property diagrams such as the molar and mass
fractions of phases that appear in the alloys and their mixturedeurequilibrium conditions. Two
thermodynamic databases were used for these calculations. TBEE tatabasewas used for
alloys/mixtures containing >50 wt% Fe, while the TCHabasewas used for alloys/mixtures
containing >50 wt% NWith the importantexception of C, elements of €0 wt% content were
generallyexcluded to simplify the calculatioristhe review of literature suggests that they do not
perform any role in the microstructural evolution of the respective alloys/mixtulidse pressure

0 was set at 1 atm and the system size was set to 1 mole. For the property diagrambase
fractions were calculated in the temperature range of 3D C. Sometimes, if the output of the
calculation included phases that may occur iniggtium (i.e. after a long time) but were known to

not appear in service timescales, such as graphite, these phases were excluded/suspended in the next

iteration of calculations.

The limitation with this modelling method is that this is a calculationefquilibrium conditions and

only considered the driving force for phase transformations (thermodynamics) and their results, not
the mechanism or time dependency of the phase transformation. So-egoilibrium phases,
including metastable phases such as raasiteor bainite will not appear in calculations even though
they do appear in real alloys. In addition, the model will output phases that could eventually occur in

equilibrium (in infinite amount of time), but may not appear in the alloy straight aaftay fabrication
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or even within the entire service life of the components. In reality, phase transformations and
diffusions across alloys of different compositions may not have enough time to occur to appear in the
form as predicted by CALPHAD. Thus, whsimg performing the computational methods, it is
imperative to keep in mind that even i¢ CAPHAD modedsid the inputs areccurate the results

may not completelyeflect the behaviours of real alloys as observed in experiments ocervice. If
phases which have sluggish kinetics of formation appear in the simulation results, then they can be
omitted from the simulation which is run again to predict a metastable equilibrium. Which phases are

to be accepted or rejected depends on which are observddrm from literature surveys.

Also, this model does not take into account the movement (i.e. diffusion) of elements into and out of
the system in question. Hence, in terms of diffusidiffusion modellinglike those used in DICTRA
(DIffusionControlled RAnsformations) software need to be used to simulate or model- non
equilibrium kinetics of diffusion in the interface between the different alldjtss method has been
explored by a previous study using a fusion weld between P92 base andbaskel IN62%lloy[64].
However, for the purposes of this project, this tool is not so useful because it does not take into
account a possibleattor in the kinetics of phase transformation, namely elastic stf@8fs Thus the
simulation method cannot be applied to modeletimicrostructural development crept samples as
being distinct from that of thermally aged samples, as the only difference between these two types of
samples are the presence or absence of applied mechanical stress. Hence, this type of modelling would
not contribute to the relevant objective of this project, which is to compare the microstructural
behaviour of the fusion weld at the interface of a base metal (P92) and weld filler (IN82/182) between

thermally aged (i.e. without stress) and crept (mechanicshgssed) samples at high temperature.
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4 CHARACTERISATION OF A508/304L TRANSFORGE JOINT

4.1 Introduction

A macroscopic investigation of th&508/304L joint ispresented inFigure4.1 and shove some
evidence of flow eperienced by the lower strength A508 material during the forging process at the
centre of the joint, not just at the edge where the lip is formed. It can also be seen that there are
differences in the thickness of the transition zone between the centtb@&pecimen anthe outer

edge of the specimenThe centre of the TransForge joint contihe thin transition zone region,
whereas the transition zone gets thicker nearer to the edge of the joints. A possible reason is that
electron beam welding couldave caused the transition zone to be thicker at the edges due to the
width of the electron beam welding fusion zone itself being thicker at the edges prior to forging, which

created a wider mixed zone

Because the interfacial regions are distinctive ifetdént parts of the joint, more than one location of
the transition zone has to be studied in order to fully evaluate the interface between the two alloys.

Therefore, the distinct interfacial regions are divided and studied as follows:

1 Thin transition zon&egion, which originates from theentre of theforged A508/304L joint
00GKS NB 3k fnFigurellB.dzy R W
1 Medium thickness transition zone region, which has the transition zone intermediate in
thickness betwen the thin and thick transition zones, originating from a region between the
GKAY yR GKAO1 GNI}yYyaA(GADYMNAigaredd) NBEIA2ya O00GKS |
9 Thick transition zone regionyhich originates from a regh close to the outer edgef the

forged! panykonn|[ 22AYy 00O @EJUAINSEIAZ2Y | NRdzy R W

As a starting point for microstructural study, crassld microhardness profiles in the different regions
above are pesented to provide an indication of cres®ld microstructural variability. The

microstructural studies of the bulk materials are first presented, followed by the microstructure in the
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vicinity of the interface between the two alloys, divided into thefatiént regions above. Nano
indentation testing was also carried out to determine the cragdd elastieplastic properties of the
thin transition zone region, by using the inverse methdthermodynamic simulations of phase
equilibria, using the ThermoCadoftware, were carried out in order to assist the identification of
phases presentsuch aspossible precipitate phaseand whether the matrix phases should be
predominantly austenitic (FCC) or ferritic (BCC). Tensile testing were carried out to evdiatierw

the microstructural features have any impact on the mechanical performance of the joint.

v.omm

20 30 40 50 60 70 80 90 100 110 120 130 140 150

10
Iy | T

Edge

| Outer

Thicker transition
zone region

gee L
= | Flow

Figure4.1: TransForge A508/304L joint after forging and pdetge heat treatment.Bched in 2% Nital followe by an
electrolytic etch in sulphuric acid(a) indicates thethin transition zone region,(b) indicates themedium thickness
transition zone region, and (dhdicates thethick transition zone region

4.2 Crossweld microhardness profiles of A508/304L joint

Hardness values were taken across the interface of the AR@&/joint in three locations (thin,
YSRAdzYZ FyR GKAO]l ONIyaAaAdGAzy 12yS NBIA2YAEA0 6AGK
profiles are presented ifrigure4.2. In addition, bulk alloynicrohardness values were measured on

10 points far (>10mm) from the interface, which are presente@iahle4.1.

In all three regions, there is scatter of hardness valireoughout A508likely caused by the presence

of MnS inclusionssincethe formation and growth/deformation of inclusions would introduce stress
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fields in their vicinityf97]. The measured hardness of 304L is kesdtered, due to the fact that this is

a largely singlgphase austenitic alloy.

Figure4.2 showsthat there is great variation in microhardnessrass the weld in the A508/304L,

suggesting that thé&508/304Ljoint hasmicrostructurally distinct zones.

Figure4.2(a) shows that there is also scattertime hardness ofhe bulk A508materialin the thin
transition zone region of the A508/304L joint. In the buollterial the hadnesshas an average of
approximately247 H\Vo. Fom -1.5 mm to-0.1 mm there is a trend wherthe hardness gradually
decreases from around 240 kyto less than 180 Hwat -0.2 mm. The hardness peaks again at 272
H\xooat the interface. On the otheside of the interfacepn the 304L side, the hardness is around 260
H\boo before dropping sharply to around 210 kyat 0.2 mm from interface. Then the hardness drops
gradually to araround 180.0 H)o. At present, it is unclear why this is slightly lgithan the bulk

hardness of 304L presentedTiable4.1.

Microhardness measurements {oo)
A508 304L
Mean 250.6 167.4
Range 25.7 14.3
Std Dev 8.4 5.6
Std Err 2.7 1.8

Similar to the thin transition zone region, the hardnesghad A508 bulkmaterial in the medium
thickness transition zone regioRigure4.2(b))also drops fronan average airound 240 Hto less
than 180 Hwoat distance of1.5 mm to-0.1 mm from the interface. The hardnessreaseso more
than 400 HYwoin the transition zone, before dropping to 221 khat the interface with the 304L bulk
(which is about @ mm from the A508 interface)nto the 304L bulknaterial, he hardness then
gradually decreases t@an average of 173 Hw, at 1mm from the A508 interface (or 0.5 mm into the

304L bulk).
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Figure4.2: Microhardness profils across interface othe A508/304Ljoint at (a) thin transition zone region, (b) medium
transition zone region and (c) thick transition zone region. The dotted line indicates the boundary between thick transition
zone and304Lviewed under optical microscope.
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At 265 HYo, the hardness of A508 bulk in the thick transition zone regiigufe4.2(c)) is slightly
higher than the other two regions and the butkaterial, and there is less scatter overaimilar to
other regions in this joint, the hdness also drops to less thanQLBi\4e (but more than tle other
two regions)at distance of1.5 mm to-0.1 mm from the interface. The hardness thenreasedo a
valueof around270 HVoo from the interface into 0.7 mm of the transition zone. From 0.8 to 1.1 mm,
the hardness drops to average of 221,dVThehardness then gradually increase to a peak of 307
H\boo adjacent to the interface with the 304L bulk (abou8 inm from the interface with A508 bulk).

In the 304L bulk, hardness then drops to about 1764fkbm 2.0 mm to 2.2 mm. and subsequently

dropsfurther to about 158 H¥4ein the rest of the 304L bulk.

The gradual change of hardness in the region about 1 mm on the A508 side of the inteiécie
results in a hardness trough that could be a weak zand,0.5 mm in the 304L sidean beseen in

all three transition zone thickness regions

4.3 Microstructure of bulk materials

The microstructure of the bulk materials in the joint, away from the interface between the alloys, were
analysed in order to provide the starting point for the microstructuratigtof the joint. This can then
be compared with the microstructure in the vicinity of the interface between the alloys in order to

assess the weld integrity.

The microstructure of etched A508 bulk is presentelifjure4.3. This shows typicéémperedbainitic
structure with some inclusions visibl&.quick EDX analysis of the inclusions, present&igure4.4,

yields high concentration of Mn and S, which confirms that the inclusionsfavaS variety.
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| Inclusions

(a)

Figure4.3: (a) Optical micrograph andb) scanning electron micrograpbf A508 bulk from A508804Ljoint.

Spectrum 3
Element | Weight%
SK 33
Mn K 53.05
Fe K 13.95
Totals 100 Full Scale 284 cis Cursor: 0.000

Figure4.4: EDX analysis of the inclusion presentAB08 bulk

20kv  X1,200 10pm 10 50 SEI

(@) (b)

Figure4.5: (a) Optical micrograph andb) scanning electron micrograpbf 304L bulk from A508/304Ljoint.

The microstructure ottched 304L bulk is presented iRigure4.5, which showshormal equiaxed
twinned austenitic grain structure, with precipitates not evident, oggtin and twinnindoundaries.

There is b evidenceof grain boundary precipitatiofi.e. sensitisation)vhich would not be expected

in the L-gradeof the 300seriesof austeniticstainlesssteel.
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4.4 Microstructure of thin transition zone region of A508/304L

4.4.1 Crossweld compaition profile
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Figure4.6: Composition profile of major elements (Cr, Fe, Ni) acrtss transition zone region of A508/304L joinfThe
values for the chemical bulk compositions for each alloy originatesn the chemical analysis provided by supplier of the
bulk alloys.

The omposition profile across the intkace of the A508/304L joint in the thin transition zone region

wasYSlI adzNBRX gAGK p >Y aLl OAy3a o6Si6SSy SIFOK YSIad
in Figure4.6, showing that lhe concentration of Fe in A508 is 97 wt% and transitions smoothly to

around 68 wt% in 304kyhich agrees with the nominal compositions of the allpysvided by the
manufacturer The same is true for Cr and Ni (Cr is 0.2 wt% in A508 and 20 wt% in 304L, while Ni is 0.7

wt% in A508 and 11 wt% in 304L). The change/transition in composition occuengd of
FLILWNPEAYLFGStE& Hn>Y omn>Y 2y SAGKSNI aARS 2F 22Ay(
at the middle of the compositional changt this location, here is no evidence of BBeffect in the

location of EDX measurement as the séion of composition between one alloy to another is too

AKINL) 62yf& HA>Y0®
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4.4.2 Microstructure of A508 side of interface in A508/304L joint

'. ),
E}\\ A508 :.

304L

A508 X 304L

1 pa

A508

Figure4.7: A508 side of the interface ithe thin transition zone regyion of A508/304L joint

The location of examinatiofor microstructuse of the A508 in the vicinity of the interface is displayed

in Figure4.7. Figure4.8, which illustrates the etabd A8 side of the interfaceshows that the A508
does not etch well near the interface. This could indicate that there is lack of carbides in this vicinity,
which may explain why the hardness dropped gradually in the A508 side of the interface for about

nnn >Y Riszdne gb@dhecalled the precipitatepleted zone (PDZ).

Also noticeable is a sernontinuous band to the left of the interface within ti#&08 alloy, at around

nn>Y FNRY GKS AYGSNFIFIOS® LG A& y2i O2y(Aydzdza
separated bands. It is found that this band is slightha@d Nirich (and to far lesser extent also Mn

rich) compared to the area on &igr side of it, as can be seen in EDX mappirigare4.9. Figure
4.10shows that this band seems to be made of humerous coarse precipitatgser nicrohardness

testing using 50 g loaak three locations within the banshows that this band has high hardness value
(373.3£9.4 N5, compared with ~20 Hvso in A508 bulk). Qualitative line EDX analysis, plotted in

Figure4.12, shows that the concentrations of Cr and Ni increase in the band, at the expense of Fe.
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Quantitative EDX analyses give these concentrations as approximately 87.9+0F8 yv8%+0.4 wt%

Cr, 3.8+£0.4 wtoli, and 2.0+£0.2 wt%in, which are higher than the compositi of the bulk A508It

also shows that the band can have a gap within it, wldmentalcompositionwithin the gap being
similar to that adjacent to the ban(.e. in the PDZNote the composition profile ifrigure4.6 does

not reflect this elevated level of Cr and Ni, likely due to the fact that this band was not present at the

site of measurement because of the roontinuous nature of the band.

At this point, it is unclear what this band is, and why it forimsré. An EBSD analysis, presented in
Figure4.11, shows that the boundary between the BCC and the FCC crystal structures correspond to
the interface line between the A508 and 304L alloy. The band, which lies in the A508 side of the
interface line, has matrix with BCC structure like the rest of A508 as well as PDZ, so the peculiar
composition of the band did not affect its matrix crystal structure (though dense precipitates form in
this vicinity as a result). However, the band doaséda smaller block, packet and lath morphologies

compared to the surrounding area.

Interface

Figure4.8: Optical micrograph of A508 steel side of the interfaicethe thin transition zone region 0fA508/304L joint.
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Cr, Ni-rich [
band \

(b).

D13-01 39
MAG: 956x HV: 20.0kV

(d)

D13:0139°
MAG: 956 HV: 20.

D13-01 39

ol MAG: 956X HV: 20.0kV

(e) (f)

Figure4.9: Analysis of semcontinuous band in the A508 side of interface of A508/304L jointthe thin transition zone
region. Note that the indents are just presd as location marker. a) Optical microgpha of interfacial area and band(b)

BSE image of same location (polished). The corresponding EDX mapping (polished) for (c) Cr, (d) Fe, (e) Ni, and (f) Mn.
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(a) (b)
Figure4.10: Scanning electron micrograph (SE mode) of the seomtinuous band in the A508/304L jointThe images
represent different magnifications of the same site.

Band Contrast 9 Euler Color 9 Phase Color 9

PDZ

Figure4.11: EBSD mappingf the semicontinuous band in the A508/304L joint, near the interface with 304L. Black
indicates nonindexed solutions.

A more detailed microhardness profile, using 50 g load with 50 um spacing and is taken at a 30° offset

from the interface perpendicular, Ehown inFigure4.13. This plot confirms that:

1 The interface has a high hardness value, but the smmiinuous band has even higher
hardness values.

1 Outside of the sermtontinuous band, the hardness in the vigmof the interfacial line is
relatively low, corresponding to the les$ched region, but gradually increases further away

from the interface.

It is also notable that the hardness measurement would spike in the vicinity of some inclusions (which
from EIX analysis is identified to be likely MnS), indicating some sort of high strain region, and this is

likely the source of scatter in the measured hardness of A508 steel mentioned earlier.
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Figure4.12: Line EDX analysis across the- @nd Nirich band and the joint interface in A508/304L joint ithe thin
interfacial zone regiofnote that the y-axis scale is only qualitative).
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Figure4.13: Detailed micrdnardness profile of A508/304L joirih the thin transition zone regionwith the corresponding

image of A508 sidef interface. Note that because the hardness profile was measured at 30° offset from the perpendicular

of the interface line, the distance asti Ay GKS LX 234 Aa Wy2NXIfA&ASRQ (G2 GKS LISNLIS
(using cos(30°)), so the axis does not exactly match with the scale bar in the image.
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At the interface itself, the boundary between A508 and 304L are rough (indicatingmséit band
formation) and precipitate denseseacan be seen iRigure4.14. This may be due to carbon pileup at

the interface as the carbon tries to migrate into the 304L side of the interface, which caused
supessaturation of carbon and thus led to formation of precipitategyure4.14 also confirms that

there is lack of precipitates in the A508 side of the interface, which is almost featureless even after

etching, excepfor perhaps the grain boundaries (possibly PAGB).

Figure4.14: Scanning electron micrographs (SE mode) of A508 steel sibeofriterace of A508/304L joint at the thin
transition zone region Thetwo images represent different magnifications of the same site.

4.4.3 Microstructure of 304L side of interface in AS08/304L joint

A508 g 304L
(a) (b)

Figure4.15: (a) Location of 304L side of interfac@) Overview of ethed 304L side of the interface of A508/304L joint in
the thin transition zone region

Figure4.15 showsthe location andan overview of several distinct microstructural zones in the 304L
side of the interfaceFigure4.16shows that %2y S MXI gKAOK A& | o2dzi p >Y

the interface line, is shown to be devoid of precipitates. Zone 2, which is abeutn8® > Yhag A RS >
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both intergranular and intragranular precipitates. The intergranular precipitates are most $ikele
sort of Cr carbide like dGs, but those inside the grains still need to be identified. Zone 3, which is
about 400451 >Y GARSI A& AAYAEIFINI G2 GKS %2yS WX 0dz

Zone 4 is the bulk 304L.

Higher resolutim images of the zones using SEMe presented inFigure4.17. Zone 1is shown to have

no precipitates,even in grain boundaries. Zone 2 contains spheroid and needle precipitates within

grains, and also precipitatés the grain boundaries as well as twinning boundaries. Zone 3 contains

precipitates in the grain boundaries as well as twinning boundaries, but no precipitates within grains.

The microstructure of Zone 4 is just the bulk 304L microstructure shown ieviops section.

Figure4.16: Optical micrograph of 304L steel side of the interface of A508/304L joint. Divided into distinct microstructural
zones.
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(b) Zone 2

20kV  X1,200 10pm

(c) Zone 3 (d) Zone 4 (bulk)

Figure4.17: Scanning electron micrographs (SE mode) of the zones in the 304L steel side of the interface of A508/304L
joint at the thin transition zone region(a)Zone 1 (B Zone2 (c) Zone3 (d) Zone4.

20KV  X3,300 S5um

4.4.4 Nanoindenation testing

Nanoindentation profileacross the intgface of the A508/304L joint in the thin transition zone region
were measured, witlB0 > Y paging between each indents, using a Berkovich indenter. Each indent
was made with a controlled depth of>1 Y Two profiles, with 33 indents each, were made fret80

> Y'to 480 > Ydistance from the A508 interface, as schematically showrrigure 4.18. The
nanoindentation profile traverses the entirety of PDZ of the A508 side of the ioterig to the start

of Zone 4 (the 304L bulk). So all distinct microstructural zones can be said to be covered by the

nanoindentation profile.
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% ¢ SN 40T %
Figure4.18: Schematic of the nanoindentation profile acrosseiA508/304L joint in the thin transition zone region.

Each of the 66 indents yieldedPeh curve.For clarity, only83 of theseP-h curves, from the indents of
the lower line inFigure4.18, are reported inFigure4.19. TheP-h curves were used to optimise the
parameters (elastic modulUlEZ t 2 A & & @ yilastredkly, (addzhardening exponem) in FE
simulation so that the simulated data would best match the meas@édurves. An example of the
optimisation process is shown Figure4.20. Figure4.20(a) shows that the simulated-f?curves (in
green) almost converges with the measured Burve (in red) for this partid¢ar indent.Figure4.20(b)
shows the parameters tested in each iteration of the optimisation process. The findl)(t&&tion,

where the normalised error is 0.381, yields the following parameters:

1 E=366.95Ga
T v=0.2856
1 °,=603.49 MPa

1T n=0.247

Profiles of the optimised nanoindentation parameters across thie transition zonen the A508/304L
joint using Limits Se 1, 2, and 3 are presented fRigure 4.21, Figure 4.22, and Figure 4.23,
respectively.Figure4.21 shows that, when the upper limit of 300 GPa t&was imposed, the
optimisedEtends to scatter between 299 and 300 GPa. This indicates that the 300 GPa cohsisain
forced the values oEto be lower than they should at all indentsigure4.22 shows that, when the
upper limit forEwasincreased to 400 GPa, many points still tend to go toward the maximum, though

the normalised error daeased to 0.836 (compared to average normalised error of 1.153 when the

79



Chapterd: CHARACTERISATION OF A508/304L TRANSFORGE JOINT

upper limit of 300 GPa fdtwas imposed). Normally, the value Bfor steels should be around 180

to 220 GPa. The optimisdelvalues in comparison are too high, which indicates thatre may be
issues with the optimisation metho#&igure4.23shows the optimised parameters whé&mwas derived

from the stiffnessSof each indent, by using Equations 3.1 and 3.3, whilas assumed to be 0.3;
only the other twoparameters {y and n) were optimised. It shows that on the A508 side of the
interface,Eis between 190 GPa and 2B®a, but the stiffness spikes on the 304L side of the interface
to 220 GPa, and then gradually decreasing to between 180 GPa a@PEWHhe Limits Set 3 is the

best for determiningE, the optimised parameters yielded an average normalised error of 1.998,
meaning is the most difficult for the simulatéh curve to converge with the measurdgh curve.

Also the' y profile in the Limits S&} is slightly elevated compared to those in the Limits Sets 1 and 2.
This may be due to the fact that the optimisation process in Limits Set 3 compensates the inability to
increaseE (becausekE for each indent is preletermined) by increasing the, values resulting in a
higher’ yvalues than it should be. Still, all thregprofiles have the same general trend, i.e. decreases
from left side in the A508 bulk, to a trough on the A508 side of the interface, followed by a spike at

the interface, and then gaually decreases deeper into 304L side of the interface.

0.1
000 b Distance from A508 interface line (um)
0.08
-480 A508 0 304L 480 at
0.07 1!
0.06
€ 0.05
a
0.04
0.03
0.02
0.01
0 : ; : ; ; : :
0 01 02 03 04 05 06 07 08

h (mm) <103
Figure4.19: P-h curves measured from 33 of the nanoindentations across the A508/304L joint in the thin transition zone
region.
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Figure4.20: An example of aytpical nanoindentation optimisation resul{Limits set 2, indent #3[a) Measured Fh curves
(red) and simulated Fh curves (green) (b) Iterations of parameters (elastic moduEIPol & 2 Y Q &, yidld sties<2,,
and hardening exponenh) testedin FE simulations.
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The fact that the results are very different depending the on the limits set, particularly $mggests

that the inverse method used here may not have resulted in-oglimisedP-h curves. This is a known
issue with singl®bjective functions, including this inverse method. It is possible that, in each
optimisation problem, the solver has found a local minimum in the error function and converged on
this, even thoughhis may not be the global minimum. Once the solver did so, it cannot move from

this local minimum to seek other local minima or indeed the global minimum.

Note that convergence hasot been defined by whether the normalised error (i.e. the overall
difference between the experimental and simulat€h curves) reaches a small value threshold.
Recall that convergence is reached, terminating the optimisation process, when the solver attempts
to take a step norm that is smaller than the defined lower boundtendize of the step (TolX =-8g

or that results in ahangein the value of the objective function that smaller than the defined lower
bound (TolFun = 18). Perhaps the disadvantage of this optimisation process is that it was designed
to make the solveconverge to the first local minimum found, which is problematic in siogjective
functions that may have many local minima. This is the reason why incorporating the Limits Sets is
important, as they would help reduce the range of possible local nainimthe optimisation space,

but the ones used here seem to have failed to prevent the solver from converging to local minima that
are not the global minimum. (The different Limits Sets resulted in different local minima being found
by the solver, but nonseem to be the global minimum.) An expansion of the inverse method by
incorporating additional experimental data into a mudtijective optimisation function may alleviate

this issue.

Eis the particularly problematic parameter, as the optimised valueE kept reaching values that
were higher than the known range &values for steels. As mentioned, Limits Set 3 is perhaps the
best for determiningE LINBOAa St & 06SOldzasS |, 2dzy3Qa a2 RdzZ dza

experimentalP-h curve, instead of beg obtained through the optimisation process. Reasonable

values ofEcan only be obtained wheE (as well a\) were excluded from the optimisation process,
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suggesting that the inverse method in the current form cannot manage to produce reasonable values
of E Note that because the four parameters being optimised were not independent of each other in
the inverse method, the results of the other three parameters presented here may also not be
accurate and have to be taken with caution; even though, for etanall three , profiles appear to

have the same general trend.
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Figure4.21: Profile of the optimised nanoindentation parameters across the thin transition zone in the A508/304L joint
using Limits Set 1. The average nmlised error isl.153
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Figure4.22: Profile of the optimised nanoindentation parameters across the thin transition zone in the A508/304L joint
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84



Chapterd: CHARACTERISATION OF A508/304L TRANSFORGE JOINT

|—*— éprofile|

180E 1 1 1
-500 -400 -300 -200 -100 0 100 200 300 400 500

035 T T T T T = =
—¥— p profile
= mmm = Prodetermined value

0.3 el stf-itmtii-en i mfmfe-oie-tfemtien- s Nt it et mimdfe- ettt

1/

O . 25 1 1 1
-500 -400 -300 -200 -100 0 100 200 300 400 500

1500 T T T T T T T

s (MPa)

500 ' '
-500 -400 -300 -200 -100 0 100 200 300 400 500

n profile
03k | rwwmwmnn Optimisation lower limit : i i

i~
0.2

0.1 l—llllllllllllllllllllllllllllllllllIIIlllllllIIIllllllllllllllllIlllllllllllllllllllllllllll—

-500 -400 -300 -200 -100 0 100 200 300 400 500
Distance from interface (pm)
Figure4.23: Profile of the optimised nanoindentation parameters across the thin transition zone in the A508/304L joint
using Limits Set 3The average normalised error 5998
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4.5 Microstructure of mediunthickness transition zone region of A508/304L

4.5.1 Crossweld composition profile
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Figure 4.24: Composition profile of major elements (Cr, Fe, Ni) acroeedium thicknesstransition zone region of
A508/304L jont. The values for the chemical bulk compositions for each alloy originates from the chemical analysis
provided by supplier of the bulk alloys.

The omposition profile across the intiace of the A508/304L joint in the medium thickness transition

zone regbnwere measured, witRp >Y & LJ OAy3 06SG6SSy SIOK YSI adz2NBY
is presented inFigure4.24, showing that there is clearly aBBN effect in the location of EDX
measurement as the transition of compositibatween one alloy to another occur in a wide range

The concentration of Fe ifully A508 is 97 wt%, while it @ound &® wt% infully 304L, which agrees

with the nominal compositions of the alloygovided by the manufacturerThe same is true for Cr

and N (Cr is 0.2 wt% in A508 ad@ wt% in 304L, while Ni is®wt% in A508 and 11 wt% in 304L).

The change/transition in composition occursaatnge of approximatelp n n > Y-25>WiNEB7Y

> Ydistance from the A508 interface, meaning that the start of the change in composition from the

fully A508 into the transition which does not exactly match the interface line.

The change in composition across the transitionezs also not uniform or linear. The composition of
Fe changes gradually from A508 bulk valuefat Yto about 91 wt% (4.4 wt% for Cr, and 2.8wt%

for Ni) at 50> Y This may indicate the presence of a partially mixed zone (PMZ). The composition
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then changes to 79 wt%, 12 wt%, and 7 wt% for Fe, Cr and Ni, respectively> at 8taying roughly
constant to 425> Y From 425> Yto 475> Y, the composition changes gradually to the bulk 304L

values.
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Figure 4.25. EDX profile in the vicinity of the interface lines between (a) ASB&dium transition and (b) medium
transition-304L.

Because the interface lines (A508@nsition boundary and transiticB04Lboundary) seem to occur

in transition composition, i.e. do not appear to mark the boundary between fully bubkterial
composition and the transition composition, a closer look at the composition in the vicinity of the
interface lines is taken. AN EDX proild G K p >Y &aLJ OAy 3 o SdpesMstinS+ OK
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Figure 4.25 in the vicinity of the interface lines (i.e. the boundary between fully loierial
composition and the transition compositiojigure4.25(a) shows that the composition starts to shift
from being fully A508 to the transition composition,-40 > Yinto the A508 side of the interface.
Similarly,Figure 4.25(b) shows that the composition starts to shift from bgifully 304L to the
transition composition, at 16 Yinto the 304L side of the interface. This confirms the fact that the
interface lines do not coincide with start of the shift in composition from the bulk values; instead the

shift starts to occur aboutO> Ywithin the bulk side of the interfaces.

4.5.2 Microstructure of A508 side of interface
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thickness
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1 ‘I
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[ o e— th(ckness
1! AS508 transition
AS08 Ll 304L z0he
[

| Medium
thickness
| transition
' | zone

R

Figure4.26: A508 side of the nerface e‘eim tHicnésﬂransitiﬁ zone region 0A508/304L joint

The locatiorof examinatiorfor microstructue of the A508 in the vicinity of the interface is displayed
in Figure4.26. Similar to the thin transition zone regiothe A508 does not etch well near the
interface, as can be seenkigure4.27. The PD¥ almost featureless even after etching, except for

perhaps the grain boundarieslowever, the PDZ in this region is thinner, abdutn  widé.
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20kv  X1,200 10pm
Figure4.27: Precipitate depleted zone (PDZ) at the A508 side near the interface, in the medium thickness transition zone
region.

Thesemicontinuous band to the left of thinterface within he A508 alloyis also present, and is
considerably thicker (about 100 Yj, though it is adjacent to the interface instead of having a PDZ gap
between it and the interface, as shown kigure4.28. The interface itself is rough, ifwhting the
formation of martensitic band of about 18 Ywide, and full of precipitates, perhapkie to carbon

pileup at the interface as the carbon tries to migrate ittte transition side of the interface.
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Figure4.28: The interfaceA508 steel sidef A508/304L joint at themedium thicknesgransition zone region
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4.5.3 Microstructure of medium thickness transition zone and the 304L side of the interface

Medium
thickness
transition

AS508

.

304L

(@)

Figure4.29: (a) Location omedium thickness transition zongb) Overview of etchedmedium thickness transition zone
and 304L side of the interface of A508/304L jointfhe medium transition zone region. The medium thickness transition
zone consist of Zones B, and 304L side consists of Zone6.4

Figure 4.29 showsthe location andan overview of several distinct microstructural zones in the

medium thickness transition zone ar3d4L sideof the interface The medium thickess transition

zone, which is about 36800> Ywide, is divided into Zones3, and 304L side is divided into Zones

4-6. Figure4.29(b) shows thaZone 1, which is abo@0-100> Y ¢ kaR &gdFain structure with twins

and intergranular precipitates that are arranged inlatp martensite fashionZone 2, which is about

100120> Y ¢ haR &v&n thicker intergranular plate martensite precipitates, but no twiiege 3,

which is aboufl60-180> Y ¢ haR &vEry (tempered) martensitic structure with dense precipitates,

whichis similar to the hard band found in the A508 side of the interfZame 4 which is about 100

110> Y gandRliSs on the 304L side of the interface, bgsiaxed twinned austenitic grain structure

with both intergranular and intragranular precipitateone5, which is abouR90-350> Y G A RS X

similar to Zone 4but without the intragranular precipitates. Finally, Zdhis the bulk 304L.
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Figure4.30: Scanning electron micrographs (SE mode) of the zones in the 304L steel side of the interface of A508/304L
joint at the medium thicknesdransition zone region(a) Zone 1 (b) Zorx(c) Zone3 (d) Zoned (e) Zone5 (f) Zone6.

Higher resolution imageof the zones using SEMe presented irFigure4.30. Zone Ihas intergranular
precipitates thatare expected to be MGs. The fine precipitates of the plate martensite surrounds the
grain boundaris. Zone 2also contains intergranular precipitates and plate martensite precipitates,
but the intergranular precipitates are scarcer and the plate martensite precipitate formations are

thicker. Zone 3 contains dense plate martensite, but the intergranplacipitates are thinZone4
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