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Abstract

This thesis presesita combine@xperimental and computational characterisation programme
of work for development of a througbrocess modelling methodology for the welding, post

weld heat treatment and-gervice performance of 9Cr steel power plant components.

The throughprocess mdelling methodologylinks welding processes, microstructure
evolution and mechanical performance as a step towards adeslgh tool for industry. This
modelling methodology utilises finite element welding simulation to represent test specimens
and powermplant components. Weld metal regions are defined and weld beads are applied in

sequence to represent mygass welding processes.

Empirical, temperaturdependent microstructwes/olution models are developed to account
for the evolution of Vickers har@ss, prior austenite grain size, latldth and the diameter
and area fraction of carbide precipitates. The predicted microstructures influence subsequent

constitutive behaviour via microstructudependent constitutive parameters.

A visco-plastic constitutive model is designed to predict the mechanical performance of
welded 9Cr test specimens under tensile and cyclic loading conditions and-amter
components under flexible operation conditions. Distributions in predicted microstructure
(e.g. tke separate HAZ regions) lead to distributions of predicted material behaviour without
the need to deliberately partition the FE geometry and define specific material properties. The
constitutive model is calibrated against tensile and cyclic test da@Ciosteel at elevated

temperature.



An experimental test programme is conducted consisting ofd&eathte welding trials and

Gleeble physical simulation for manufacture of kaféécted zone matetjaas well as
subsequent thermeechanical fatigue testing of parent material and simulatedalffeated

zone. The beadn-plate trials provide key thermal history data which acts as input for the
Gleeble welding simulations, as waBresidual stress, hardness and grain size dataeiok

affected regions. Application of the througlocess model to the wetih-bead tests provides

general agreement with residual stress, hardness and microstructure (prior austenite grain size)

distribution.

TMF testing of the Gleeblsimulated heaaffected zone and parent material has
demonstrated that the simulatedveaslded HAZ has a higher cyclic strength and longer life
than parent P91 (particularly for the more detrimentalodythase condition). Simulated
postweld heattreatment leads to sidiuant reduction in asvelded cyclic strength and life
relative to the asvelded. The througprocess model shows general agreement with these
relative cyclic strength trends, viz. significant increase due to welding and decrease due to

postweld heat tretament.

Vi
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Chapter 1
Introduction

1.1. General

Power generation has traditionalleen designed tmperate underso-called basdoad
conditions, which corresponds to neseady operating conditiorteroughout the life of a
powe plant, typically at least 40 yearBhe primaryfailure mode for suckonditiors is creep

so power plantomponents were pnarily designedor creepresistace

Modern and future power planhowever,is required to operate under very different
conditions in an era of increased scrutiny of carbon emissions and pollution. Currently,
various governments are setting targetgh which industry is bound to comply, aimed at
reducing carbormissions (e.d.1-3]). One method by which emissions can be reduced is to
increaseplant operating temperatures and presswesllustrated by Fig. 1.1, and another is

to utilise power plant to a lesser extent and hence burn less fossil fuel. This is achieved by (a)
monitoring energy demand and adjusting power plant output to match, e.g. industry and
business typicallyrequires more energy during the working weekyhen they are en,
compared to at the weekend, and (b) migrating from complete reliance to traditional power
plant towards renewable energy sources. The former prevents the oversupply of energy, and
hence excess burning of fuel, while the latter circumvents the need for fossil fuels in the first

place.

By definition, adjusting power output to variable demand letwsflexible-operation
conditions for power plant but the move to renewable energy also leads to flexible operation.

Wind energy is a popular alternative to traditional power plant but it is an intermittent energy



source so traditional power plant must mene when there is a shortfall in wind energy

output and this means adjusting power plant output up and down to provide grid stability.

Increased energy efficiency introdsadfficulties for plant operatorsecausef the operating

temperatures and pseges are increased then the criguling conditions become more

severe (e.g. higher stresses on hotter, therefore softer, material). More seveteacliegp

inevitably reduces material lifé-lexible-operationalso reduces material lifdue to the

effects of fluctuatingtemperatures and pressune@gh associatedluctuating stresses and

strains, leading to hightemperature, loveycle fatigue (HTLCF), creefatigue (CF)or

thermomechanical fatigue (TMF).
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It is clear that material, and therefore component, life in general is reduced by more energy

efficient plant operating conditions but, for the 9Cr family of power plant steels, welded

material regions are particularly badly affected. The material mioaiate in these regions



is generally sulpptimal compared to parentetal. The parent material is produced via

careful heatreatment processes but welding, which is typically a-teghperature process,

can disrupt the material microstructure and its ngftleening mechanisms. Welded

connections are typically the regions in which component failure occurs in power plant. The

main types of damage or cracking are shown in Fig. 1.2 and described as [6]tows

i Type I: Gacks in the weld metal.

1 Type 1l: Cracks in the weld metal and hedfiected zone (HAZ), crossing the fusion
line.

1 Type llI: Cracks in the coarsgrained HAZ

1 Type IV: Cracks in the integritical or finegrained HAZ.

Weld metal HAZ
\!

\ I
Type Il ——4>

|
|
| !
Type i —|—>/ / / [
/ I Parent metal
I
| 1

/ Type IV /

Fig. 1.2. A schematic of a welded pipe connection, showing the typical locations of the
different crack types associated with power plant steel.

Type |

When power plant components fail, they must be repaired or replaced. This increases
maintenance and materiabsts for plant operators as well as increasing operating costs.
Power plants must be partially or completely shut down in order to carry out repairs and

when the power plant is shut downisitnot available to meet shortfalls in power



There is a needherefore, to extend the-service life of welded connections in power plan
SO as to avoid plant shutdovamd maintain uninterrupted power generatiome technical
contribution to this goal is the design of improved or optimisettling and heatreatmet
processes for welded connectiomdjich are typically the limiting factor in the life of a

piping system.

1.2. Aims and Objectives

The number of possible combinations of welding processes, heat treatment processes, joint
designs and Hserviceoperating conditions is so numerous that experimental investigation of
the optimum manufacturing process is impractical. Instead
1 A throughprocess modelling methodology is established in this PhD to predict the
effects of welding and heat treatment preesson the wservice life of welded power
plant components.
1 This model includega) a thermal welding model(b) a temperaturglependent
microstructureevolution model and(c) a microstructuraependent constitutive

model.

Thus can the choice of weldjnand heatreatment processes change the material
microstructure and thus its constitutive behaviour and predictsdrinice life. The through

process methodology will serve as a design tool for industrywtitiaallow plant designers
andoperators to ptimise the welding and hetrteatment processes, using computer models,
before manufacture. The same approach can also be applied to plant refurbishment and repair,

e.g. forservicelife extension.



An experimental test programme is conducted in panaltel the modelling work, to provide

key input and comparison data, e.g. for calibration and validation of models. This program
consists of (i) beadn-plate welding trials, (ii) Gleeble simulation of hedfected zone
material and (iif) thermomechanidaligue testing of simulated heaffected zone and parent

metal.

This PhD is conducted as part of tBeience Foundatiofreland (SFI) MECHANNICS
(Multi-scaE, throughprocess CHAracterisation for NNovaive manufacture of next
generation welded Connectiors) prgect (SFI/14/1A/2604). MECHANNICS is a
collaborationbetween NUI Galway and the University of Limerick, wittdustrial partners
including ESB Internationaland General Electric. The objective of MECHANNICS is to
provide design tools for viding of power planpipesand offshoresteel catenary riser§he

work described in this thesis is concerned only with the work on power plant components.

Section 1.3will address in further detail the industrial challengesnig@lant operators.
Section 1.4will detail the primary work packages for the PhD as part oMBEE€HANNICS
project. Section 1.5vill briefly introduce the material of interest to this work, namely 9Cr
steels ach as P91 and P92. Section Wil introduce the rest of the tes with a brief

description of the contents of succeeding chapters.

1.3Industrial challenges

Three key aspects of energy generation have led to operational chafi@ngesver plant

steels:
1 Improved reatime system monitoring of energy supply atemand.
i Increased presence of renewable energy sources feaC@venergy production.



1 Increased societal and political interest in sustainable energy management.

Realtime system monitoring allows plant operators to adjust power output to suit energy
demand. Obviously, @ergy demand can vary frotrour to hour, day to day andonth to

month, with cold (e.g. winter) or hot (e.g. summer) months requiring more energy than
temperate months. In each case, the energy output of power plant is adjusted up @ down t
avoid oversupplying energy. Oweipplying energy wastes fuahcreases planbperating
costsandincreases carbon emissions. It also requires power plant to operate at higher steam
pressures and temperatures than necessary, thereby increasing the desreep and cyclic
loadings on plant components and reducing their service life, leading to more frequent,

expensive plant shutdowns.

Renewable energy sources can be used instead of conventional power plant but they suffer
from disadvantages compartm fossitfuel power plant. Hydroelectric power is limited by
geography as it requires both a water source and a point where a dam can be built. Tidal
power technology is currently underdeveloped and it is limited by geography too because it
requires a bogof water that is subject to tidal forces, such as an ocean or a sea-vi2sean
power is likewise underdeveloped and a practical means of harnessing wave power has yet to
be discovered. Solar power is inefficient in regions with low sunlight (e.g-latghde

regions during winter). Gethermal power can be used effectively in areas with volcanic
activity (e.g. Iceland) but in general, ggwrmal energy is mainly used for heating buildings

and water but not for supplying electricity. Therefore, oftladl renewable energy sources,

wind energy is seen as the main alternative to fdgsilenergy.



Wind power has seen a dramatic rise in popularity since the yearR08xample, ansider

the situation inGermany, Denmark and the Republic of Irelamdthe year 2000, renewable
energy provided for 5% of Il relandds el ectri
25%, thanks to a 2fdld increase in the installed wind capadi€}. In Denmark in the year

2000, wind energy provided 18% of the energy and in Germany it was[3]58y 2015,
Denmar kdés wind energy share increas[@dnto 42°¢
the 2005 to 2016 periodhe United States saw a-f&fld increase in her installed wind
capacity[9]. As long as wind energy is supplying the energy grehyventional power plant

can operate at reduced output. This saves fue}, €&xssions, and preserves power plant
components. However, under still weather conditions, wind turtanesinable to supply

energy. During periods of high winds, wind turbines mmide deactivated to avoid
excessively high turbine speeds, which can destroy the turbine. When there is a shortfall in
wind energy supply compared to energy demand, conventional power plant must intervene to
provide gridstability. This intervention invekes an increase in steam pressure and
temperature and when the intervention ends, steam pressure and temperatures are decreased.
Increasing and decreasing the steam presmudetemperaturetroduces cyclic loading on

plant components, leading to redu@einponent life.

Political developments have changed the nature of power generation too. The rise in
renewable energy sources is due in part to government mdaeit@0]. Carbon emissions,

such as those produced by fodsiél power plant, are considereéd be the driving force
behind global warming and climate change, which is projected to lead to extreme weather
events (more severe droughts, heaves, hurricanes, floods and colder winters), extinctions

of plants and animals, and human casualties (from fesnifhoods, etc.). One way to avert

such disasters is to reducarbon emissions via more efficient operation of power plant,



especially as the developing world construatsy fossiHuel plants as part of its continuing

industrialisation.

Carbon emissia can be reduced by increasing power plant efficiemeyigheroperating
pressures and temperatures (Fig. 1.1). Since the 1950spfstageart power plant has
increased steam pressures from 5 MPa to 30 MPa (Fig. 1.3a) and steam temperatures have
risen from 450C to over 608C (Fig. 1.3b). However, in order to preserve the lives of
components, not all power plant operates at such pressures and temperatures. Welded
components in particularefound not to be strong enough to withstand higher tempesatur

and pressures due to weldimgluced loss of strengthening mechanisms (see Section 1.3).

A key challenge associated with flexible operation and sagécal (higher temperature and
steam pressure) operation is predictbognponentifetime under inrservice conditions. It is

not practical to operate an entire power plant simply to investigate #exvite life of its
components. Engineering componéfe is thereforetypically estimated based on the results
obtained from test specimens, e.g. cra&sp $pecimens. Many examples of desmHlife are
shown in engineering text book&1], but the correlation between predicted andenbed
fatigue life has been shown to vary depending on what model is used, e.g. a comparison
between Goodman, Gerber, SmWfatsonTopper and Walker modeld12]. Plant
components are designed to comply with vagistandards, such as RE3| or R6[14], but
these standards are conservative. There are limitations and challengesotong over
congervatism in design. Some of these limitations are detailed by Larrosa[&Blallt is
difficult to predict life for a specific plant component because there is significant variability

between components. Some of the allowable variability is described as follows:



1 The standard 1SO96922013(E)[16], which pertains to joint preparatioallows a
range of dimensions as well as a range of welding psese

1 Postweld heattreatment (PWHT) protocofd 7] allow a range of permissible PWHT
temperatures antmes.

1 ISO/TR176712:2002(E) [18] allows a range of preheat temperatures, which are
dependent on maiat thickness, welding heat input, material carbon equivalent (e.g.
composition) and the hydrogen scale of the welding electrode.

1 In an arc welding process, which is typical for 9Cr steels, the welding heat input
depends on torch current, voltage anddtapeed. The welding current, to take one
parameter, fomanual metal ar@MMA) electrodes is allowed to vary between 70%

and 90% of the manufactu[i%rdés decl ared

Given these sources of variability in welding processes, it waatltde feasible to conduct an
experimental sensitivitgtudy to identify the optimal welding pragsefor inservice operation

but it is possible to conduct a virtual sensitivity stueyndamentalinderstanding of material
behaviour combined with finitelement or other computational modelling methods could
lead to models that can identify optimal walgl processesgiving less conservative life
predictions For examplefor high-cycle fatigue applications, Zhu and Xug#0] found that
microstructure was not taken into account in several design standfird$,which were
shown to beoverly conservative. For example, the allowable stress amplitudes permitted by
the standards as low as <5%f the tested stress afitpdes for the ame number of cycles

to failure. Less conservative life predictions wahabé plant to operate without replacing

components as frequently as they currently do.
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Fig. 1.3. Historical increases in power plant (a) steam pressure and (b) operating temperatures
from the 1950s to the 2000s, reproduced from Kobe [g2é&El

1.4. 9Cr steels

Ther mal power pl ant has tlroaaddiot i coonnad il tyi oonpse, r a\
outputis nearconstant throughout the life of the power plant. Creep was the dominant mode

of deformation and creep failure the dominant failure mechanism; hence, the relevant steels
were formulated to resist creg@?]. Among those creegesigant steels are the 9Cr family of

steelsalloys of chrome (typically about 9%, hence 9Cr), molybdenum and van§a8,2v].

The microstructure of 9Cr steels is hierarchical, meaning that it has different microstructural
features at different lengtcales, e.g. grains at the largest scale and martensitic laths at the
lowest. A lath is a dislocation stdtructure with high diskoationdensity, which increases the
strength of steel. A collection of laths form a block. A collection of blocks form a packet.
Packets exist within the boundaries of pramstenite grains (PAG)25, 26]. Other
microstructure features include carbide precipitates and solutes. Solutes are comprised of
single atoms, such as tungsten in P27 while precipitates are molecules of carbon and
other atoms such as chrome or molybder@8) 24], with the majority of precipitates being

either carbides (e.g. MCe-type) or cabonitrides (e.g. M¥/pe) Further information on this

topic is available in Chapter 2.

10



Material softens as dislocatiatensity reduces via different mechanisms such as artiohila
locking and dipoldorming, all of which occur as dislocations move. If power plant
components soften too much, they can crack and rupture. The 9Cr alloys were designed to
have high creep strength, which enables them to operate in power plant forupear
exposure to higlemperature steam at high pressure. The high @tepgth is due to the
ability of the 9Cr steel to maintain high dislocatidensity at high temperature via
strengthening mechanisms inherent in the microstructstgh as nanprecipitate
strengthenindg23]. Carbideand carbonitriderecipitates as well ashigh-angle boundaries
(HAB), such as exists between grains, packets or bloekard the motion of dislocations

and the consequent loss of dislocattemsity and strength

1.5. Metallurgical challenge

Flexible plant operation leads to cyclic loading rather than pure creep loading and the
fluctuation in material strains encourages dislocation motion. Therefore, Stbr
microstructure degrades under cyclic conditig@§] and the steel softens, leading to a

reduced service life.

The 9Cr steel microstructure is optimised for higmperature service via carefully
controlled heatreatment to provide optimum toughness and creep strength (via dislecation
pinning). Heatreatment typically involvesormalising and tempering heformer produces

large austenite grains of approximately equal size throughout the steel. The material is then
cooled to produce martensite. The nefdymed martensite is typically hard and has low
ductility [28], which is detrimental to Hservice performance. The tempering process allows
precipitates to form and to grow to acceptable siZ%, which increases precipitate

strengthening, while also reducing dislocation deraityincreasing the lath widtH&3], and

11



improving ductility [30]. The heat treatment process optimises the 9Cr steel for high

temperature service.

In contrast, lte welding process disruptsighoptimised microstructureThe material is
effectively locally renormalized by the welding process and thus regju@empeing to
improve performance. Posteld heat treatment (PWHT) is usually applied to a weld to
temper newlyformed martensite regions but the microstructure will remairogaional. The
worstaffected region tends to be hedtected zone (HAZ), adjacent to the parent material
(PM), and especially the interitical heataffected zone (ICHAZ) of welded joinf81-33]. It

is in the ICHAZ that a commoareepfailure-type for P91, TypdV cracking, occurd34].
Failure has alsbeen observed in tHae grain HAZ (FGHAZ) andC-FGHAZ region under
pure cyclic conditiong32, 33] and this is an important consideration for flexitdading

operation.

1.6. PhD work packages

This work is focussed on the development of a vaadign tool for industry, so that plant
designers and operators can specify welding processeb wiagimise the service life of

plant components. The creep behaviour of welded P91 has received significant attention,
including the development of smaitale test method85-37] for characterisation of heat
affected zone creep behaviour and the development of damage mechanics fettradp

assessment of welded test specimens and power plant com@8etits

Some authors have also studied the high temperature fatigue andatigap of welded P91
test specimens. Farragher et[82] presented characterisation of the high temperature low

cycle fatigue response of creaeld P91 test specimens, allowing inverse estimation of

12



cyclic plasticity parameters (e.g. for isotrofamematic hardening) of an assumed
homogeneous HAZ region. A twlayer visceplasticity material model was used for the
welded connections, allowing cyclic viscoplasticity with combined {inoear) kinematie
isotropic hardeningoftening, and a Nortetype equation for straurate effects. Touboul et

al. [43] presented a method for identification of the viscoplastic properties of three different
HAZ regions for P91, viz. ICHAZ, fingrain HAZ and coarsgrain HAZ, at elevated
tempeature (6258C) using digital imaging correlation (DIC) on a crassld (CW) specimen.
Fournier et al.[26] proposed a physicalgased model for the high temperature cyclic
behaviour of 9Cr steel. Other authors have also proposed unified viscoplasticty models for
9Cr steel. For example, Kyaw et p44] developé a unified viscoplasticity model for parent
metal P91 that included kinematic hardening, cyclic softening and coupled damage.
Benaarbia et al[45] proposed a model that predicted the response of P91 under cyclic
conditions as well as under cyclic conditions with stret¢sxation dwells. These two models
agreed well with experimental test results but they were not applied to welded components.
Numerous creep models, some examples of which are reviewed by Rouspié}, dave

been applied to 9Cr steel, e[d7, 48], including physicallybased creep models applied to

CW specimen$49].

However, the present work adopts a fundamentally different approach to the previously
published work,by directly couping the component welding process model with the
integratedmodel for microstructure and mechanical properteéshe welded joint. A key
benefit of this approach is that it circumvents the need to idealise thaffezaéd region into

a discrete number of zones, e.g. t\&0], three [42, 51], four- [52] or five-material[41, 53]

models, and more importantly, the need to measure the behaviour of such zones, which is

13



inherently difficult due to the small sizes of such zones. In the present approach, the

naturallyoccurring gradient in microgtcture is represented.

Much of the aforementioned work pertained to modelling 9Cr steel PM or CW specimens.
Attempts to model entire 9Cr power plant components have included modelling of welding
induced residual streg®4, 55] in pipe sections, as a guide to select appropriate PWHT
conditions, but irservice operation was not considered. Rouse ef58]. used neural
networks to predict thermal stresses in power plant components but all weld regions used the
samematerial properties. Li et g51] looked at a welded power plant {gént, treating the

weld as an ideaed threematerial region, comprising of HAZ, WM and PM.

The keyresearch methods to be pursued bywhsk, can be summarised as follows:

1 Develop a thermal welding model to include conduction, convection and radiation and
to be representative of reaklding processes.

1 Developmicrostructureevolution moded that include the evolution of phases, grains,
laths, precipitates and dislocatidensity. Theemodek will use the thermal histories
from the welding model as input.

1 Develop a microstructurgengtive, unified viscoplasticiy constitutive model to
predict the mechanical response of the material duwetding, postweld heat
treatment anéh-service loading.

i Apply these three modelling aspects to representative power plant component
geometry, genated using finite element software. This will allow for spatial
variation in thermal history, microstructure (e.g. the formation of different HAZ

regions) and residual stresses, as well as spatial variatiorsefiite stresses, strains
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and damage nuclean sites. This will help to predict locations in a component that
are critical to life prediction.

1 Design and conduct welding trials (e.g. b@aeplate) for gas tungsten arc welding of
P91 to determine the thermal histories during the welding process.

1 Develop and conduct Gleeble physical simulation for P9l-dféatted zone regions,
e.g. ICHAZ, based on welding trials and in collaboration with IMDEA, Madrid.

1 Conduct thermomechanical fatigue testing of P91 simulatedadlfieated zone, to
assess the effes of postweld heat treatment and for comparisons with model
predictions.

1 Apply representative welding, heat treatment andeirvice loading conditions to the
finite element FE) geometry to make life predictions for representative power plant
componersg.

1 Conduct sensitivity studies to identify beneficial welding and heat treatment processes

that may be used by power plant operators.

These research methods are presented in Table 1.1 as discrete work packages with specific
tasks allocate to each oneA key novelty of this work is the coupling of thermal history,
microstructure evolution and mechanical behaviour in a prestesstureproperty
framework for representative pipe geometry. This allows for microstruptediction in

welding and PWHT of P9Jand prediction of the welded pipe response under cyclic
thermomechanical loading conditions, based on the thrpugtess predicted microstructure

across welded zones.
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Table 1.1. A description of the key work packages pertaining to this PhD thesis.

Work Package Requires

(&8 Modelling of welding, annealing, heat treatment .
1: Macroscale recrystallisation
microstructural (b) Modelling the evolution of grains, sigvains, phases, precipitate
evolution model  solutes and dislocatiedensity

(c) Deweloping a physicalipased constitutive model

2: Heat source &

thermal model (a) Modelling conduction, convection and radiation heat transfer

(b) Validating models against test data

calibration
?T;O'\ggfgﬁg'cal (a) Development of a nceo-scale model for power plant applications
verification (b) Comparing model predictions to test data

(a) Conducting beadn-plate, girth weld testing

4. Welding trials (b) Recording results with thermocouple and stgange arrays

5: Physically (a) Representative thermiadechanical loading
simulated welding (b) Using five separate thermal histories to produce HAZ specimer
(Gleeble) testing  (c) Using thermal histories from work package 4 as input temperatt

6: High (a) Testing PMWeld metal WM), CW specimens
temperature fatigut (b) Testing plain and notched specimens
tests (c) Measuring lowcycle fatigue, thermomechanical fatigue response

7: Case studies &
power plant weld (@) Predicting the wservice life of power plant components
software tool

This work involves both computational modelling and experimental characterisation of the
behaviour of welded 9Cr stedlork Packagedl, 2 and 3 pertain to computational modelling
while Work Packagest, 5 and 6 pertain to experimental work. W&kckage7 represents

the culmination of the work and the delivery of a thropgbcess model.

1.7Thesis overview and scope of research work

Chapter 2 provides background and literature revoewthroughprocess modelling from
welding to inrservice loading. More dails of the industrial standards are highlighted and the
microstructure of 9Cr steels is explained in more detail. A review is made of welding thermal

modelling, microstructural modelling and constitutive modelling.
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Chaper 3 describes the first iterati of this PhD at througiprocess modelling. Welding was
implemented in a user material (UMAT) subroutine in the gerpnadose finite element
software Abaqus. Microstructural and constitutive models were implemented first in a

uniaxial code and then in@MAT.

Chapter 4 describes further development of théhroughprocess model. A more
sophisticated microstructural model wasmplemented and a greater microstructure
dependencavas implemented in the constitutive mad€omparison was made between
resuts of the model and available HTLCF data for PM and CW P91, showing close

agreement.

Chapter 5 describes the further development of the thrprayess model and its application
as a design toobf industry. Life predictionsra made foarepresentatie pipe geometrgnd
different welding processe€hapters 3, 4 and &orrespond to PhD work packages 1, 2, 3

and 7.

Chapter 6 details experimental welditegtsconducted on eservice P91 pipe material from

an ESB International power plant. Several oésién welded specimens were sentthe
University of Limerick, where members of the MECHANNICS project conducted nano
indentation hardness and neutdiffraction testing. A finiteelement models implemented

in Abaqus to represent the welding test. Theema modelof Chapter 5s used to predict
residual stresses and hardness distribution in the specimen and the predicted and observed

results are compared.
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Chapter 7 details théevelopment of a Gleeble physical simulation process for manufacture
of simulated ICHAZ for P91 and posteld heat treatment, as well #s'ermomechanical
fatigue testing of parent metal and simulal@H#HAZ specimens. This testing was concdaett

at IMDEA Materials Instituten Madrid. This workprovided new insights into thieigh
temperature cyclic response of P91 wattkcted material, specifically ICHAZ, and post
weld heat treatment, and provided key data for comparison with the thpoocgss model

predictions Chapters 6 and 7 correspond to PhD work packages 4, 5 and 6.

Chapter 8provides the final conclusions on the work, including key achievements and

outputs Finally, ecommendations are made for possible future work.
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Chapter 2. Literature review

2.1 Introduction

It is not generally feasible to conduct throygioess experiments to determine optimum
weld processes for power plant components. A set of experiments capable of including
variations in welding process, heat treatments, joint design, material composition-and in
service conditions would be impracticallyde, timeconsuming and expensive. Through
process computational modelling is a much more attractive and practical route for research

and design of manufacturing processes, such as welding of 9Cr steel, in this case.

Throughprocess modelling attempts ¢apture the thermal, microstructural and mechanical
behaviour of material, in this case 9Cr steel. It is therefore necessary to understand 9Cr steel,
the welding and heat treatment processes, the microstructural evolution of 9Cr steel and the
mechanical pdgormance. It is also necessary to understand modelling techniques and

methods that have been used for modelling 9Cr steel and other materials.

This chapter will review information that is pertinent to thropgbcess modelling. Section
2.2 describes 9Csteel in detail, expanding on the information provided in the previous
chapter (Section 1.4). Section 2.3 describes the first step of a thpooggss model the
thermal welding analysis. This first part of the model provides the thermal historiesamgcess
for the next part of the througtrocess model, the microstructieeolution model (Section
2.4). Section 2.5 describes constitutive modelling, which facilitates life prediction, of 9Cr

steel.
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2.2. 9Cr steels

2.2.1: Microstructure

9Cr steels are lalys of chrome, molybdenum and vanadiy&8, 24]. A list of various
compositions of 9Cr steel is shown in Tables 2.1 and 2.2. It is clear from Tables 2.1 and 2.2
that 069Crd describes a range of steel all oy
steel samples might nominally be the same (e.dp B61), they may actually have significant
differences in chemical composition. Such variance in composition is permitted by industrial
standards, e.g57], but it may affect the formation of the 9Cr steel microstructure, e.g. the

composition of carbide precipitates.

Table 2.1. Some examples of reported P91 composition (wt. %).

Reference source

Hurtade Fournier
Element Potirniche Norena ot al Guguloth et Zhang et Shankar et al.
et al.[4] et al. ' al. [58] al. [59 [60]
(24 [26]

Cr 8.55 8.21 8.776 9.4 8.36 8.2
Mo 0.88 0.9 0.915 1 0.93 0.92
Vv 0.21 0.213 0.191 0.25 0.13
Nb 0.08 0.085 0.078 0.09 0.09
C 0.1 0.11 0.088 0.08 0.1 0.11
Mn 0.51 0.36 0.354 0.39 0.48
Cu 0.18 0.15 0.05
Si 0.32 0.26 0.329 0.5 0.49 0.3
N 0.035 0.061 0.043 0.03 0.051
Ni 0.15 0.15 0.13 0.12
P 0.012 0.02 0.008 0.018
S 0.005 0.01 0.002 0.005
Ti 0.002
Al 0.007 0.011 0.23
Zr 0.001
Sn 0.009
Co 0.015
Fe Balance

As previously mentioned9Cr steels hee different microstructural features at different

lengthscales, e.g. grains at the largest scale and martensitic laths at the lowest. A lath is a
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dislocation sukstructure with high dislocatiedensity. Under longerm exposure to high
temperature, lathsao evolve into sulgrains[23, 61, 62], which are typically less thanrim

in size,with reducedlislocationdensity It is due to this hierarchical microstructuredats
capacityto maintain highdislocationdensity that 9Cr steels can maintain high strength at

high temperatures.

Dislocations are nanscale defects in thean-carbon crystal latticg63]. The crystal is made

up of cubic structures. Cubes are mainly either baozhtre cubic (BCC), faeeentre cubic
(FCC) or bodycentre tetrahedral (BCTT.he steel crystal lattice comprises repeated unit cell
structures, which form cubic shapes. In BEC structure,atoms (e.g. iron, alloying
elementspre arranged in the centre and at each corner of the &®Escrystal is typical of
ferritic steel. Austenitic steels are FCC, where atoms occupy the cube asmveedl as the
centre of each cube facEherefore, the FCC lattice contains a greater number of atoms than
the BCC lattice FCC can dissolve up to 2% carbon, whereas BCC iron can only dissolve up

to 0.02% at 72 and almost zero afO.

In 9Cr steel, austenite typically exists at high temperatures while ferrite exists at lower
temperatures. If austenite is cooled rapidly then not all of its carbomlissolve so the

resultant BCC structure must accommodate the carbon that was prebenE@C structure,

leading to BCC ferrite with excess carbon. The BCC crystal distorts to accommodate the
extra carbon, forming a BCT structU&3]. This BCT structure is known as martensite. 9Cr
steel s ar e martensitic steel s, although t h
difference between a BCC and BCT crystal is slight, especially after temgdarB@r steels,

distortion of the BCC latticeanoccur for reasoneather tharexcess carbgrsuch as

1 Atomsmight be missing fronerystal structurgleading to avacanciesn the crystal.
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1 Atoms other than iron atongs.g. alloying element atoms)ight be presenin crystal
lattice,occupyng a different volume to iron atontBuscausingsubstitutional
distorion .

1 Extra atomssuch as excess carbon in martensit@loying elementsgan cause

interstitial distortion

Dislocations are line imperfections in the crysfaislocations can be eddgpe, where the
length of neighbouring atom chains are different, or sdgg@e, where neighbouring chains
are at an angleoteach otherThe deformation vector required to correct the dislocation is
known as the Burgers vectp84], which has a characteristic magnitude depending on the

type of steel (BCC or FCC).

Table 2.2. Some examples of reported P92 and P122 composition (wt. %).

Reference source

Element gﬁg;;;;ﬁt’h Barbadikar et Fournier et Xue et al. Abe et al.
et al.[28, 48] al. [30] al. [65] [27] [66]

Cr 8.62 9.38 8.68 8.84 8.72
Mo 0.33 0.506 0.37 0.5 0.45
Vv 0.21 0.215 0.19 0.21 0.21
Nb 0.076 0.075 0.06 0.067 0.06
C 0.1 0.114 0.12 0.12 0.09
Mn 0.45 0.388 0.54 0.43 0.47
Cu 0.0162

Si 0.45 0.0239 0.23 0.21 0.16
N 0.047 0.0417 0.046 0.042 0.05
Ni 0.27 0.16

P 0.015 0.012

S 0.002 0.0035

Ti

Al 0.019 0.0076

wW 1.86 1.94 1.59 1.67 1.87
B 0.003 0.0018 0.0033 0.002
Fe Balance

22



Plastic deformation occurs by slip, which is the process whereby dislocations move through s
crystal lattice. Very large numbers of dislocations occur in mater@islocationdensity is

the number of dislocationger unit arean the crystal latticeThe strength of a material is
directly related to dislocation dendigher dislocation densitieads toincreasd strength

Plastic strain can generate additiordiklocatons, which allow the crystal lattice to
accommodate the distortion due to the appligdain, e.g. geometricallyecessary

dislocations (GNDs)67], which in turn can further increase strength.

Just as material strength increases with increasing disloagimsity, material strength
reducesas dislocatiordensity reduces. Dislocatiafensity is reduced when dislocations
disappear from the microstructure via different mechanisms such as armomhilatking and
dipoleforming. A detailed dislocation model is described by Hosseini ¢68l, following

the work of estrin et d69]. The key to any reduction in dislocatidensity is dislocations
movament Dislocations typically move along preferred planes (slip planes) and in preferred
directions along those planes (slip directiof)]. The combination of a shplane and a
slip-direction isknown as a sliggystem and is used in crysgahsticity (CP) modelling. At
higher temperatures, however, additional thermal energy may permit dislocatiosslgross
and dislocation climb, which allow dislocations to move out of their slip plane and mew a
one, presenting additional opportunities for annihilation. It is clear that the key to maintaining
material strength is to prevent dislocations from moving. This is achieved in 9Cr steels by

placing obstacles in the paths of dislocations. Some oé thiestacles are shown in Fig. 2.1.
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Fig. 2.1. A schematic depiction of (a) the hierarchical microstructure of 9Cr steels and
strengthening features of the microstructure. Figure following Barrett[&0hl.

Dislocations are primarily located in laths, the lowest level of the hierarchical microstructure.

The angle between two adjacent laths is typically less th§a5571]. Laths have what are

known aasngdle@dw boundari es (LAB) , which do noc
dislocation motion. A collection of laths with similar orientation form a block. A collection of

blocks form a packet. Packets exist within the bauied of prioraustenite grains (PAG25,

26]. Packetsize and PAGsize appear to be closely related, withoarelation greater than

0.99 observed in microstructure dff&]. PAG are typically 16rm to 60nmm in size[23, 30,

72]. The mismatctangle between blocks, packets and grains are greater than 10[#8]15

and are deédngkddbaboodohdghies (HAB), which do

Dislocations cannot easily pass through HABs. Dislocations in one grain will move along a

prefered slip system but a new grain with a large mismatch angle will present the dislocation
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with a new slip plane and slip direction contrary to the preferred plane and direction the
dislocation had been following previously so more energy (e.g. strain ¢ndtglye needed
to allow the dislocation to proceed. The dislocations therefore stop at theartglgh

boundary and the local dislocatidensity increases, thus hardening the material.

Smaller grains lead to a stronger material at low temperaturdepaenstrated by the Hall

Petch relationship74]. At high temperature, however, small grains are detrimental to 9Cr
strength, even thoughhey still present obstacles to dislocatmootion. Local high
dislocationdensity at higkangle boundaries combined with cradip and dislocatioreclimb
(mechanisms that enable dislocations to move from one slip plane to another and to overcome
obstaclesrespectively)allow for more dislocatiorannihilation at higkangle boundaries at

high temperatures.

Other microstructure features, such as carbide precipitates and solutes, also retard dislocation
motion. Solutes are comprised of single atoms, such as tungsten [B7#P9hese atoms are

known as being 6i n s orsubstiiutomatoms if the gysta latéce i nt er
andrelatively immobile, so they impede any dislocations that meet them with a similar effect

as HABs.This dislocatiompinning effectisk nown as 06s ol uhenthe steee ngt h e
is exposed to high temperatures, solute atoms may form carbide molecules and precipitate out

of solution.

Carbide precipitates are molecules of carbon and other atoms. There are two main types of
precipitae: MX and M3Cs. MX is shorthand for many different precipitates, such as (Nb, V,
Cr, Ti)(C,N), while My3sCs precipitates are (Cr, Mo, Fe, W [23, 24]. MX precipitates are

typically less than 200 nm in diame{@3, 75 but M»3Cs carbides may be much larger, e.g.
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over 100 nm in thasreceived condition and growing to over 300 nm after ageing or creep
[76]. The smaller MX precipitates tend to disperse ramgdhroughout the microstructure,
similar to solute atoms, while the largerdds precipitates tend to form along grain, packet,
block and lath boundarig®3, 75, 77], where there is me space for them to form. The
presence of WCs precipitates along lath boundaries mitigates the weakness of lath LABs but
M23Cs precipitates coarsen over time and their dislocapioming effects reduce. As the
M,3Cs precipitates coarsen, the gaps bemweach precipitate increase, allowing dislocations
to more easily pass through lath boundaries, thus softening the material. Cogtge M
precipitates on grain boundaries can also be a source of creejZ&)idsigure 2.2 displays
some comparisons of MCs precipitate coarsening at high temperature. MX precipitates do

not coarsen to the same extent gs@d precipitate§23, 34, 79].

450
400
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300
250 *
200

M,:C; (nm)
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100 -
1 10 100 1000 10000 100000

Time (hours)

Fig. 2.2: The evolution of MCs diameter with respect to time in P91 at (a) 83 MPa at®50
[34], (b) 100 MPa at 60C [58] (c) 0 MPa at 65X [76], and (d) 0 MPa at 668G [76]

MX precipitates and solutes pin dislocations within laths. MX precipitates can be consumed
when Zphase particles (Cr(V, Nb)N31, 62]) form. As the MX precipitates are consumed,
their strengthening mechanism in the steel is redudatlagy, solutes may be consumed by

Laves phase particles over time. A Laves phase patrticle is a molecule sugWWas FeMo
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[27]. The effect of Laves phase is to leech W and Mo solutes from the microstructure, thus
removing their dislocatiopinning effects and weakening the material while also acting as
damage nucleation sites along grain boundaries. H&dconsidered the formation of-Z
phase to be more detrimental to creepture life than the formation of Laves phase, at least

in 12% Cr steels, but that the formation cplase would be much slower in 9Cr steels.
Welded 9Cr jints were not considered in that particular work. A thermodynamic model for
Z-phas€ 80| predicted that Zohase formation could take decades in a 9Cr steel &C650

the curent work, the formation of -phase will be considered to be of minor significance

compared to the other microstructure parameters.

2.2.2 9Cr steel heat treatment

9Cr steel microstructure is optimised for higilmperature service via carefultpntrolled
heattreatment to provide optimum toughness and creep strength. Heat treatment typically
involves a normalising he#éiteatment and a tempering héegatment. Examples of heat

treatments from a range of literature sources are described in Table 2.3.

Normalising heats the material into the austenite region, where recyrstallisation and grain
growth occurs. The normalising process produces large austenite grains of approximately
equal size throughout the steel. The material is then cooled to produce itaartdhs
normalising temperatures (see Table 2.3), thgQ¥lprecipitates dissolve and are not present

in the resulting martensif®4]. The newlyformed martensite is typically hard and has low
ductility [28] and lacks precipitatstrengthening. Newlyormed martensite is usually
tempered by reheating the material to betweerPGGind 800C. The tempering process
allows My3Cs precipitates to form again and to grow to acceptable sizes, increasing

precipitatestrengthening, while also reducing dislocataensity, increasing the lath widths
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and improving ductility. The heat treatment process optimises the 9Cr steel fer high

temperature service by optimising grain size,-laitith and precipitate size.

The current work focuses on fusion welding processeson welded material, rather than
solely parent material that might be produced via the heat treatments described in Table 2.3.
Fusion welding includes such processes as arc weldingaaetylene welding, laser welding

and any other welding that prodscsufficient heat to melt steel. Other types of welding
include frictionstir welding, which bonds steel by application of heat and pressure. Friction

stir welding is a comparatively lotemperature process.

Table 2.3. Some examples of reported P91 meatrhents.

Reference source

Divya Lee & Ennis Hurtado

Process ot al Barbadikar Maruyama etal. Norena et Shankar Albert et
[77]' et d. [30] [34] [23]' al.[24] et al.[33] al. [8]]
Normalising 1040
temperature 1050 1080' 1050 1070 1060 1040 1050
(*C)
Normalising
time 30 30 60 120 30 60 100
(minutes)
Tempering
temperature 760 743’8560’ 780 775 780 760 770
O,
(C)
Tempering
time 60 60 60 120 60 60 360
(minutes)

Fusion welding in general subjects the steel to high temperatures and to high-reeating

coolingrates, changing the material microstructure and formingdféatted zones (HAZ).

A schematicrepresentation of HAZ is shown in Fig. 2.3. The idealised HAZ is commonly

divided into separate regions, as follows:

i Coarsegrained HAZ (CGHAZ): This region is closest to the fusion zone. The
CGHAZ experiences temperatures exceeding those of normalisinggses without
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melting the material. The steel transforms fully to austenite and 1k@;drecipitates
dissolve. The austenite grains recrystallize and then grow, leading to coarse grains.
Fine-grained HAZ (FGHAZ): This region is adjacent to the CGHa#tl further from

the fusion line. The temperatures are high enough to fully transform the material to
austenite and cause recrystallization but the region typically cools before grain growth
can occur. MsCgs precipitates do not fully dissolve and may ewearsen due to high
temperatures.

Inter-critical HAZ (ICHAZ): This region partially transforms to austenite. The
austenite regions recrystallise to produce finer grains while the remaining martensite
material softens due to tempering. Laths angQylprecpitates coarsen. The ICHAZ

can be identified by hardness testing as the softest region in a welded joint. Visually,
it is difficult to distinguish the 1€ and FGHAZ, which is why different authors
describe Type IV cracking as occurring in either zone.

Overtempered parent metal (OTPM): This region experiences tempering
temperatures, leading to martensitic lath coarsening and precipitate coarsening. No
phase change occurs due to the temperature being too low.

Unaffected parent metal (PM): This region is ttar from the fusion line to
experience high enough temperatures for tempering to occur. The microstructure is

unaffected by the welding process.
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Fig. 2.3. A representation of the different metallurgical zones present in a welded joint with
the corresponding phase diagram for 9Cr steels, [8&n

Clearly, the aforementioned changes to the microstructure in the HAZ regions disrupt the
optimised microstructure produced by normalising and tempering processes. Parts of the steel
are locally renormalized by the welding process and require fresh tempering ¢wentipeir
performance. This tempering, called pa&id heat treatment (PWHT), is applied to a weld

to temper newhformed martensite regions. A selection of PWHT processes is displayed in
Table 2.4.Although the PWHT processfor 9Cr steel is defined acating to ISO/TR
147452015[17], the process (temperature, duration) can depend on material geometry, and
other authors have conducteéat treatment experiments to accountwelding proces$83]

and even composition of the st¢84]. Figure 2.4 demonstrates the allowable peak PWHT
temperature and hofiine ranges for 9Cr steel, for different material thicknesses, based on

industrial standardgl7].
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Table 2.4. Some examples of reported P91-medtl tempering heat treatments.
Reference source

Process thvgla Xue et Mla_fui/fma Slé?glras Shankar Albertet Marzocca
[77] al.[27] 34 85 etal.[33] al.[8]] et al.[86]
Tem(E’Ce;at“re 760 755 740 760 760 740 760
. 15, 30,
Time
(minutes) 180 300 120 180 180 60, 120, 240
180, 240
790 790
ﬁ?SO ’_780
%770 T %770
:"g 760 g 760
;"750 ;"750
é 740 é 740
= 730 \ = 730 \
720 } | 720 | | } |
0 1 2 3 4 Q 1 2 3 4
Hold time (hours) Hold time (hours)
(a) (b)
790
__780 T+
%770
g 760
2'750
% 740
= 730
20 , ; ‘, . Fig. 2.4. Theallowable PWHT temperature
0 L 2 3 4+ hold time space for 9Cr steel for thicknes:
Holdtime (hours) of (a) less than 12 mm, (b) between 12 r
(c) and 60 mm and (c) over 60 mm

PWHT can improve the material microstructure but there are, some aspects of the welding
process thaPWHT cannot redeem. The praustenite grain size (PAG) cannot be changed

to any significant degree by PWHT because the temperatures are too low. Therefore small
PAGs remain small, which has already been highlighted as a material weakness at high
temperatires (further details are listed in Section 2.2.3). During welding, some undissolved

M,3Cs precipitates in the ICHAZ and FGHAZ are left behind by the changing grain
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boundaries during recrystallisation, so they cannot strengthen those PAG boundaries,

although the PWHT does allow new precipitates to form on the new boundaries.

2.2.3: Failure in welded P91 joints

In power plant, 9Cr steels commonly fail by what is known as Type IV cracking. Type IV

cracks are reported to occur in either the FGHJ&4] or ICHAZ [34]. In either case, regions

with small PAGs are where Type IV cracking occurs for the followaagons:

1 The grain boundaries act as damage nucleation sites.

1 If the grains are sufficiently fine then the hierarchical microstructure and its
strengthening mechanisms might not be present after PWHT: Undissojvy€gl M
precipitates leave a shortage of @arlin the austenite grains with which to form
martensite. Then, during PWHT, the remaining carbon is lost to additional
precipitates, leaving ferrite regions rather than martensite re[@n&6]. The ferrite
lacks the high dislocatiedensity of martensite and is therefore a softer material
region (compare ferrite and martensite yield streg&43. Strain can localise in the
softer regions and make them the regions of earliest cracking.

1 Coarse M3Cs precipitates with increased spacindvibeen them, reducing their
dislocationpinning effect, are present. This leads to a softer material region.

i M3Cs precipitates can be located away from grain or lath bound&8ksallowing
easier passage for dislocations through-émgle boundaries.

1 Small austenite grains may resist martensitic transformation due to increased strength
via a HaltPetchtype mechanisB89]. This retained austenite lacks the typical P91
hierarchical microstructure and thus its strengthening mechanisms, leading to a softer

material region. The volume fraction of retairstenite may be small (<1PaQ)).
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Fine-grained regions have a lower creep stretigéim the PM or weld metal (WM), assuming

that the WM is not undematched and that welding defects, e.g. trapped oxyg#nor
deltaferrite [92], are not significant. In a welded joint, this strength incompahan lead

to strain incompatibilities and mechanical constraint effects, which encourage crack growth
[78]. Not all creep fdure in 9Cr welded joints occurs by Type IV cracking. At high stresses,
failure may occur in the weld metal (WM) rather than in theFlGHAZ. Xue et al.[27]
reported that WM failed under creep conditions at high stresses and relatively low
temperatures, although this might have been due to the WM having worse creep properties
than the PM. The high stress may have overwhelmed the WM before the weakening
mechamsms in the IGFGHAZ had time to take effect. At lower stresses and higher
temperatures, Type |V cracking did occur b
damage to accrue in the -KKGHAZ. Another possible mechanism at play in that case was
hydrogen difusion [62]. Hydrogen atoms act as nascale voids that weaken the material.
Hydrogen is introduced to the weld joint by the welding consum@&3eso for highstress

creep, the hydrogen causes damage in the WM before it can diffuse into the HAZ and lead to
weakness there. For lowstress creep, the hydrogen has time to diffose the HAZ and
increase the relative strength of the WM, hence leading to failure in the HAZ, especially the

ICHAZ.

Under pure cyclic conditions at high temperature, failure has also been observed in the IC
FGHAZ region[32, 33, although Shankar et dI33] reported that under cyclic conditions
with tensile holds, the failure occurred much closer to the fusion line, suggesting failure in
the CGHAZ. It could be that the tension hold allowed oxide to form inside€dBAZ cracks

and that the oxide reinfoed the material there, leading to damage elsewhere. Oxides are

very stiff compared to 9Cr steél4].
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Cyclic loading leads to microstructure degradation in 9Cr steels. Dislocations move and
annihilate each other under the reversed loading in spite of all of the microstructure
strengthening mechanisms. As the dislocations annihilate each other, the fateand

the material softeng5]. The applied strains do not even have to induce plastic deformation
for such softening to @or, as illustrated by fulkglastic cyclic loading and softening
observed by Fournier et 65|, even though dislocation motion is associated with plastic

strain.

It is clear that the microstructure of 9Cr steels directly influences thseririce performance,

whether under cyclic or creep conditions. Any material model that attempts to predict in
service performance cannot neglect the material microstructure. Such models are known as
Ophyshasaedd model s, in which different mat €
mechanical behaviours. This observation is explored more fully in SectionT&iS.
observation is the driving motivation behind the MECHANNICS project and the work
presented throughout the rest of the thesis. As has been described, welding has a significant
effect on microstructure. The ability to predict-darvice performance of avelded

component based on microstructure depends on accurate modelling of the welding process

and temperature histories throughout welded joints.

2.3. Thermal modelling

For the arc welding process considered in this thesis, the 9Cr steel acts asradecie@n

electric circuit and the welding torch provides the other electrode. When the circuit is joined,
an electric arc cuts through the air between the steel and the torch, producing intense heat.

This heat is sufficient to melt the 9Cr steel and fther metal, which is fed into the weld
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pool to add more material to the joint. For some welding processes, the torch electrode is the
filler metal and is 6consumabl ed. Another ac
used to produce gas aralthe arc and weld pool to prevent oxygen from interacting with the

molten metal to cause oxide formation and, hence, weaken the weld. The flux is often an inert

gas, such as argon. In processes such as gas metal arc welding (GMAW), the flux is provided

in gas form and is blown over the arc and weld pool. Alternatively, in manual metal arc
(MMA) processes the flux can be a solid coating on the consumable filler metal, which is
vapourised by the heat of the arc. Examples of arc welding processes aresdasciiable

2.5.

Table 2.5. Examples of arc welding processes.

Name Shorthand Consumable Flux Manual Automated
electrode type

Gas tungsten arc

welding, tungsten G?IA(‘;W’ No Gas Yes Yes
inert gas
Gas metal arc
) . GMAW,
welding, meta_l inert MIG. MAG Yes Gas Yes Yes
gas, metal active gas
Shielded metalarc  SMAW,
welding, manual MMA Yes Solid Yes No
metal arc (6sti
Submerged arc SAW Yes Solid No Yes
welding

Although these processes are different, they all share common aspects such as a moving heat
source to heat and melt the steel and filler metal to create a weld pool and provide WM.

Therefore, irrespective of the precise welding process utilised, a welding process model must

include:

1 Geometry to be welded.

i A method of applying heat to the geometry

1 A method to transfer heat throughout the geometry.
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1 A method to lay weld beads on the geometry.

1 A method to cool the geometry.

All finite -element (FE) modelling packages allow for the definition and representation of
physical geometries. Common FE packagised to model welding in steels are Abd&bs

95], SYSWELD [96] and ANSYS[97-10(, with some sources using alternative packages
such as Code_Ast¢t01]. Full 3D modelling of power plant pipes and components can be
computationallyexpensive, even with significant increases in computing power of recent
times. Many poweplant components are girthelded (circumferentiallyvelded) pipes or

tubes, so that axisymmetric models are often used to reduce the size of the FE mesh. A
comparison of different meshes and models is given in Table 2.6. It is clear that the
axisymmetric models generally represent much larger geometries withwiar F&E nodes

than the 3D models, indicating a significant saving in computational expense. This is
advantageous in the context of throygbcess modelling and identification of optimal
welding processes, which requires sensitivity studies (e.g. the effémtch power, speed,
number of weld passes, etc.), since simulations can be completed and their results analysed
more rapidly and more simulations can be run in parallel using the less computationally

expensive axisymmetric geometries.

Full 3D models are clearly most representative of power plant component geometries and
stressstrain distributions and are, in principle, most representative of the welding process.
Axisymmetric models are significantly more computationalffcient but @ not represent

the effects of a weltbrch moving around the circumference of the pipe or starting and
finishing its run. Hence, axisymmetric models represent an idealised process in which the

weld bead is assumed to be applied all around the full pipencference at the same time.
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3D effects, such as pigistortion[99], are obviously not captured by axisymmetric models
either. However, the general accuracy of resuksfaund to be equivalent to those of 3D
simulations, at least for residual stress determinafi®d?, 103. Figure 2.5 shows an

example of a 3D welded ppmodel and a corresponding axisymmetric representation.

Table 2.6. Some examples of FE element numbers from samples in the literature.

Reference source Model Number of Materia Width/D; Thicknes Length
type nodes | form S
Li et al.[96] 3D 90,933 Plate 200 6 200
Abburi \[/fonzgata etal. 55 142,970  Plate 75 18 97
Deng and Murakawa 3D 12,300 ,
(102 A 357 Pipe 51.15 6 800
Yaghi et al[105 A 39,873 Pipe 45 50 350
Yaghi et al[2§] A 9,022 Pipe 147.5 30 700
) 17,924 to

Smith et al[10]] 3D 186,291 Plate 75 18 97
Smith et al[106 3D 201,168 Plate 60 17 90

Note: D = inner diameter, A = Axisymmetric. Dimensions in mm.
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Fig. 2.5. A comparison of (a) a 3D geometry and (b) a corresponding axisymmetric model for
girth welding of a pipe. The FE geometries were compared directly against each other in a
welding simulation. Note the reduced number of elements in the axisymmnedst
compared to the 3D mesh. Figures reprinted from Deng and Murak®Z, with
permission from Elsevier.
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The welding heat source, represegtthe welding torch, can be applied as a moving-heat
source, e.g. the doub#lipsoid heat source model proposed by Goldak ef1él7]. This

model gives a 2D ellipsoidal or 3D doulddipsoidal heatingzone with its centre
corresponding to the centre of the arc and with the heat source leading and trailing the arc

according to the ellipsoidal shape. The model is described as fatiawe form of Deng et

al.[102:

Y 1o Q0 oGe Ot o0

U who h’]& '(,p.rﬁ eXp —= 5 ~ (21)
O ) ) )

v e Vio"Q) oGEe OGP Ol

U who m& % eXp —= 5 : (22)
W W @) ) w

0 YO- (23)

wherecgecsanddeare the local coordinates of the doublipsoidand® , o ,® andw

are fitting parameterd he material being welded may be a plate (Cartesian) or a pipe (polar),
for example.d is welding power,Yis torch voltage Qs torch current ane- is torch
efficiency. The torch efficiency is typically found to lie between 50% and 113 106,

108. &, & , ®andware welding parameters which candzusted to give the desired weld
pool."Qand™Qdescribe the fractions of the heat source in front of and behind the torch and
these fraction should sum to a value ¢flR2, e.qg. if the fractions of the heat source in front

of and behind the torch balance th&n "Q p. Depending on the welding process, heat
leading the torch can be ignored, assuming that the torch is moving quicklychncases,

the 3D ellipsoid distribution can be reduced to a 2D version. The criterion for whether to use

2D or 3D distributions depends on the Peclet number, deifimtégk form of Smith et alas

follows [101]:

- " 0 La

50 © 24
0 —g (24)

38



where” is material density) is specific heat capacity, is a characteristic length (e.qg.

torch diameter)Qis thermal conductivity of the material ands torch travel speed. The
precise Peclet number below which 2D distributions may be used is not clear and different

sources suggest different values, ef0[109, <0.1[11(, 0.85 to 1.32107].

For modelling purposes, the torch efficignparameter is generally calibrated against
recorded thermocouple data from a welding process or adjusted to provide the desired weld
bead[106. The moving heat source can be defined in Abaqus, for example, with-a user
defined subroutine but this can become difficult to model for complicated geometries.
SYSWELD is a dedicated welding codethvpredefined weldingpecific functions such as

2D and 3D heat distributionfgl11]. Dedicated welding software has been found to give
superior temperature predictions compared to geperglose softwar¢l01]. Code_ Aster,
developed by Electricité de France (EDF), is an egmmce FE package which companies

can use without the need forlsaription software licences.

An al ternative method for appl yi ngduhnmepatn gtdo
or 6 e-b ie me h 6 .-birtle inwlues modelling all weldbead elements in the FE
geometry, then selectively activating specifiemsénts with application of heat flux to
simulate beadaying[104]. A heat distribution, such as the aforementioned deelbfEsoid,

is not required for this method since the weld bead is defined by the geometry of the mesh.

The heat load is diefed as followg55, 109:

.
s 25
N 3 (25)

wherev is weld torch traverse speed. This vafués known as the net line enerffy5] and
is a commonly referretb welding parameter. This load can be applied as a voluredat
flux, sometimes called DFLU¥55], as follows:
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000 Vi (2.6)

wherewis the volume over which the heat energy is appl@®0 “¢dn be applied to lal

weld bead elements which are then activated to replicate the laying of the weld bead at the
correct torch traverse speed. Bledtkmping is a simpler method than the moving heat source
as it does not require a user subroutine. It is alternatively pogeildpecify temperature

boundary conditions to elements to raise their temperature to simulat&aiiead 106 .

0700 ™dépends on a material wwohe but axisymmetrigeometries represent all material
points around the rotational axis simultaneously, so a volume must be defined for
computational purposes, rather than directly modeliettas been reported that a certain
fraction of the circumference of the real, 3D, pipe can be used to calculate the volume for an
axisymmetric model. This fraction is between 118hd %2 of a radiafil0g. In the case of

elementbirth, it is possible to adjust the heat input to satisfy two criteria:

1 All elements in the weld bead should exceed the melt temperature of the WM.
1 The weld bead should produadHAZ which is a reasonable distance from the fusion
line.

These criteria were used by Yaghi anevoarkers[55, 10§. In order tosatisfy these criteria,
the heat transfer within the geometry must be modelled. There are different methods by
which heat transfer can be modelled. Convection and radiation can be addressed separately

[112 or can be combined into a convection coefficigz®, 55 102 105 10§, Q, as

follows:
Q T8t PV m Y uonm (2.7)
N ™Y YUY Y uTmm (2.8)
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where"Yis temperature, so that the combined radiationvection heatransfer coefficient is
temperaturaependent. It is also possible to use constant vdlLl@4 111 rather than

temperaturaependent terms.

Conduction heatransfer coefficients can be derived from empirical data,[85), but there
are limitations to using such data. For example, modelling heat transfer in regions where
experimental data is unavailable or difficult to measure or obtain, such aswrelth@ool,

introduces uncertainty.

In solid mechanics simulations, liquid flow in the weld pool cannot be modelled easily. One
method to account for the weld pool is to assume that conductive properties are fiba@led

to represent more rapid heat transfer in the molten region. Another method is to conduct a
heattransfer analysis in a computational fluid dynamics (CFD) simulation to model the weld
pool as a liquid and then extract effective heat transfer parameters for use in the solid
mechanics simulatior]98, 113. The cellularautomata (CA) method can be used
conjunction with FE modelling114] to model the welding process, with the FE modelling
accounting for the weld poa@ind heat transfegbut it typically requires constant-reeshing

of the FE geometry as well as coupling between the CA grid and the FE mesh. Figure 2.6
shows an example of the different meshes required for CA analysis. To save computational
cost, large wiel pools should be avoided and this may not be possible for-padt welds of

thick pipes.
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Fig. 2.6. A depiction of the various computational meshes required in CA analysis. To the
right is the CA grid on which CA calculations are solved. In the middle is a fixed FE mesh to
which the results of the CA grid are mapped. On the left is a finer &&h rtinat remeshes
itself to maintain a refined mesh in the vicinity of the moving weld pool to which the fixed
FE mesh is coupledt)(and ¢ )Gefer to time witht B t. Figure reprinted from Chen et al.
[114], with permission from Elsevier.

In multi-pass welding, it is sometimes possible to reduce the complexity of the model by
focusing on only a limited number of the weld passes rather than all of them. Murthy et al.
[117], simulated a mukipass weld on an axisymmetric model and showed that the residual
stress results for a mujpiass welded pipe could be approximated by simulating onifyrthle

pass or the final six passes all at once. For the purposes of modelling residual stress, it may be
possible to use such shortcuts as combining different-bedds together. For a through
process model in which the microstructure must be predictadever, modelling only the

final passes in a mulpass simulation would not capture microstructural evolution history

and lead to inaccurate life predictions.

After welding, the geometry can be cooled by specifying the temperature of the surrounding
environment and simulating the cooling process. For apatis welding, the environmental
temperature can be set to the intass temperature (an elevated temperature meant to avoid
hydrogen cracking effects, typically 2@ to 350C for 9Cr steel[18]) and for the final

cooling, it can be set to room temperature.
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The cooling rates predicted by the thermmaddel are important for the purposes of welding
because they can predict the time taken for local material points to cool fr6&1®0B0CC.

This measurement of timgy,) is important to predict impact toughness, for which there are
minimum requiremets for 9Cr stee]57]. In industrial standardgy,, is calculated according

to preheat conditions, rtexial thickness, hedtansfer properties, et¢18]. Therefore, it is
possible to make improvementsthe welding process using only thermal modellfagy. full
throughprocess modelling, the welding process model provides tempetaégrdiistories

for use in the microstructure (Section 2.5) and mechanical (Section 2.6) models.

2.4. Microstructural model

2.4.1. General

The temperature histories predicted by thermal models can be used to predict the material
microstructure distribution, e.g. the location of different HAZ regions. In Section 2.2, several

microstructure features were highlightedraportant to the strength and performance of 9Cr

steels:

1 Solid-state phases (martensite, austenite, etc.).
1 Prior-austenite grains.

1 Martensitic laths.

i Carbide precipitates (p4Cs, MX).
1 Laves phase and-ghase.

i Dislocationrdensity.

This section will explore some mathematical models used to predict the evolution of these

different microstructure features. The ability to accurately predict microstructure evolution,
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and thus the evolution of strengthening mechanisms, will enable mmreate prediction of

in-service component performance and life.

2.4.2.So0lid state pase transformatio(SSPT)

During welding, the 9Cr steel goes from martensite to austenite and back again. Martensite
austenite transformation occurs extremely rapidly gredtransformed volumfgaction can

be approximated as being directly proportional to the transformation temperature, varying
from zero transformation @ to full transformation ab . This approximation describes

the volumefraction of austenitet equilibrium, even though welding is a requilibrium

process, as follows.

O T (29)

where, is volume fraction of austenite at equilibrium. Namear martensit@ustenite
transformed volumdéractions can also be useghown here in the form of Li et &l96], as

follows:

Q ; ,
Qo t7Y

QY (2.10)

where, is volume fraction of austenitandt and™Qare fitted temperaturdependent and

heating ratedependent parameters

Under norequilibrium conditions, such as welding, the austenite transformation
temperatures may increagd15. The transformation temperatures can be identified
experimentally from temperaturglilation or temperaturstrain tests (Fig. 2.7)where
discontinuities in the straitemperature history indicate phase transformatigasstenite
transformation causes steel to contract, contrary to heatiuged thermal expansion, and

martensite transformation causes expansion, contrary to centinged thermal contraction.
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Different tests on the same material can also reveal eifféransformation temperaturé]

and compositiotbased empirical models which can be used to quantify116. Software

such as ThermoCalc can also be used to predict transformation tempdttidrésig. 2.8).
Observation of the continuowsolingtransformation (CCT) diagram (Fig. 2.9) shows that

for all but the slowest coolinrtates (e.g. slower tharf@minute[116]), 9Cr austenite will

only form martensit¢118. The austenitenartensite transformation is commonly described
using the KoistinestMarburgerfunction[119:

, p AgbmBipp Y Y O (2.11)

where, is volume fraction of martensite angd is martensitic transformatiestart
temperature. In order to ensure complete transformbgéore the martensite transformation
finish temperature ), the above equation can be multiplied by a condt2&t If the
coolingrate is fast enough, then the martensitic transformation can be approximated using a
linear equation[87]. Other methods of calculating the martensite volume fraction are
described by YJ12(. Huyan et al[121] proposed a more physicalbased model which

relies on Gibbs free energy to calculate martensite transformation. In this case, Gibbs free
energy is the energy available for transfoioratafter accounting for the thermal and strain

energies of a material point.
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Fig. 2.7. A schematic of the identification of SSPT transformation temperatures for P91 using
straintemperature data: (i) the initial state and linear expansion up t (jifransformation

strain (contraction) during austenite transformation up tod(iii) further expansion to (iv)

the peak temperature, contraction during cooling ta (v)transformation strain (expansion)
during martensite transformation until \Md (the temperature at which martensitic
transformation ends) and (vii) further contraction with further cooling. This figure is based on
figures from other sources, e[§7, 127.

THERMO-CALC (2013.05.08:10.22) :ATIG
DATABASE:TCFE6

P=1.01325E5, N=1, W(C)=1.7E-3, W(SI}=2.9E-3, W(MN)=4.2E-3, W(P}=1E4,

W(SE1E-4, W(CR)=0.04E-2, W(MO)=9.4E-3, W(NI)=2.4E-3, W(AL}=1E-4, W(NB)=7E-4, W(V)=2E-3, W

L.ai1 2 | 345 11
10 1: FCC_A1#1 FCC_A1#2 MNS

2: FCC_A1#1 FCC_A1#2 FCC_A1#3 MNS
0.9 \ - 3: FCC_A1#1 FCC_A143 MNS

]
201918

0 4: FCC_A1#1 MINS
038- | | 5: BCC_AZ FCC_A1#1 MNS
\ 6: LIQUID BCC_A2 FCC_A1# MNS
l 7: LIQUID BCC_A2 FCC_A1#1
0.7 8: GAS LIQUID BCC_A2 FCC_A1#1
9: GAS LIQUID BCC_A2
10: LIGUWD BCC_A2
11: LIQUID
12: FCC_A1# FCC_A1#2 FCC_A123 M23C6 MNS
L 13 ALNFCC_A1#1 FCC_A122 FCC_A1#3 M23C5 MNS
14: ALN BCC_A2 FCC_A1#1 FCC_A1#2 FCC_A133 MZ
18 ALN BCC_A2 FCC_A1#1 FCC_A1#2 M23C6 MNS
~ 16 ALN BCC_AZ FCC_A1#2 M23C5 MNS
17: ALN BCC_A2 FCC_A1#2 M23C5 MINS Z_PHASE
|- 18: ALN BCC_A2 M23C6 MINS Z_ PHASE
19: BCC_A2 MZ3C6 MNS Z_PHASE
20: BCC_A2 MZ3C6 MGP MNSZ_PHA SE

g"\ 400 600 3800 1000 1200 1400 1600 1800
TEMPERATURE_CELSIUS

Fig. 2.8. ThermoCalc predictions of SSPT transformation temperatures for 9Cr steel. Figure
reprinted from Arivazhagan et &ll17], with permission from Elsevier.
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Fig. 2.9. An example of the CCT diagram for P91, reproduced from Vallorec and
Mannesmanipl1§.

2.4.3. Phase fieldhodelling

Phase field modelling (PFM)123 124 is a physicallybased approach to microstructure
evolution that attempts to represent the enelgyen, thermodynamic interactions between
material pointsas opposed to empirical models, etc. Originally used to model solidification,
PFM can be used to simulate sedihte transformation too. The general framework of PFM

is that for any region:

1 A phasefield parameter will have a value of 1 inside thesagand a value of O
outside of it.
1 The interface between regions shall have interface mobilities, energies, thicknesses

and driving pressures. As the interface between regions moves, the regions change
shape and size.
i The modelled domain will have a sptilistribution of nucleation sites for regions, a

density of nuclei and a nucleation temperature range.

Therefore, a liquid domain can be modelled with nucleation sites for solid material regions.

Similarly, an austenite domain can be modelled with raiicie sites for martensite. In PFM,
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microstructure evolution occurs as the system attempts to minimize its free energy. Sources
of energy include heat and strain. PFM modelling can be coupled with thermodynamic
simulation tools, such as ThermoCal25, to aid the identification of PFM modelling
parameters. Boettger et §l.26 assessed different methods of increasing the efficiency of
such couplings and found that, currently, attempting direct PFM simulation (e.g. without
extrapolation) is not feasible. Despite the use of ThermoCalc or other software packages, a
certain amount of parametgtting is still required for PFM, for example th&pacing of

ferrite and bainite nucl¢iLl2g (Fig. 2.10).

A-V’ (_ '-‘-,. ¥
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$eed /- - ail\o £V ;q‘ﬂ’:z,Sﬂm(&‘{ A S\ tpazsuma
Fig. 2.10. A comparison between test ddt27] (a and c) and PFM results (b and d) for the
evolution of solidstate phases (white: bainite, yellow: ferrite and red: austenite/martensite)
for different cooling rates: (a) and (bJCIs, (c) and (d) &/s. The square in (b) represents
the PFM domain, which is configured with periodic boundary damrd to grow the model

domain. Figure reprinted from Toloui and MilitZé25, with permission from Elsevier
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The advantage of PFM is that it can simulate steep gradients in microstructure, such as
differences between two adg@d grains. This is useful for welded regions like the HAZ, in
which the CGHAZ, FGHAZ and ICHAZ have very different microstrucutres, despite their
proximity. A drawback of PFM for the purposes of throyggbcess modelling of power plant
components is theevy small sizescale for which PFM is applicable, e.g. miswale (see

Table 2.7).

Table 2.7. Examples of PFM modelling domains from literature sources.

Reference Model type Domain size

Toloui and Militzer[125 2D 36.6mm x 36.6nm
2D 52.2mm x 52.2nm

2D 79.6mm x 79.6nm

Boettger et al[126] 1D 50 M

2D 1000mMm x 520mMm

Zhu et al[12§ 2D 400mm x 400mm
Mai and Soghratji129 2D c. 200mm x 300mMm
2D 540mm x 500mMm
2D c. 300mm x 250mMm

Shi et al[13( 2D 250mm x 250mm

96 nm x 36nmm x 47mm (PFM only)
5mm x 5mm x 5nm (PFM and FE)
10mm x 10mm x 10mm (PFM and FE)
15mm x 15mm x 15mm (PFM and FE)

Fromm et al[13]] 3D

It is clear from Table 2.7 that to model an entire macroscale geometry (e.g. the size of a
power plant component, such as a pipe, measured most conveniently with millimetres,
centimetres or larger, rather than with microns or smaller), or even a mactdéalevould

be prohibitively expensive computationally compared to macroscale models. For comparison,
the smallest element size used by Abburi Venkata eflé@] for the plate geometry
described in Table 2.6 was 0.9 mm x 0.75 mm x 0.35 mm. dlareent was just one of
134,000 in the entire geometry. It is clear that it is currently impractical to apply PFM

modelling methods to componeetvel FE models.
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Many PFM models require coupling to metallurgical databases)as ThermoCalg¢which

is based on the Calphad methatthile this leads to rigorous, physicalased modelling,

this may be an unattractive option for a wdkkign tool because it would require additional
software licencing with the associated costs. Even then, the differetweeebewelding, a
non-equilbrium process, and a ThermoCalc data base, based on equilibrium values, leads to
modelling challenges. For example, ThermoCalc may predict complete dissolutionGaf M
precipitates in a 9Cr steel at 880[115 but the FGHAZ still contains such precipitates

despite experiencing temperatures in excess k880

2.4.4 Prior austenite grain (PAG) size

During welding, the initial PAG size of PM changes due to the grains recrystallizing and then
growing. Examples of grain size evolution models are described by various 4u8®is84.

These models include separate recrystallization and growth terms. The recrystallization terms

can either be dependent on initial grain s@2e,e.q.[133, as follovs:

0

or on a critical dislocatiodensity,” [, in the form of Li et al[132:

Y 0O @ T "Tp Y p Y (2.13)
where™VYis recrystallized volume fractioand™y QM ov ,¢,0 ,w and_ are all
constants’ [is a critical value of normalised dislocatidensity. Normalised @slocation
density,” ['evolves during plastic deformation (see Section Bu it is also subject to static
recovery (hightemperature annihilation) processes. EsfliB5 described a dislocatien
density model with static recovery. This model was modifi2P-134] to account for grain
recrystallization. Test daf&3] suggests a strong correlation between lath width (seeitater

this section) and dislocatiesrensity under creep conditions.
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The PAGgrowth term can be divided into static (temperature and time dependent) and

dynamic (temperature, time and plastic strain dependent) terms. Two examples are as follows:

) [‘) ” | -
Q a9 a9 [133 (2.14)
0 h 0 h
0 0o = 0"y — 13 215
0 5 05 [132 (2.15)
whereQis PAG size and ., ,l ,O,O,[  andl j are constants, is grain

boundary energy per unit area and is grain boundary mobility. Equatiad14 includes
recrystallization (the first term) and a dynamic, plastiditiven graingrowth term (the
second termwhich accounts for recrystallization in regions of critical dislocatiensity,
analogous to the combination of Egn. 2.13 and the secondrideqgn. 2.15 while Eqn.2.15
has a static graigrowth term (the first term) and recrystallization is handled with a separate

equation, e.g. Eqr2.12 or2.13. Results from a model using Egn. 15 are shown in Fig. 2.11.

Equations2.14 and2.15, as pesented here, were applied in the context ofrbiihg and
annealing of ferritic steel. These models would require modificatiooréddfeing applied to

9Cr steel (in Chapters 4 and 5, Egns. 2.13 and 2.15 informed the development of the
recrystallizationand grairgrowth models)Hamelin et al[87] applied a static graigrowth

model in the context of welding of a nuclear power plant steel as follows:

@ WO T T

N Q ®owpn 30RDD ~

(2.16)

whereQandQ represent the final and initial PAG sizes (mm) over time incremeat
temperature Y(K), respectively. In 9Cr steel, packa@ize and bloclsize can be linearly

related to grain sizg/2, 1364.
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Fig. 2.11. A comparison between annealing time aP@Ghd grain size (model: solid line,

test data: points). Figure reproduced from Li ef£82].

PFM can also model grain recrystallization and grofit®4], although there were some
reported issues regarding the interactions between grains anesimadoprecipitates or
solutes due to the different lenggbales involved. For recrystallization, the aforementioned
driving force can be replaced by a stored energy and can be set to zero for grain growth.
Although PFM is computationalgxpensive compared to maesocale models, it can be used

to confirm the accuracy of macro modglsQ.

The MonteCarlo (MC) method has been used to simulated grain size evolution irf E8%Z

138 with high precision but the results of MC modelling depend on grid size and spacing and
on how the simulation time is coupled to real time. This introduces extra complexities that
would be unwelcome in a througimocess model of steels as complex as 9€zls The
geometries that can be simulated by MC methods are also small (0.24 mm x 6 mm x 2.4 mm
[137]) or relatively small (33 mm x 8 mm x 3 m[&38) compared to componestale
geometries. Some HAZ grain evolution predictions using MC are shown in Fig. 2.12. It is

clear that the slowest torch speed, and therefore the longest exposure to high temperature, led

52



to the most significant graigrowth, as expeted. Despite the accuracy of MC, it, like PFM,

is too computationally expensive to be practical for use on rsaie models.

PFM, CA or MC modelling are computationakxpensive so modelling each of the
microstructure evolutions considered in this teec using any of those methods on
componeniscale geometries is currently impractical. However, they may be useful as tools to

verify the macroscale models based on a sample region of interest.

300

Fig. 2.12. 3D predictions of fusiezone and HAZ grain evolution during welding at different
weld-torch speeds using the MorBarlo method. Note the different grain morphologies.
Figure reprinted from Wei et d[138, with permission from Elsevier.

2.4.5 Lath width
Lath-width is an important consideration in 9Cr steel, due to laths being the lowest level of

hierarchical microstructure. Lath width is an indicator of dislocation density, which has
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already been identifieds vital to 9Cr strength (see Section 2.2). During welding, laths

disappear from the material during transformation into the austenite phase. After welding,
newly-formed martensite regions in the HAZ have fine laths and high dislocation density.
One of tle key microstructural changes that occur during PWHT is that laths coarsen. A

throughprocess modelling approach should therefore include the evolution -avitttin

GalindoNavo et al.[136 showed a microstructural model which could predict the size of

martensitic laths) , and their evolution during temperirig,the formas follows:

O U _p O o (2.17)
whereO is carbon diffusion rate) is initial lath width,co is carbon atom content in
the martensite, j represents a resistance to carbon diffusioncaadempering time. The

carbon diffusion rate is givan the form as follows

, .. ymmnTnm
(@] 08 pmmQwn vV, (2.18)

where'Y is the universal gas constant and the caidiiffasion barrier is given by:

= Q

(2.19)

wherewis magnitude of the Burgers vector add is the space between two laths,
taken as approximately 7 nm. The carbon atonterd of the martensite can be related to the

carbon content of the steel, via the relationship:
W W p — (2.20)

wherew is carbon content of the steel, assuming a low carbon contenf enthe carbide

volume fraction. The initial latvidth can be obtained from the equation:

(2.21)

{2

0 Q
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whered is mean carbon spacing, given by:

& —F (222)
(0V]

This lathwidth model almost exclusively uses measurable, physical parameters and this
reduces the necessity for fitting parameters. Physically, Eqoa@res thghenomenon of
segregation of carbon atoms in lath boundaries following martensitic tranagion. Some
results from the model described above are shown in Fig. 2.13, in which it is clear that the
relationship between the carbon content and-watlths of a variety of steels is well

represented by the model.
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Fig. 2.13. A comparison betweersalection of test data (Kim et 439, Hutchinson et al.
[140, Swarr & Krausg§141], GhassemArmaki et al.[147) and aath-width-carbon content
microstructure model. Figure after Galinblava et al[136§].

An alternative way to model lath widths and their evolution is to relate the widths {o low

angle boundary digcation density evolutiof25, 143:

0 (2.23)

55



where”  is the initial dislocatiordensity at the lovangle boundary and is the current

low-angle boundary dislocation density.

Lath evolution can also be modelled directly from ageing test datq 1d4)) or creep data
(e.g.[23]), which is pertinent to the lorAgrm, inservice aspect of the throughocess

methodology. Such an equation ntake the form of an Otswaldpening model, as follows:

o 2 (2.24)
. .

where® is a constant and the exponéntypically has a value greater than 2.

2.4.6 Carbide precipitate size
At high temperatures, carbides dissolve and disappear from the material microstructure.
Tempering allows the carbides to precipitate out of solution and increases the precipitate

strengthening effect of the microstructure.

Myhr and ceworkers [144-147] suggested a precipitate evolution rabdor aluminium

alloys. Their model included three general aspects:

1 A nucleation model to predict the formation of precipitate nuclei.
1 A rate law to predict how precipitates grow or dissolve.
1 A continuity equation which tracks how much solute is tiednughé precipitates.

Despite the nanecale nature of these models, they were applied to rsaate geometries,

e.g. squarsection (80 mm x 80 mm x 400 mm) AA6060 compong¢ht/]. Figure 2.14

shows a comparison of predicted and measured mean particle radius and number density of
precipitates in an M¢i alloy. It is clear from Fig. 2.14 that the quantitative and qualitative
trends of the experiental data were captured by the model. Physically, the trends indicate

56



nucleation and coalescence of precipitates with increasing tempering time. At first, many
precipitates form, hence a small mean radiuand a large particle number densiiy Later,
as precipitates coarsen, the mean radius increases and as precipitates coalesce, the number

density of particles decreases.
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Fig. 2.14. A comparison between measured and predicted values for precipitaterjahds (
number densityN) in an A-Mg-Si alloy during ageing at 185. Figure after Myhr et al.

[144).
An alternative modelling method is describedhe form ofLin et al.[133 to represent how
precipitates dissolve at high temperafuae follows

0

0 'Ow -
0]

(2.25)

where0 is the rate of decrease in population of precipitdtess the sustainable population

of precipitatesw is the population size factor (or the viable concentration of precipitates

[148) and

0 OAQDU 2.26
YUY (2.26)
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whereO is diffusion coefficient and is activation energyWhile themodel described in
Egns. 2.25 and 2.26 pertains to precipitate populg&an number densityit can be used to
predict key moments during the welding process, such as when dissolution is complete and

there are no more precipitates present in a regfitime weld.

Precipitate growth, e.g. during PWHT, can be described with an Otswald ripening type

equation 30]:

Qrn  Qj Qo (2.27)
whereQ j, is precipitate size at timeat a certain temperatur@,;;, is initial precipitate size

andQ is a temperaturdependent growth coefficieri can be described as folloya0]:

5

0 O 228
Q QhAQD.Y.,Y (2.28)

whereQ; is growth coefficient andhe activation energy can be defined based on

precipitate size and temperatures, as follows:

S5¢

N 12
o o lg

~ Y

Ny

5¢

(2.29)

whereQ  andQ j are the average precipitate sizes at temperat¥rasd”Y. A similar set

of equations can be used to describe the growth of MX precipitates and Lave$lgithse
"Qwas described differently for maraging steels, as fol &) :

. ® O wy

0 “th (2.30)
where®y, is the vdume of elemeniCas it goes from the matrix into precipita@, is the
diffusion coefficientw i s t he parti cl g dsshe mterfagat endrggaant i o n

also be a fitting parameter adjusted to match test data. Precipitate size can also be modelled

with a strainrate dependency in 9Cr steel using a modified Otswald ripeninplL&il
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The strengthening mechiam of precipitates is not determined solely by their diameter. In
fact, precipitate spacing and volume fraction are two additional considerations. The volume
fraction determines the degree to which the material is saturated with precipitates. With
increagd volume fraction, there is increased dislocapoming due to the precipitates,
although the material as a whole will be softer due to the additional tempering necessary to
increase the volume fraction. As precipitates form during tempering, carbemased from

the martensite matrix, leading to a softer mat¢63].

For a given volume fraction of precipitates, assuming an even distribution alongngth
boundaries (M:Cs precipitates) or throughout the material (MX precipitates), the disloeation
pinning effect is determined bthe precipitate spacing. Precipitate spacing, can be
determined from precipitate diamet&r, for a constant volume fractioa, in the form of

Armaki et al.[152, as follows

1] ]
'Q .
= m

(2.31)
There are other alternatives for precipitate modelling. The FIshegsPry model for
precipitate evolution was utilised by Barrett et[dl3. This model is more suited to peost
weld evolution rather than to full througitocess modelling. PFM can also be used to model
precipitate coarseninfd53. Rather than modelling the growth of the grains of one phase in

another phase, e.g. ferrite in austefii2s], precipitate growth in a matrix can be modelled.

Laves phase evolution dgta9] can be predicted according to an Otswapening law (see
Fig. 2.15), similar to how MCs precipitates are modelled-phase evolution was simulated

by Danielsen and HalB0] using a thermodynamic modelling framework.
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Fig. 2.15 An example of Otswald ripening models (lines) applied to dianrtieter data 79]
(points) for Lavephase evolution.

The models listed above are only some examples of how microstructure evolution can be
modelled. It is clear that the microstructure models can be physidld to a greater or
lesser extent. The work of Galinddava, for example, is ghly physicallybased whereas
other authors have used more empirical approaches with fitirameters, e.g132. The

ability to predict microstructure evolution with prdois is important in the context of

physicallybased constitutive modelling.

2.5. Structural model

2.5.1 General

Damage modelling and life prediction for power plant components are strongly dependent on
constitutive response of the material, whether by fatigue life estirfilids crack growth
dynamics[155 156 or creep life estimatep46]. The constitutive behaviour of welded

components depends on (a) the thermal history of the material during welding, (b) the
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material microstructure and (c) theservice loading conditions. As power plant moves from
baseload to flexible operation, weldecomponents are subjected to combined loading (e.g.
creepfatigue rather than just creep) so that it is important for constitutive models to be

capable of predicting material response accurately for a range of loading conditions.

Welding analysis typicé} utilises uncoupled thermal and mechanical analy28s55, 96,

99, 106. The thermal analysis is performed on FE geometry without reference to mechanical
properties and is purely a heednsfer analysis. A mechanical FE model can be prepared
with an identical geometry and mesh, although with a different eletyyest so thathe
temperature history extracted from the thermal analysis can be appliedonodele as a
thermal load. The method is considered uncoupled because there is no feedback from the
mechanical analysis on the thermal analysis. The thermal load generaiasirstthe
mechanical model. The set of strains is often desciibéte form of Hamelin et a[87], as
follows:

.. (2.32)

where the strain components are elastic, plastic, thermal, metallurgical and transfermation
induced plasticity (TRIP), respectively. Thermal strain occurs due to thermal expansion or
contraction. Metallurgical strain occurs when phase transformationfri@y.BCC to FCC)
causes a volume chandg87, 1220 and TRIP occurs in 9Cr steel during martensitic

transformatiorj122.

2.5.2 Metallurgical strain

Metallurgical strain can occur when the material transforms from martensite PM to austenite

at high temperature as a contraction that occurs in proportion to the austenite volume fraction.
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For martensitaustenite transformation during cooling, it can bedalled as an exponential
expansion functiofi28], as follows:

Y wdpoxpm Y AgPmipp Y Y O (2.33)
where 3£ is incremental change in volumetric strain during austenaeensite
transformation, the superscrifiienotes the component of strain (the increment in strain is
equal in all directions and shear strain is neglected)Yaxid the increment in temperature

change.

Phase change is not an instantaneous process. During transformation, both austenite and
matensite will exist at once in close proximity to each other, e.g. in the pattafigformed

ICHAZ. This proximity could be at the microscako thatin a macroscale analysis, both
phases may exist in the same finite element at the same time. The ednmbaterial

response can be takentheaverage response of the two material phf88sl57].

2.5.3 Trangbrmationinduced plasticity (TRIP)

TRIP is typically only modelled for martensitic transformation because it occurs at lower
temperatures when the resulting stresses are larger in magnitude. Transformation strains at
high temperature for austenite are mékely to relax and become insignificant at lower
temperatures compared to those caused by martensitic transformation. For example, some
authors[106 158 159 eliminated plastic strains and material haidg history at high
temperatures in their simulations using an
strains at lower temperatures. One modelling method to capture TRIP is to reduce the
material yield stress during martensitic transformatioartsure yielding and plasticif2§].

For an elastiperfectly plastic material, Leblond et §.57] suggestedhe following model

for calculating TRIP:
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where,, isyield stress of the austenite and is yield stress of the martensite, which is a
rule-of-mixtures (weighted average) between tempered and ffewhed martensite yield
stresses ,, , with volume fractions ,, .Qis stress tensor and is the equivalent
stress (e.g. voiMises stress)This model considers the instantaneous volume fraction of
phasesAnother model incorporates the rate of transformdtl&d), described by Hamelin et

al.[87] as follows:
o, .
3 EU VQ aq (2.39)

where0 is a material constan¥is the deviatoric stress tensor during transformationéand

is the phase volume fraction. This formulation is presented in-amilii form. TRIP can also

be modelled via a micromechanics approfsl]. Micromechanics approachean model

what occurs in the material at the microscale and then extrapolate the cumulative local

material response to predict the macroscale material behaviour.

Constitutive behaviour during welding carvgipredictionsf the distribution and magnitude

of residual stresses but a full througiocess modekhould incorporate posivelding

mechanical modelling to capture the effects of posd heat treatment (PWHT) and-in

service loading in power plant. Cstitutive models can be described as either
Ophenomenol ogi bals@ddr, a@aphypwsitdcalnle i n the sec
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2.5.4 Phenomenological modelling

Phenomenological models are typically constructed using parameters and coefficients
identified from material test data rather than relying on physical material parameters, e.qg.
microstructure features. For the purposes of the welding simulation, mathalibur can

be determined from short terdata, as opposed to lomgrm data such as creep test data, so
the tests from which material behaviour can be determined are usually either tensile

monotonic[28, 55 or cyclic[158 test data.

Monotonic data is obtained via relatively simple tests, which give materialmatmn
regarding hardening, necking and damage. Due to the relative convenience of tensile testing,
compared to more timeonsuming cyclic or creep testing, a large body of test data can be
obtained from it, such as the effects of different temperaturésstairrates on material
behaviour. However, monotonic data on its own cannot reveal whether a material hardens
isotopically, kinematically or by a mixture of both. Welding is a cyclic process, producing
reversed loading between the heating and coolwbte@nd, in the case of mufiass welding,

from one weld pass to the next. For this reason, cyclic testing may be preferable to montonic

testing in order to determine material behaviour.

The choice of material testing will determine what test datarthierial model is calibrated
againstand therefore the choice of hardening model and constitutive predictions. For
identical or at least comparable thermal analyses, different material hardening models can
produce different residual stressain result§106. Monotonic tensile test data provides
model parameters for either kinematic or isotropicdbamg parameters but the accuracy of

such fitting is sensitive to the maximum strain from the tensild 1&6§. When cyclic data is
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used to fit kinematic hardening parameters, the saturated cyclic response is typically used
[158, meaningthat, for the same material, models calibrated against tensile or cyclic data
will not predict the same stresfrain response. Furthermore, the modelling method, apart
from the choice of model (isotropic or kinematic) can also change the predicted, fesults

example multisurface modelling162.

9Cr steels harden kinematically and cyclically soften isotropi¢aBy26, 70, 163, although

it can be sufficiento model the material as perfecthlastic for the purposes of weldifgo],

this would predict unrepresentative stregin responses during -service loading.
Therefore, to capture hardening and softening behaviour in 9Cr steel, it would be preferable
to utilise cyclic data when modelling the welding process. Material hardening is-gigddst
phenomenon. The yield functioif) which signifieswhether or not yield occurs in a material

point, can be defined as follows:

“Q G é (1’ C] é ‘Y ., (2.40)

N1Q

whereQ is the stress tensok is the backstress tensofY is the isotropic hardening (or
softening) variable an@s the yield stress. They mb o | 0: 06 i-psoductiofavo d o u b | €

tensors. The yield functiois a scalar and is used to predict the equivalent plastic-si@n

n [64].

In 2008, Chaboche reviewed a number of plasticity the¢diég. Among them was the
Armstrong and Frederick model for nbnear kinematic hardening, which describes the

evolution ofL, as follows:

L gat L (2.41)
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where parameters in bold indicate tensors. The parametealled hardening modulus,
represents the initial hardening slope, and the-odtdecay constant, controls the rate of
reduction of the kinematic hardening slofjes equivalent plastic straif64]. This model
describes hardening which saturates at a maximum ®alu@nd is used to fit netinear
hardening curves. Multiple bagktress terms can be used to achieve a more accurate fit to
short and longstrainrange test data. Additional terms can also be included to take account
of dynamic and static recovery, as well as threshold values (values of the magnigyde of
below which only the first term in Eqn. 41 is used) can be defined toohiondnrlinear

model, each baektress requires two fitted parameters.

Non-linear isotropic cyclic softening (or hardening), referred to as the Chaboche model, is
commonly describeth the formas follows:

Y ® 0 'YQ (2.42)
whereYis the isotrops variable 0 defines the asymptotic value of hardening (or softening,
with a negativeQ-value) towards which saturatese controls the rate at whicl reaches a
value of0. As with kinematic hardening, multiple isotropic terms can be used tevachi

increased accuracy of fitting to test data.

Chaboche compared several viscoplastic mofi8& and all were found to give similar
results between plastic straiates of 1 x 18s™ and 1 x 1ds™. All except one (the Bodner
model, which had directional hardening without using kinematic backs#es$the models

gave similar results up to about 0.83s

As evident from Egns. 41 and 42, both kinematic and isotropic hardening are dependent on

the equivalent plastic strain ratg, The equivalent plastic strain rate is calculated from the
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yield function (Eqgn. 40). 9Cr steels are viscoplastic at high temyserasuch as at power
plant operating temperatures, meaning that their sstesis response is strarate dependent,

as shown in highemperature tensile tests from Touboul ef48).

Visco-plastic behaviour can be repeesed with a powelaw function[132 or a hyperbolic
sine function26, 70]. The hyperbolic sine function is a nrbnear term when plotted on leg
log graphs, so it can better capture the wskesticity behaviour of 9Cr steel across a range
of strainrates than a single powkaw equation (see Fig. &)L Multiple power law futions

can be used but hincreass the number of modelling parameters required givesless
fidelity to the visceplastic deformation mechanisms, e.g. diffusion or dislocation

mechanism§164, 165.

DA€ (1/s) jé= o
1x10* |
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Fig. 2.16. An illustraion of the advantage of a hyperbolic sine (sinh) law over ptaver
functions. A single sinh law fits the test data (poift§§) whereas two powdaw functions
are required. This figure (data and sinh fit) is reproduced from Barrett ¢7Chl.and
supplemented with powdaw fits.

Constitutive modelswhether incorporating kinematic hardening, isotropic softening or

elastic perfectly plastic, are used to predict welding residual stress in the welded joint. PWHT

is used to relieve residual stresses, and can therefore be modelled as-ielakassn
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process[167], as well as to recover material microstructure. Section 2.4 described various
methods by which to model the evolution of microstructure.sStrelaxation during PWHT

can be modelled by introducing tirdependent modifications, which soften the material, to
the kinematic and isotropic hardening terji6g. Benaarbia et al[45 accounted for
relaxation effects using viseslastic terms n their material model. Stresslaxation,

assuming no applied strain ( 1), can also be modelled by inverting creep moflts

Creep strairtan bedecomposed into primary, secondary and tertiary strain, as follows

[49]:

- - - - (243)
Since tertiary strain occurs near the end of
purposes (e.g. the time corresponding to the onset of tertiary stegagprsximately the same

as the time to failure). Both remaining components of creep strain can be described with its
own powerlaw, as follows:

- 0, O 0, O (2.44)

where 0 refers to the time for which the material ixpesed to higHemperature,

0, ¢ andd are all modelling constants. The secondary creep simggnis typically assumed

to be constant( 1), so the equation becomes:

- 5, 0 &, 0 (2.45)

A creep model can eitheefine a transition time before which only primary creep occurs and
after which only secondary creep occurs, or else both strain components can be modelled
from the beginning of the creep loadid8]. The creep straimate can be calculated

according to either timbardening:
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- ab, o 5, (2.46)

or strairhardening:

- o L q - o, (247)

Creep models may be useful forsarvice modelling of power plant components but for
PWHT, prior to loading, stregelaxation can be modelled by converting crsepin to
elastic strain, as follows:

- - - (2.48)

] T (2.49)

- - » 250
o (2.50)
whereOis the elastic modulus of the material. Therefore, for stress relaxation, such as might

occur during PWHT:

., O (251)

For in-service operation, all three models (kinematic hardening, cyclic softening and creep)
can be used, e.g[169. With sufficient test data from a sufficient variety of tests and test
conditions, a complete constitutive model can be assembled for welding, PVdrsEraite

of 9Cr steel components.

As discussed in Section 2.2 and shown in Fig. 2.2, welding modifies the local microstructure
to form a HAZ. From one region in the HAZ to the next, there are gradients in microstructure
and consequently in constitutivetmviour, e.g. harder and softer regions due to gradients in
dislocationdensity. The HAZ presents a challenge to threpgitess modelling using

phenomenological methods. The HAZ can be taken as a single material [8%)ibf] (Fig.
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2.17a) and its properties can be identified by pamson between PM, WM and CW
parameters. At the same time, the HAZ can be further broken down by testing CW specimens
using digital imaging correlatio(DIC) to identify multiple separate HAZ striegions[43],

which can the be modelled separately (Fig. 2b). Hall et al.[52] modelled welded
connections using a foumaterial model while Hayhurst et §#11, 53] used a fivematerial

model. Increased HAZ subdivision requires increased numbers of modelling parameters and

associated testing for identification.

HAZ material parameters can be identified by testing enadd, parent metal and weld
metal specimens and by applying PM and WM parameters imat&ial FE geometry and
fitting the HAZ parameter§51]. It is also possible to heaeat parent metal to achieve a
microstructure representative of a particular HAZ region, e.g. the ICHAZ, and identify
material paameters from test data pertaining to that mat¢dé] or to produce and test
simulated HAZ specimen§?2] (e.g. produced using a Gleeble test rig). Alternatively, eross
weld specimens may be tested using digital imaging correlation (DIC), to observe the local
constitutive behaviour of HAZ regions for parater identification[43]. A key challenge

with these methods is the assumption of a discrete HAZegibn with its own particular
constitutive behaviour when in fact there is a continuous gradient of material microstructure
ard behaviour. Such an assumptionajgparentlyunavoidable because it is impractical to
keep suldividing the HAZ into smaller and smaller regions and identify parameters for them

but the assumption results in a reduction in the accuracy of the model.

Further to the challenge of a muthaterial HAZ, the PWHT undergone by 9Cr steslso
changes the mechanical behavi¢80, 72, 75, 93, 170172, sothat a phenomenological

model fitted to one sample of 9Cr steel might not represent another sample of nominally the
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same material. Aie combinations of materials, HAZ regions, headtments and test
conditions can lead to an unwieldy set of modelling parameters and an expensive process of
material testing, since phenomenological models identify some of their parameters from
curvefitting of test data. An alternative to the phenomenological model is the physically

based model.
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Fig. 2.17. Modelling of the HAZ as (a) a single material region or (b) as three material
regions (ICHAZ, FGHAZ and CGHAZ). Reprinted from (a) Li et[&ll], with permission
from Elsevier,and (b) Touboul et al43], with permission from Society for Experimental
Mechanics.

2.5.5Physicallybased modelling

In principle, physicallybased models require fewer tests for calibration but instead require
measurement or knowledge of physical parameters such as the microstructural features
mentioned in Section 2.4. Measurement of microstructural parameters conbesimes

more practical with improvements in instrumentation and methodologies for microscopy such
as scanning electron microscopy (SEM: can detect gfdiig]), transmission electron
microscopy (TEM: can detect laths and dislocatiphi&gd] and precipitate$117]), energy
dispersive Xray spectroscopy (EDS: can detect elemental composjtidid]) electron

backscatter diffusion (EBS can detect grain orientatigri75), etc. Knowledge of how

71



microstructure affects constitutive behaviour can avoid the phenomenological model
challenge of requiring large quantities of data to fully characterise a welded connédt®n.
works of GalideNava and ceworkers, by contrast, show how the yield stresses of many
different materials could be reasonaklgll predicted based on a single physicélased

model [136 150 176]. However, it should be noted that, in the absence of detailed
microstructure data or the capacity for advanced microstructure analysis, phenomenological

models are a viable approach.

In Figs.2.18 and2.18b,roomtemperature tensile resporfsem multiple authoref P91 and

P92 isshown, respectivelyThe different steels have different compositions, have been
subjected to different heat treatments and thus contain different microstructures 21 &ig.

the hightemperature, loveycle fatigue response of P91 is compared. The cyclic testing
conditions were nominally the same for both sets of data but the material responses are
different, indicating a fundamental difference within the steels samples, elig. the

microstructures.

Various authors have demonstrated the link between heat treatment, microstructure and
constitutive response. Pandey andnawrkers[75, 171, 177] revealed that different pesteld

heat treatments significantly changed both P91 microstructure and tensile properties. Selvi et
al. [172 showed that doubleormalising heat treatments had a slight effect on tensile
properties but a dramatic effect on creep performance for P91. Selvi et al. also showed that
doublenormalising reduced creep performance compared to smogiealising 6r P91 but
Kathikeyan[90] showed the opposite effect for a 9Cr steel without anydiang further

demonstrating the effect of microstructure and composition on mechanical performance.
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A well-calibrated phenomenological model for one steel sample might fail to predict the
behaviour of other materials. This is one limitation of a whollgn@menological model.
Another limitation is the need for a wide range of material data to be sure that the calibration
is successfu]106, 178 and that the data is properly identified, e.g. properly identifying the
elastic region in a hysteresis lofp79. In principle, physicallsbased models require fewer

tests for calibration but require the measurement or knowledge of physmalgiars such as

the microstructural features mentioned in Section 2.4 or additional parameters to be described

later in this section.
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Fig. 2.18 A comparison of different 9Cr steels tested at room temperature from the literature
(@) P91 (i), (ii) and (iii))[72] and (iv)[180, (b) P92 (i) and (iii)28 and (ii) [180, and (c)
P91 under cyclic conditions at 5500C[@8] and (ii)[181].
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Physicallybased models are microstructwlependent. Knoledge of how the
microstructure determines constitutive behaviour can avoid the challenge of requiring large
guantities of datdor phenomenological modeko fully characterise a welded connection

under all possible operating conditions.

Take for exampleyield stress. Different microstructural features influence the yield stress,
from the alloying elementd 87, the precipitatefl45, soluteqd15Q, martensitic block size
[150, 176 and dislocation densitjl76. Barrett et alrecently proposed a physicalhased

yield stress model for 9Cr steels that incorporated sslution, precipitate and PAG
boundarystrengthening183. FHgure 2.D shows a variety of yield stresses predicted from a
dislocationdensity mode[176 compared to a variety of yield stresses from test data. The
utility of a physicallybased yield stress model is clearly demonstrated by achieving close

correlation with test data despite the diversity of steels considered.

Accurate and versatile (e.g. physicdligised) yield stress modelling has applications aside
from constitutive modelling. The numerical value of the hardness of a martensitic steel is
approximately 30%430] to 40%[184] of the value of the yield stress. Industrial welding
standards stipulate certain acceptable ranges for hardness for 9Cr steel and these could be
predicted using a physicallyased yielestress model. Therefore, even without endeavouring

to predict inservice performance, welding and hzaatment processes can still be optimised

to comply with industrial standards. The scope of the current work does inclsdevioe

loading but the link between vyield stress and hardness offers a cttaneéidate model
predictions against measured material hardness. Apart from the yield stress of the material,
the kinematic hardening, isotropic softening and creep response can all be modelled

physically.
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Fig. 2.19. An comparison of modelled and tedtyield stresses for a variety of steels ((a) and
(b): [189, (c):[184], (d):[187, 188, (e):[189191], (f): [194, (9):[193-195)) using a single
physicallybased model, from Galindo et §1.76. The solid line represents a perfect match
and the dotted lines represent deviations of 15%.

Physicallybased kinematic baestress models can have different physichhged
componets, such as latboundary strengthenin®5] as well as precipitate HAGB- and

dislocationsubstructurestrengthenind143. Sauzay et al[25] developed a lathoundary

backstress modeah the formas follows:

™M@ - p

I SO

(252)

wherew is the kinematic backtress is a stress parameter without considering-lath
boundary effects, is shear modulus;i s P o i s s-e nsfasgle rofanisbrientation
between lathsy is the lathwidth andais the magnitude of the Burgers vector. This
particular model, based only on measurable material parameters, was successfully applied to

model the cyclic softeing via reduction in bacektress of P91 at 580 (Fig. 220).
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Fig. 220. A comparison between predicted cyclic softening (stiesp) in P91 due to
elimination of lowangle (2, 3.5, 5°) lath boundaries and measured cyclic softening at&50
Figure reprinted from Sauzay et 25|, with permission from Elsevier.

Isotropic hardening can similarly be physicaiged[132, e.g. via Taylor hardening, using

either normalised dislocatiestensity,” ['as follows:

., 0'T
% ) 253
c ” r ( )

or with true dislocatiofrdensity,” :

Y ° (254)
- '
whered | * 180, is material shear modulus, is a constant angis magnitude of

the Burgers vector in the case of true dislocatensity. Normalised dislocatieatensity
varies from 0 to 1 and this can produce a very small valug toressd is modified to
account for normalised dislocatigiensity. An alternati¥ value of6 for normalised

dislocationdensity is as follows:

e+

W
5 (255)
U

Cc:
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where U is a recovery parameter afds the dislocation mean free path length. This

formulation of6 was inferred from Wei et d1187.

Dislocatiorrdensity, which can be treated as a dimensionless, normalised pargb3er
134, or as a true value, evolves according to temperature and plastid $8@inTest data
suggests a strong correlation between lath width and disloagiusity (R > 0.99) under
creep condibns[23] and a variety of physicalipased dislocatiodensity evolution models
have been adoptd@8, 176, 196. Normalised dislocaticdensity evolution can be modelled
as followsin the form of Lin et al[134]:

Q -

T g P M oeT (2:58)

where’ , & ando are constants. The first term in Egn. 56 describes the accumulation of
dislocation density with plastic strain while the second term describes dynamic recovery
(reduction in dislocatiomensity) due to annihilation. Note in this example the dependency of
the evolution on the ratio of theurrentgrain size’Q and the initial grain siz& . " [is a

nomalised dislocatiomensity, defined as
T p 5 (257)

where” and” are the initial and deformed dislocation densities of the material, respectively.
The normalised dislocatietensity therefore starts with a value of 0 and converges towards a
value of 1. Dislocatioensity need not be normalised, as follawdhe formof Li et al.

[180:

% o iy (258)
wherel is Taylor factoris the magnitude of the Burgers vegiois dislocation mean free

path andmis the dynamic recovery coefficient. Other physicélised dislocaticdensity
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evolution models are described in other sourp@8 176 196. Some results from
dislocationdensity based models are shown in Fig. 2.20. In Figla2.the dislocation

density model showdase correspondence with the 9Cr steel test data at a room temperature
and hightemperature, with and without prior celbrking. Figure 2.2b shows close
correspondence between the model and aluminium test data for repeated groove pressing

processes.
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Fig. 2.2l. Comparison of model and experimental results for strain and dislockeisity.
Figuresafter (a) Li et al.[18( (note that N&T is Normalised and Tempered, CW is €old
worked and (b) Hosseini and Kazeminezhd@8] (note that CGP is Constrained Groove
Pressing).
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It is clear that there are physicalhased alternatives to the kinematic hardg and isotropic
softening models of Section 2.5.4. Physicdlsed creep models, which could be used for
PWHT stresgelaxation, have also been proposed, EL§7], based on the Hayhurst model

[41], shown in that form, as follows

z oA N ”

30
. _AgDos 0ET&2P
QY o O

5 (2.59)

0
p
where 3°0is Helmholtz free energyQ is StefarBoltzman constantO is continuum
damage mechanics (CDM) primary hardening parameterCandgs CDM intergranular

cavitation parametey. andO are described as:

0QY
” 5 (2.60)
0O p = (2.61)

where0 is the Taylor factor_ is obstacle (MsCs and MX precipitates, dislocations and
high- and lowangle boundaries) spacing, is initial mean obstacle spacing ant current
obstacle spacing. This model included sditieng parameters (e.g. pertaining@ ) but its
physical basis allowed prediction of the detrimental effect of aluminium content on creep life

in Bar 257 compared to P91 at two different temperatures (Fig). 2.2

Comparing the phenomenologicaldaphysicallybased constitutive models, it is clear that
since physicallypased models use microstructural parameters as inputs, the need for separate
material parameters for each region in the HAZ, for each welding and PWHT process, is

reduced.
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Fig. 2.2. Comparison of a physicallyased creep modéines) against test datgpoints) at

(@) 600°C [47] and (b)625°C [19). Figuresafter©O Murchu et al[197].

All of the modelling approaches described so far, phenotagital or physicallybased, are
macrascale models, even though the microstructure parameters are aricranescale. A
macrascale model assumes that the material is isotropic and that its response is
homogeneous. In reality, individual grains or fattan behave anisotropically depending on
orientation and geometry, leading to local str&tsain responses that may significantly affect
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macrascale constitutive behaviour. Macroscale modelling can miss the influence of such
local behaviours at the misoale. Crystaplasticity (CP) modelling can capture local,

micro-scale behaviour.

2.5.6Crystal plasticity modelling

Macro-scale models assume homogeneous, isotropic deformation but CP modgts, 3.

199 200, can capture the interactions between, for example, grains of different sizes and of
different orientabns. Stressor straindisparities may occur between adjacent hard and soft
material regions (e.g. grains of different sizes via the -Hetth effect) or between
neighbouring grains, which might be anisotropic, with different orientatjd@9, 201].
Macro-scale models can fail to represent local ststssEn response due to assumed
homogeneous defaoration while CP models do capture them, e.g. differences in predicted
fretting fatigue contact pressuf@0Z. Furthermore, CP modelling lends itself well to
physicallybased modelling. For example, the empirical Hedtch relationshipr grainsize
effects can be replicated by CP modelling, which includes geometrioaltgssary

dislocations (GNDs: dislocationshweh form to accommodate lattice distortigfy, 203 .

Crystallographic systems are described by DunneRetdnic [64], for example,and are
summarised here. When the material deforms, the crystal attempts to alleviafecdtigres

caused by dislocations. This typically involves part of the crystal moving relative to another
part of the crystal. This is known as o6crys-
the crystal slip tends to create another dislocatisevdiere. Thusrystal slip takes place via
dislocation motion. When two parts of a crystal slip relative to each other, the plane along
which the slip occurs is known as the O0slip

di recti ono. ffeient sipngirectoss canfbe skankig. 2.23. The slip plane is
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typically the plane that includes the largest number of atoms in a crystal. On any plane, there
aremultiple possible slip directions. The combination of a slip plane and a slip direstion

7z

known as a O0slip systemo.

[111]4 [100]a

eyl T e e
g e e
e eyl ey! ey’
Case 1 Case 2 Case 3

Fig. 223 lllustrations of slip directions in a cubic crystal structure, from centre through a
cube corner ([111]), the centre of a cube face ([100]) or thepwiiat of a cube edge ([110]).
Figure reprinted from Turteltaudnd Suikef200Q, with permission from Elsevier.

CP modelling attempts toepresentcrystallographic slipin computational models of
materials A CP model typically includedefinition ofa sliprate, , a slipresistance}Y and a
hardening matrixQ CP modelling captures physical interactions between microstructural

features but the CP models themselves can be phenomenological or phissisatly One

example of a phenomenological CP modedhown as followse.g.[67, 73]:
3 9 SR (262)

whered is plastic velocity gradientensory is plastic deformation gradieménsorl is
slip-rate,i is slipplanevectorandi is normal to the sliplane for slip system. The

plastic velocity gradient is summed over all giystems. FCC material, for example, has 12

82



slip systems (four planes, three directions per plane). Theatépcan be described the

form of Golden eal.[73], as follows

P Aﬂﬁf)b—c,,)Y@p ésyc'y 6O (2.63)

where! , 1 andr are modelling constant¥) is the StefarBoltzmann constantyis the
temperature andl is the critical sheastress (the minimum shear stress necessary to induce
slip). T is the sheastress andY is the slip resistance in stgystem . The slip resistance is

described as follows:

% 9 - (2.64)
N Y g S :

where'Y is the saturated slip resistanCé,is the slip resistance on slgystenj and"Y is

the initial slip resistance. The hardemimatrix is described as follows:

Q9 Q1 011 (2.65)
where'Q is a modelling constant andis a weighing factor. In the case of Taylor hardening,

1 p so that one slip system is unaffected by other slip systemds the Kronneker delta,

which is equal to 1 for coplanar sigystems and O otherwise.

The formulation of the phenomenological model described above is not unique. A variation

of a phenomenological model is descriliethe form of Evers et al67], as follows

s s

= oct (266)

r T

whereg’ anda are modelling constants.
Y Q7 Yo m ¢ (2.67)

YR Q (2.68)

wherery  has a value of 1 for eplanar systems and has a scalar value for other systems.
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"
2 0o o (2.69)

where"Y is the saturated slip resistancg,is the slip resistance on slgystenj andQ and

@ are modelling constants.

An example of a physicalipased CP model is described in detail by Roters dtLa§.

Some physicalibased equations are described below to illustrate a distinction between the
physicallybased model and the phenomenological model, starting with theatip

r (2.70)

where” is the mobiledislocation densitypis the magnitude of the Burgers vector and

is the average velocity of mobile dislocatioms slip system . The mobile dislocation

density is described as follows:

” (”) "Yu ” (2-71)
where“Yis absolute tempemae,” and” are parallel and forest dislocatiolensities,

respectively, and is described as follows:

¢Q
DO o @

(2.72)

where'Q is StefanBoltzmann constantp , @ and® are modelling constants ar@is

shear modulus. The parallel and forest dislocadiensities are described as follows:

g L OEll I (2.73)
" L7 AT ORI (2.74)
where ... is interaction strength between two slip systefns, is statisticallystored

dislocation density] is the normal to thesip-plane and’l is the direction of the

dislocation motion. The average velocity of mobile dislocations is describetoaest
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t _ 0 AQD?—" OETL;# oct (2.75)
= QY Q'Y

where_ is the jump width, which is inversely proportional to the forest dislocat@nsity,

0 is the attack frequency of dislocationls, is the activatiorenergy required for

dislocation glide andb is the activation volume, described as follows:

0 O_® (2.76)

andt s the effective shear stress, described as follows:

T sts @0n” 7 sts OOnT 7 (2.77)

t Tt sts QO®O” g (2.78)

Another example of a physicallyased CP modelling parameter is as follpaig:
YOO D 6 g s (2.79)

This equation is a CP version of Taylype hardening, in whictvis a constant, is the
shear modulus andis the magnitude of the Burgers vector. The stips Orefers to
geometricallynecessary dislocations. is a set of interaction coefficients on slip system
and ” is the magnitude of the geometricatigcessary dislocatietiensity. The total slip
resistance is given as:

Y Y Y j (2.80)
where the subscript denotes the slip resistance component due to statistgtaligd
dislocations. Statisticallgtored dislocations are the dislocations which accumulate due to
deformation. Geometricalgiecessary dislocations are required to resolve strain
incompatibility, such as where there is curvature in the material geometry, leading-to non

uniform plastic straini) is a constant with typically a value of 1 or 2.
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CP modelling can, in principle, be used to model material behaviour at any-s=adgth
above the cryal lengthscale, since macfscale deformation is the manifestation of many
crystallographic deformations. Turtletaub and Sui@0Q, for example, modelled
transformatioAnduced plasticity fist for single austenite crystals and then for an austenite
grain in a ferrite matrix in a messtale model. For 9Cr steel in particular, CP modelling has
demonstrated the detrimental effect of precipitatarsening on fatigue life at 6T[204.
Despite such benefits, CP modelling has mainly been applidd geémetries of limited size,
e.g. a representative domain size of 176 x if [204 205, micro-scale cardiovascular
stent strutgd203 206], micro-scale submodels of compaetension specimeng/3] or the
contact region only in fretting fatigue simulation (with area outside the contact region

represented with a maeezale model)207.

Due to the micrescale apect of CP modelling, it may be possible to capture the material
response in regions of steep microstructynadient such as the HAZ or to physically model
the formation of cracks. This is highly attractive in terms of predicting component life but the
small scale at which CP modelling operates makes it difficult to incorporate effects such as
heat input from remote (e.g. several mm away) weld beads or stress redistribution from
remote material locations to the area of interest during PWHT, for examplee tontext of
throughprocess modelling on componestale geometries, e.g. pipe gitields[28, 85] or

pipe saddle jointg51], CP modelling is currently too higlesolution and too computationally
expensive to be practical. Similarly, coupled REM models are limited by small FE
domains, e.g. 50 x 50 x 5@m° [207]. Macroscale modelson the other handyave been
shown to predict material responaecurately as can & seen when comparing measured
residual stress results by Skouras et[&b] from a girthwelded pipe with the predicted

residual stress results on a similarly welded pa&.
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CP modelling may overtake maescale modelling via mukscale modelling in the future.
Multi-scale methodg208-210 have been attempted in order to apply m&ecale models to
macio-scale geometries but these require homogenisation techniques (e.g. varying the
dimensions of laths but assuming that all laths are idert€], Fig. 2.24 in order to

reduce the complexity of the analyses, even though the reeal® geometries are still
relatively small compared to power plant compone&tsne homogenisation techniques have

also been shown to affect the predicted material response, e.g. monotonic stress increasing at
higher strains without homogenisation compared to maintaining a consistent flow stress with

homogenisatiof211].

Prior austenite grain

Packet Block o Uni5 cell
I/ Precipitate

\0

D © @:

X

X3

Matrix

Fig. 2.24. Homogenisation of the 9Cr microstructure via the use of repeating, identical lath
precipitate morphologies within blocks rather than making all laths within a block different
from each other. Figure reprinted from Li. et[208, with permission from Elsevier
Barroquiera et al[21(0 modelled the quenching process of a gear usingué#i-scale

approach but that model relied on a database of constitutive matrices that had to be assembled

at a range of discrete temperatures before the quenching simulation could be attempted. That
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model only consideregphasechanges fomicrostructure. It would be impractical to build
databases of material microstructures and properties for a HAZ in 9Cr steel, given the various

microstructure evolutions and their influence on mechanical performance.

2.5.7. Componenifé prediction

Ultimately, the purpose of the constitutive modelling in the context of a thymogless
model is to predict effects of manufacturing processes -@emvice component life but it is
computationally expensive to simulate years e$envice loading in powerlgnt. To predict
long-term componentailure, approximate methods have been useskd on the stressrain
predictions from the constitutive modeésg. a strakbased fatigue indicator paramef209,

the Ostegren method 169, a ratchettingstrain based damage indicator graeter{51], etc

For basdoad operation, the Monkma@rant correlatiorf4] can be used. Rouse et 6]
noted that the failure time of components under creep could be predicted by ingegrati
damage evolution models with respect to time, at least in the Leckie and Hgy@izst

model.

Computational approximation, such as the Neuber mefaa@8 214, can be applied to
complicated geometry in order to predictservice performance. Efficient alternatives to FE
anal ysi s, e. g. neur al M56€] tomwwetdikgs process dparaBietere n 6 s
optimisation frameworkg215, could potentially also be adopted to increase the efficiency of
computation. Therefore, structural integrity prediction using thrgargess modelling

concepts is possible without the need for very long, computationally expensive sinsulatio
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2.6. Conclusions

Prediction of component performance is only as reliable as the information available about
the material, e.g. its microstructure and its residual stress state. To comprehensively measure
these parameters in a welded componengvén possible, e.g. for ICHAZ regions due to

their small sizescale, would typicayl be prohibitively expensiyeespeciallyin the caseof
destructive testing, which would require constéadtrication of new components$f the
microstructure and residuarass state could be accurately predicted based on knowledge of
the asreceived material and the welding and PWHT processes applied to it, then significantly
more costeffective life prediction would be possible. A througiocess model represents the
mostcomplete way of accounting for changes to theeasived material due to welding and

PWHT.

There is, therefore, a need for a throygbcess modelling methodology for welded plant
components in order to (a) make realistic and accurate life predi¢dtomext generation
power plant components and (b) to identify the welding and PWHT processes that provide

optimal in-service life, particularly in the drive to maximise plant efficiency and flexibility.

This thesis seeks to address this need. The fwitpis clear from the review of the literature:

1 Appropriate welding, microstructure evolution and constitutive models exist to
construct a througprocess modelling framework for 9Cr steel power plant
components.

i Micro-scale models, such as phase field afloaly, cellular automata, Monte Carlo
methods and crystal plasticity modelling are highly accurate but are currently only

practical for small geometries, not yet at the sieales required for representing key
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power plant components. Maesgale modellig is the most practical approach at
present.

1 Macro-scale, phenomenological constitutive models are sensitive to the test data from
which their parameters are derived and the nmoéterial nature of the HAZ can
quickly lead to a large number of modellingrameters.

1 Macro-scale, physicalhbased constitutive models reduce the need for fitting
parameters and material testing, thereby increasing precision and reducing cost.
Modern instrumentation techniques make it feasible to measure microstructure

parametes for use in physicalipased models.

Despite the range of thermal welding, microstructenrelution and constitutive models
available to researchers and designers, the author is not aware of any attempts to combine and
apply them as full througprocess models, either to simple geometriesoopower plant
components. The current work seeks to further develop thypragiess modelling, as shall

be detailed in subsequent chapters.
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Chapter 3
A mixed-phase martensitic, thermomechanical model for welding and post

weld mechanical behavior of P91

3.1 Introduction

This chapter is concerned with the development of a modelling framework to predict the
effects of temperedntempered martensite heterogeneity on the thenechanical
performance of welded material. A physicdligsed visceplasticity model for the inter

critical heataffected zone (ICHAZ) for 9Cr steels (e.g. P91, P92) is presented in this work,
with the ICHAZ represented as a mixture of tempered and untempered martensite. The
constitutive model includes dislocatidwased Taylor hardéng and damage for different
material phases. A sequentiatigupled thermaimechanical welding simulation is conducted

to predict the volume fraction compositions for the various vaffieicted material zones in a

crossweld specimen.

The response of the ICHAZ is compared to PM and FGHésponses under (a) tensile
monotonic, (b) high temperature levycle fatigue (HTLCF) and (c) thermomechanical
fatigue (TMF) loading conditions in order to better understand the mechanical response as a
first step towards improving the ICHAZ strength. TMF loading is of particular importance
because it has been shown to lead to significantly early failure relative to isothermal high
temperature fatigue for 9Cr std@l05. Power plant components have been shown to fail
under loaefollowing conditions (which introduce aspects of TMF loading) e.g. a sqoldie

that failed in under 10,000 hours of seni2&gq.
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In this chapter, an ICHAZ region is produced using a sequentiailpled thermal and
structural analysis, the thermaladysis using a similar approach to the work of Yaghi et al.
[55 and the structural analysis using a constitutive material model calibrated against
monotonic test datf28]. The material model defines two spbases of 9Cr steel, tempered

and untempered (e.g. newigrmed) martensite, which represent the PM and theedded
FGHAZ, respectively. This material model is implemented using a-ofuteixtures
approach, where the ICHAZ material is a mixture of tempered and untempered martensite

subphases.

Multi-pass girthwelding is simulated on a pipe geometry and sample ICHAZ material points,
identified by their phase volume fractions, are selected and their uniaxial, -ptrsd
response is analysed. A user material (UMAT) subroutine for physicadigd, mixeghhase
corstitutive modelling is developed in the FE software, Abaqus. A cross weld (CW) FE
specimen is generated by locally heating one end of the FE geometry to locally induce phase
transformation, leading to a tempered end, an untempered end and ghasedrgrfacial
ICHAZ, and its HTLCF response is analysed, with particular focus on the weld life reduction
factor (WLRF). A TMF study is conducted, looking at (a) the effect of phase volume fraction
(e.g. of tempered and untempered martensite) in plane, fphas®, homogeneous (e.g. the
phase volume fraction is uniform throughout the material) specimens, (b) the effect of notch
size on singlgohase specimens and (c) the CW TMF response of a plane specimen. A key
motivation here is seeing the relative effecivadinginduced mixeegphase inhomogeneity

compared to the effect of notches in TMF.

Section 3.2 discusses the methodology used in the thermomechanical analyses. Section 3.3

shows the predicted tensile, HTLCF and TMF results of the separate analysiesm 3.dct
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discusses the results in detail and section 3.5 conclogeshapter with a reflectioon the

modelling work in this chapter.

3.2 Methodology

A key component of the througirocess methodology presented here is a sequentially
coupledthermatmechanical model of the GTAW processhere the temperature history
from the welding thermal analysis is applied to a mechanical analysis conducted on an
identical geometrysimilar to that published by Yaghi et §b5], to predict the welding
induced soliestate phase distributions in the PM and HAZ. This was implemented using the
commercial finiteelement (FE) software, Abaqus. The temperatieendent heatansfer
properties and coefficient of expansion used in the current work are described in Fig. 3.1 and

Table 3.1.
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Fig. 3.1. Temperaturdependent material properties utilized in the current chapter: (a)
conduction coefficienfQ specific heat capacity, , and coefficient of thermal expansion,
|, and (b) convection coefficierif) Data from Yaghi et a[55].

Table 3.1. Heat transfematerial properties utilized in the current chapter.

Latent heat Liquidus temperature Solidus temperature Density

260,000 (J kgK™) 1,500 PC) 1,420 £C) 7,770 (kg nT)
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The thermal analysis simulated by Yaghi e{3h] applied a body hedtux to different weld
beads in a welding simulation. In the present work,wkk&ling thermal load is defined via
(a) a body heaflux for multi-pass welding and (b) a tintepardent temperature boundary

condition for the generation of CW geometries.

The multipass welding simulation was conducted on pipe geometry with 36 passes, as shown
in Fig. 3.2. The 36 passes each had a volumetric heat flux with triangaeeform
amplitude, which are summarized in Table 3.2 for each padsi.-pass welding is simulated

usng a method known as bloakumping[104], where all weld beads are includedtime
geometry and are activated turn to represent the laying dfifferent weld bead. The
axisymmetric model did not lend itself to the use of a moving heat source, such as that
proposed by Goldak et d1107] because the axisymmetric nature of the model geometry
applies heat at all points around the circumference of the geometry simultaneously and an

axially-moving heat source was not considered in the current work.

Using axisymmetricFE geometryto conduct simulationsvas an attractive option for a
number of reasons. Firstly, powglant components are typically pipe sections and tensile

test specimens are typically cylindrical; thus an axisymmetric geometry is consistent with
physical specimensSecondly, axisymmetric models are computationally cheap to use and,
thirdly, the predicted results are not expected to be rendered inaccurate by the use of an
axisymmetric model. For example, in the work of Deng dtl8l7, a 3D geometry had 9,600
elements and 12,300 nodes compared to an axisymmetric model with 300 elements and 357
nodes, with general agreement between the residual stress. r@snitarly, Dong[103 also

found that axisymmetric geometries produced residual stress results similar to those of 3D

models.
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CW FE geometries were generated using a temperature boundary corvdiicim,heated
selected PM material up to 108Din 0.1 s, held the temperature at 1@eor 0.1s and then
allowed to cool according to the haednsfer properties described in Fig. 3.1 and Table 3.1,
with an ambient temperature of D The specimen repsented a CW specimen extracted

from a welded joint (e.g. such as that in Fig. 3.2), as illustrated in Fig. 3.3. In Fig. 3.3b, the
dimensions of the specimen in question are shown. Only one end of the specimen is heated
according to the aforementioned temgiare boundargondition. This generates a specimen
where one end is untempered martensite, the opposite end remains tempered PM and an
ICHAZ forms to separate the different regions, thus providing a test coupon representation of
the critical HAZPM inteface inhomogeneous region, for subsequent HTLCF and TMF
analysis and assessment. This specimen represents the implementation of apitucesh
methodology, from a welding process to service conditions. Forttaeetfer analysjsthe

elemenitype wasDCAX8, 8-node quadratic axisymmetric.

The subsequent mechanical analysis in each case uses the resulting transient temperature field
along with temperaturdependent mechanical properties for stsssin analysis of the
welding process. The mesh wasritieal in order to match the positions of elemental nodes

but the element type was CAX8R;n8de quadratiaxisymmetricwith reduced integration.

For notched specimens, mesh sensitivity was conducted by examining the maxiplanein

strain at various lod¢ens in the notched specimen. A reduction in element size by a factor of

3 resulted in a 1% change in the strain results, so the mesh was considered converged.
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39.6

(c)
Fig. 3.2. (a) General dimensions of the-ayinmetric FE geometry useéd the simulation,
(b) detailed dimensions of the weld bead region and (c) the welding sequence for beads. All
dimensions in mm.

Table 3.2. A description of the heat fluxes and amplitudes applied to-{pes3@nalysis.

Pass Heat flux (W/mni) Duration(s)
1 1000 4
2 330 4
3to013 600 4
14 to 30 550 5
31to 33 550 4
34 to 36 330 6
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Fig. 3.3. Contour plots of (a) posteld distribution of tempered martensite PM (TMR

volume fraction = 1) and untempered marten@itelR volume fraction = 0) in a girtlveld
simulation and (b) FE model of the simulated CW specimen (not to scale).

In this chapter, the ICHAZ is a region which is assumed to partially transform from PM
tempered martensit®o austenite and subsequently untempered martensite, leaving the
ICHAZ as a mixture of soft (tempered martensite, PM) and hard material (untempered
martensite). Figure 3.4 shows the continuooglingtransformation (CCT) diagram for 9Cr

steels[118 217]. Due to the rapid cooling associated with the GTAW process for the

component sizes of interest to this chapter (typically less than 6000 s) and by reference to

Fig. 3.4, it is clear that no ferrite or austenite should form in the ICHAZ region.
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Fig. 34. Schematic CCT diagram for 9Cr steel, figure after Vallourec and Mannesmann
[119.

The structural analysis is conducted using an original constitutive model, which also predicts
the evolution ofsolid-state phases in the material during the welding process. When the
material heats up, the material transforms from tempered martensite to austenite. The

austenite volume fraction is defined as:
W p — (3.1)

where w is the volune fraction of austenit€)Yis the current temperature, is the

temperature at which martensite begins to transform to austenite aisdthe temperature at
which martensite completes austenitic transformation. When the material cools, the austenite

transforms to untempered martensite according to:

, Y O

wherew is the volume fraction of untempered martensitejs the temperature at which
austenite begins to transform to martensite @nds the temperature at which austenite

completes martensitic transformation. The values of these transformation temgseeat
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shown in Table 3.3. The method by which the phase volume fractions are calculated is shown

in Fig. 3.5.

Table 3.3. Austentienartensitic phase transformation temperatures.
0 0 0 0

830°C [28] 920°C [28] 400°C [11§ 100°C [11§

Each solid state sybhase, tempered and untempered marteasieaustenite, is calibrated
separately against material test d&@|, as shown in Fig. 3.6. A uied viscoplastic material
mode]| similar to that of Li et al[137], but adapted for anisothermal (welding and TMF)
conditions and with a differentachage formulation, is implemented here for the welding and

postweld simulations. The flowule is given by:

- OEITEp—,O Y ., (3.3)
And stress is updated via Hookeds | aw:
. O- - (3.4)

Physicallybased isotropic hardening is incorporatéda Taylor hardening form, as follows:

., 0T
Y — 3.5
” r ( )

based on normalized dislocation density, defined as:
T (3.6)

where” is current dislocation density arid is initial dislocation density. Thus the

normalized dislocation density starts at’0 and approaches 1 in the limit'a® Ho.
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Fig. 3.5.Flowchart of the phasevolution aspect of the througitocess model.

Normaliseddislocation density is a convenient variable to use because dislocation density is
difficult to measure. The evolution of dislocation density is defined as:

"Top "T- oF (3.7)

where the first term represents dislocation density accumulationgdpliastic deformation

and the second term represents recovery which reduces dislocation density. In the Taylor

hardening equation, Eqn. 3d,s defined as:

L 0o
(VIV)

where| is a multiplicative constanf) is the Taylor factor{Ois shear modulus of the
material;0is magnitude of the Burgers vector; and0 are dislocation recovery rate and

mean dislocation path length82, respectively. A Taylor hardening model is adopted, rather

100



than a Chabochype[167], due to the importance of dislocation density for physidadiyed

softening of 9Cr steel25, 143.

Damage is modelled to account for necking (under tensile loading) and failure of the
material. Following[132, the damage is calculated using two variables, one for damage
nucleation and the other for damage cavitation:

T 0" (3.9)

3.10
1 ) ) (3.10)

whereQ s total damage, described by addition of nucleation and propagation damage terms:

O 1 1 (3.11)

Damage modelling is necessary to allow material softening in the material model.
Dislocatiorrdensity recovery in Eqn. 3.7 only limits hardening, rattiem softening the
material. Physically, Eqn. 3.9 represents micracking caused by dislocation motion and
Egn. 3.10 represents the coalescence and propagation of thesenaitie For modelling
purposes, a critical value for damage was defined adtds6clear from Fig. 3.6a and 3.6b

that when the material has incurred 60% dan{agethe stress has reduced by 60% from the
UTS), the amount of additional strain necessary to reach 100% damage is negligible.
Therefore, there is no advantage to setting a critical damage threshold above 0.6 while at the
same time, the threshold of 0.6 averts the possibility of the damage reackxgeeding a

value of 1, which would cause mathematical errors. When a finite element reaches the critical
damage threshold, it is redefined as a soft material with an elastic modulus of 100 MPa. This
reduces the loadear i ng <capaci ty tard redistribute® tha ioddead 6 e |

undamaged regions.
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The material constants, G 0 and0 are all physical constants, obtained from literature

[18Jand di splayed in TaftOl3wasassuined. A° Poi ssonédés r

Table 3.4 Taylor hardening material constants.

aq(-) b (mm) M () 0 (1/mm) L (mm)

0.33 0.25x10° 3 41 3.8x10°

Equations 3.3 to 3.11 are solved implicitly by a Newton iterative solution, since there is co
dependency between many variables, e.g. plastic strain and damage, which both appear in
Equation 3.3 and Equation 3.10. The temperatiegendent material pararest| , , ®,

W, 0,0, 0, wandware identified by an iterative minimizatiaf-errors process for

austenite, tempered martensite and untempered martensite, at a range of temperatures from

20°C to 850C.
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The first constants to be identified arandf , derived from the uniform elongation region

of the stresstrain curves at various temperatures. The next variable to be identifedds

match the initial hardening of the material. Different valoés) were found for different
temperatures and the maximum value across these temperatures was chosen. This led to an
exaggerated hardening rate for temperatures above and below the temperature © which
corresponded. At lower temperatures, the damag@blew is identified to restore the
hardening rate by accounting for miermacking in a harder material. The variableis

identified at higher temperatures to account for dislocatemsity recovery, which does not

occur at low temperatures. &eto be identifiedared andwto account for necking, wittb
andwidentified in order to capture failure. The identification was done at a range of discrete

temperatures, using linear interpolation for intermediate temperatures.

For mixedphase CHAZ material points, a rutef-mixtures approach is adopted wherein all
modelling constants are weighted according to the volume fractions of tempered and
untempered martensite. For the mpltiss case, the temperature history for the entire welding
process was sampled at discrete points, e.g. A, B and C in Figure 3.7, and the temperature
time results were processed via a pHasesformation module based on the CCT diagram for
P92, to predict the phase mixture at those points. The predicted temperatarieshifor

points A and B are very similar to that of point C (Fig. 3.7b), except with slightly lower
maximum temperatures. All three points are predicted to reach maximum temperatures
betweend andd and, hence, partially transform into austenifke predicted volume
fractions of untempered martensite are 0.11, 0.47 and 0.58 (for points A, B and C,

respectively); the balance is tempered martensite. The tensile response of points A, B and C
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were investigated and compared against the tensile mspafnfully tempered and fully

untempered material at a range of temperatures.

The material model is also implemented as an Abaqus UMAT, which engbtesltfiaxial
analysis, e.g. for notched specimens, and (ii) analysis of a-weddsspecimen, which
includes a full ICHAZ region, with a range of volurfractions of tempered and untempered
martensite (and austenite during welding), rather than a singigrm volume fraction.
Figure 3.8 shows a flowchart of how the model operatesvpelgsing, from parameter
definition for tempered or untempered martensite, through theofutéxtures parameter
assignment and NewteRaphson iterative calculations. Faimplicity, the uniaxial form of

the code is shown.

HTLCF and TMF simulation is conducted on an axisymmetric esestion, 1 mm in radius

and 2 mm high (Fig. 3.3b), representmgolid cylindrical component. This small geometry

is selectedbecause(a) it represents the boundary between tempered martensite, fresh
martensite and mixed material regions, for which there is no advantage in simulating larger
geometries, and (b) it allows for rapid simulation with low computational expéasey,

more sophistated iterations of the througirocess model focus on geometries more
representative of test specimens and power plant compoRrentsiTLCF simulation, CW

and PM specimens are subjected to isothermal staaitrolled conditions oD e= +0.4%,

+0.6% and +1.0%. The TMF simulation is described schematically in Figure 3.9,

representing an axi@onstrained specimen subjected to thermal cycling.
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Fig. 3.7. (a) Predicted temperature contour plots at 1, 5, 18 amel@9%asses (X, y, w, z,
respectively) (b) the model geometry showing weld fusion line and sample locations A, B
and C in the ICHAZ, andc] the temperaturéime history of sample point C from the-péss
welding simulationNote that the last pass comiglé after 1,620 seconds.
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Initialise variables:
& p.dt, T, Vs
V¢= volume fraction of untempered martensite

Define material constants based on
temperature:
C11, Ca1, Q4T Q27, A3T, XT, YT, OyT
Ciy. C2u, Qau, A2y, A3y, Xu, Yu, Oyy
Rule of mixtures’ variable assignment: E,af

Z = Vi(Qu) + (1 - V) (@7

Where Z becomes 4
Cq, C3, @4, Ay, A3, P, P2, Oy
Where Q is
i, Car, Q1T A27, A3T, XT. YT, OyT Linear elastic trial:
Cays Cous Qay, Q2u, A3y, Xu, Yu, Oyu des = &dt
do® = Ede
e=¢e+de

g=0+do"

Newton-Raphson iteration

(plzép—asinh(ﬁ(%—R—a)) No
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d(Pi
d.Afp:f(dD dR+(p1 dt
92=p— a(1-p)&| — cp
. do;
dip = —|—d¢ +—dp+(p2 dt
dé,
Update incremental
de
=R——— dAR = dp —a‘. dt
2= ZJ_ (d i £+ s de, = de, + dAsg,

dp =dp+dAp

dR =dR + dAR
dw; = dw; + dAw;
dw, = dw, + dAw,

dD =dw; +dw,
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=
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Wy = Wy + dw,
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do =E(d£7dfp)
c=0+do

h 4

Fig. 3.8.Flowchart of the mixegbhase constitutive aspect of the throygbcess model.

For TMF simulation, both notched and unnotched geometries were investigatedelded

joint, notches may appear in the form of welding defects. This is especially important for the
untempered martensite material, which is adjacent to the WM and thus more likely to include
defects caused by the welding process. The set of TiMidated specimens is described in

Table 3.5.In all cases, the fatigue failure criterion is met when elements across the width of
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the specimen have all failed (reached the damage threshold of 0.6), leading to a soft, elastic

response from the specimen.

~ R=1mm |,

+— 600°C

2mm

Temperature (°C)

| « 25°C

1 t t t
0 20 40 60 80 100 120

Time (s)

Fig. 3.9.Schematic of the axisymmetric cyclic enftphase thermonechanical simulation.

For TMF simulation, thggeometry was loaded using a cyclic temperature, applied as-a time
dependent boundary condition with temperature varying betwe&@ abd 608C, with
triangular waveform (Fig. 3.9). This loading represents an idealization offddading
temperature cycles in powptant, from room temperatute service temperature, although

the heating rates are exaggerated for expediency of simulation.

The period of each thermal cycle is 12s. In order to create stress on the material, the geometry
is constrained on the top and bottom surfaces, fixing them as though the material were
clamped. Physically this can represent a pipe section, for example, omstrained ends.
The loading experienced by the material corresponds tefepltase thermanechanical

fatigue.
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Table 3.5. A summary of the results of the
Name Description Notch d Cycles t
Case PM, temaetredsi N/ A 19
Case PM, tempered nm rJR= 0. ( 4
Case PM, tempered nm rJR= 0. : 2
Case | CHAZ, 80% t empe N/ A 14
Case | CHAZ, 60% tempe N/ A >150 (¢
Case Unt empered mat N/ A >300 (€
Case Unt empered mar rJR= 0. ( 40
Case Unt empered matr rJR= 0. ¢ 3
Case Cr owesl d N/ A 4
*ES = Elastic shakedown

3.3. Results

The Abaqus UMAT is calibrated against literature test ¢ia8h for all three phases. The
results ofthis calibration for tempered and untempered martensite and austenite are displayed
in Fig. 3.6. The fli list of identified material constants is given in Table 3.6. It is clear from
Figs. 3.6a and 3.6b that the untempered martensite has a higher yield stress than the tempered
martensite for all temperatures within the range applied in this work. Notd-igpaB3.6
displays engineering stresses and strains. This calibraéd€erial model is applied to the
thermal loading simulation. Figures 3.10 to 3.12 display tensile monotonic results for the
points A, B and C (Fig. 3.7) and Fig. 3.13 shows monotfaiigre-strain predictions for the
different material volume fractions across a range of temperatures frth t80650C,
showing reduced and even minimum ductility in the ICHAZ, while Figs. 3.14 and 3.15
display HTLCF results. The results of various siatetl TMF cases are already summarized

in Table 3.5.
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Table 3.6: Identified constitutive parameters for (a) tempered, (b) untempered martensitic and
(c) austenite P92 and (d) identified viggasticity parameters for all three phases

(a)
T(°C) E Sy c1(-) Cc2(-) ai(-) a(-) ag(-) X(-) y ()
(GPa) (MPa)

20 215 600 0.4 0 0.3 35 0.0005 2.5 -15.5
200 207 550 0.4 0 0.3 52 0.0012 4 -15.5
400 198 490 0.4 0 0.3 55 0.0012 4.2 -15.5
550 156 406 0.4 0.07 0.3 55 0.1 8 -8

650 114 300 0.4 0.7 0.3 150 0.1 24 -4.9
850 40.2 83 0.4 0.7 0.3 150 0.1 50 -4.9

(b)

T(°C) E Sy a) @) a() @) a() x()  y()
(GPa) (MPa)

20 215 1170 9 0 0.6 0.5 0.0005 -3 -15.5
200 207 1080 9 0 0.3 1.2 0.03 -3 -15.5
400 198 954 9 0 0.2 7 0.03 0 -15
550 156 900 9 0 0.1 80 0.03 6.2 -11.7
650 114 475 9 2 0.1 120 0.03 15 -5
850 40.2 85 9 10 0.1 200 0.03 75 -5

(€)
T(°C) E Sy c1(-) C2(-) a(-) a(-) a3 (-) X(-) y ()
(GPa) (MPa)

20 215 195 0.44 0 0.1 7 0 -6 0
200 207 195 0.44 0 0.1 7 0 -6 0
400 198 195 0.44 0 0.1 7 0 -6 0
550 156 162  0.746 0 0.1 9.4 0 -3.3 0
650 114 140 0.95 0 0.1 11 0 -1.5 0
850 40.2 95 0.95 0 0.1 25 0 10 0

(d)
T (°C) 20 200 400 550 650 850
a (1/s) 0.00027 0.00038 0.00056 0.00074 0.0009 0.00133
b (1/MPa) 0.24 0.216 0.192 0.176 0.166 0.148
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Fig. 3.10. Comparison of predicted dyddase ICHAZ tensile responses for (a) point C and
the tempered and untempered martensiedata and (b) points A, B and C at@0
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Fig. 3.11. Comparison of predicted dypdlase ICHAZ tensile responses for (a) point C and
the tempered and untempered martensite test data and (b) points A, B and T at 200
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Fig. 3.14. (a) Volume fraction of untempered martensit€W sample, (b) predicted CW
damage in the IEFGHAZ due to welding, (c) predicted CW specimen cracking in HTLCF
(50¢°C) and (d) ICHAZ HTLCF (50%C ) cracking32].

Figure 3.15 shows the weld life reduction factard Y "O0 0 predicted by the
model when HTLCF loading is applied. It is clear that the WLRF is more severe at lower
applied strai-ranges, iFkeeping with observed test resu[32?]. The quantitative WLRF
results are significantly higher than those recorded by other authors, e.g. Shanki@3gt al.

most likely due to the application of a monatoconstitutive model to HTLCF, however the

qualitative prediction is consistent with test data.
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Fig. 3.15. WLRF at 50, showing detrimental effect of welding on fatigue life.

Figures 3.16 to 3.18 display the influence of tempeng@mperedmartensite volume
fraction on TMF stresgemperatureresponse. A tendency towards elastic shakedown is
visible with increasing untempered martensite volume fraction. As the untempered martensite
volume fraction increases, so does the yield stress untiT Mt temperature range is no
longer enough to cause yield to occur. However, even though the 80% tempered (Case 4 in
Table 3.5) sample, representing ICHAZ, in Fig. 3.17 had a higher yield stress than the PM

(Case 1in Table 3.5) sample, it failed afterdéewycles.

In Figure 3.19, the CW specimen is compared to the PM (tempered martensite) specimen.
The initial response of the CW sample is similar to the PM (Case 1). This similarity was also
observed for straigontrolled cyclic behaviouf32]. This is attributed due to the istress
condition, where the bulk response is controlled by the softest material region, in this case the

PM (tempered martensite).
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Figure 3.20 shows the WLRF for isothermal HTLCF cd8& at 400C and 508C as well

as the predicted relative life for the CW TMF specimen in the current work. The solid lines

project forward to 6C, which was the peak temperature in the current Widik. predicted

WLRF for this work is higher than the projections from the test data but this is to be expected

of TMF compared to HTLCF. TMF was shown to lead to lower life than HTLCF by a factor

of approximately 1.33 at 600 [205. This adjustment was applied to the model results and

shows consistency with the HTLCF trends.

WLRF

HTLCF data (Ag = 0.6%)

HTLCF data (Ag = 0.8%)

O
TMF model prediction ~

T Model prediction
(adjusted for TMF)

300

400 500 600
Peak temperature (°C)

Fig. 3.20.Comparison of WLRF for isothermal HTLCF ddt#2], with projections forward
to the peak temperature of this work. An adjusted WLRF based on TMH2fais also

displayed.
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Figures 3.21 and 3.22 show results for notched specimens of tempered and untempered
martensite, respectively, @ling the influence of increasing notch size on sttesgperature
response. The introduction of a notch leads to a dramatic, detrimental effect on life (see Table

3.5). The effect of introducing a notch was more significant for the untempered material.

r,/R =0.25
failure
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e 0 | |
] 600 700
“ 200 NN
~ \\
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Fig 3.21. Effect of notch radius on tempered martensite deagserature response.
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Fig 3.22. Effect of notch radius on untempered martensite g&egserature response.

The local stress, strain and damage evolutions are displayed in Fig. 318 tempered,
notched sample (Case 3 in Table 3.5). It is clear that the damage initiates at the notch root and
then spreads into the material, resembling a crack. This was the general trend for each of the

notched samples.
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Fig. 3.23.The evolution ofthe Von Mises stress, maximum-ghane principal strain and
damage for the notched/RR = 0.25) tempered martensite specimen at three points during the
simulation.

Figure 3.24 displays the evolution of temperature, tempered martensite volume fraction and
normalized dislocation density during the heating phase of the welding in the CW specimen,
demonstrating weldinghduced constitutive behaviour. The dislocataemnsity evolution is

more dramatic at the free surface of the specimen. One end of the specnagadly heated,
leading to a thermal gradient with an associated sgwdient due to expansion. This

gradient introduced more severe mualtial strain at the free edge compared to the core, thus

creating more severe plastic deformation and dislmcaensity evolution.
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Fig. 3.24. The evolution of the temperature, tempered martensite volume fraction and
normalized dislocation density during weldimgluced heating of the CW specimen.

3.4. Dscussion

The results of the study in this chapter predict failure in the ICHAZ, consistent with previous
work [31]. Under tensile loading, the model predicts reduced or minimum ductility in the
mixed-phase ICHAZ of a welded joint, depending on the amount of setate
transformation that occurs during the welding process. For HTLCF, a significant WLRF is
predicted, with damage initiating in the ICHAZ during welding. For TMF, it appears
gualitatively thatlhe untempered material is significantly stronger than the tempered material,

but that it is also significantly more sensitive to the presence of notches.
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The constitutive model utilized in this work has been successfully calibrated against
monotonic data for 9Cr steel at a wide range of temperatures for PM (Fig.ud&sjpered
martensite (Fig. 3.6b), representingveslded FGHAZ, and austenite (Fig. 3.6dt is
assumed that the monotonic material response, e.g. the elastic agklostsponse, can be

taken as a reasonable approximation of the cyclic behaviour of the various material phases, to
allow demonstration of the proof-concept of the througprocess methodology, in the
absence of cyclic data for untempered martensite (from welding) and austenite. The model
permits the modellingf anisothermalmixedphase constitutive material response which is

necessary for througprocess simulation and cyclic thermmeechanical response.

Figures 3.10 and 3.11 and Case 4 in Table 3.5 indicate that the ICHAZ is the weakest single
region of the weld joint, awsistent with experimental observatidid]. For tensile loading,

Point C (Figs. 3.11 and 3.12) had lower ductility even than the fully untempered martensite at
lower temperatures and remainedsleductile than the tempered PM material at high
temperatures. In Fig. 3.13, it is clear that, up to°@Q®oints B and C are both less ductile
than either fully tempered or fully untempered material, indicating that the ICHAZ is a region
of minimum ductility in a welded joint at lower power plant operating temperattoeghe

TMF simulation, Case 4 (80%mpered martensite, Table 3.5) predicted fewer cycles to
failure compared to Case 1 (fully tempered PM materidhis is consistent with the
monotonic predictions of poor ICHAZ performance relative to the PM due to the TMF
simulation applying large tensilloading at lower temperatures, e.g. in the temperature range
at which mixedphase material is the least ductile, leading to early failthie. ability of the

model to capture this phenomenon is due to theatiteixtures method for the duphase

materal. Small increases in untempered martensite significantly increase the dislocation

118



density evolution rate (EqB.7) and thus the damage initiation rate (Eqn. 3.9). This predicted
early accumulation of damage demonstrates the advantage of thef-nuibetures method
over the isestress or isatrain approaches when dealing with hard and soft material

mixtures.

Although the ruleof-mixtures approach is an idealized method to capture the principle of a
mixed-phase region, here the ICHAZ, it is a simple aadvenient method and gives results,
here, which qualitatively correspond to experimentabhgerved trends. An alternative to
rule-of-mixtures is to use micrmechanical modelling to partition the geometry into discrete
tempered and untempered regiomsbetter capture localized heterogeneous behaviour, with
untempered islands surrounded by a softer, tempered matrix, as obse34d However,

this would typically preclude modelling @ macrescale specimen such as the CW specimen,

as achieved in the present work, due to computational overhead and model size.

For the HTLCF simulation (Fig. 3.15), a higher WLRF was predicted at lower-saages.
With increased plastic strain there more dislocatiomensity evolution (Egn. 3.7) and
therefore increased dislocatidensity recovery, which retards the increase in both
dislocationdensity evolution and damagatiation. At lower strairranges, the recovery

effect is reduced, leading tore rapid damage evolution and, hence, the higher WLRF.

In both HTLCF and TMF, the CW specimen had a much reduced life comparedRMthe
sampledue to weldingnduced damage. Figure 3.24 reveals dislocadiemsity evolution
during welding due to higkemperature plasticity. This initiates damage in the CW specimen
(see Fig. 3.14), which HTLCF and TMF loading then cause to propagate, leadindyto ea

failure. This demonstrates that weldimgluced heterogeneous damage in welded joints is a
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dominant factor relative to the composition of separate regions (cf. Figs. 3.16 to 3.18)

regarding the performance of ICHAZ regions.

The results in Table 3.5 dwnstrate that the presence of a notch is detrimental to material
strength in TMF. A relative notch size of 1% significantly reduced specimen life for both
tempered and untempered martensite specimens, especially the latter. Larger notches further
reducedpredicted TMF life. The analysis of notches was concerned with the notch radius
relative to the specimen thickness, so a larger specimen would have been modelled with
larger notches andt is expeced thatthis would have produced similar trends to those

witnessed.

The CW specimen geometry used in this work, a 2 mm high section with a 1 mm radius, is a
simplification of tensile specimens extracted from welded j¢B#E It is consideredhat any
additional geometry height would only add material remote from the region of interest (the
ICHAZ in a CW specimen, or a notch). Physically, a CW specimen would straddle the

ICHAZ seen in Figure 3.3a, while a homogeneous specimen would not.

The assumption of the ICHAZ consisting only of tempered and untempered martensite is an
idealization, but is reasonable for the material in question, 9Cr steel. Another material, such
as 508, would require a more sophisticated means of defining the HAZ since SA508, for
example, can form mixtures of ferrite, pearlite, bainite and martensite, depending on the
cooling rate[87]. Equations 3.1 and 3.2 in this work are similar to the martensitic
transformation equation used by Hamelin ef&f]. The other equations in that work pertain

to ferrite, pearlite and bainite formation, none of which are considered in this work. Neither

Equations 3.1 nor 3.2 include time dependence. This is due to the rapid tratisiomring
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heating and due to the nominal presence of only martensite upon cooling as indicated in

Figure 3.4.

Equations 3.1 and 3.2 differ from transformation equations utilized by Yaghi E28hl.
(Koistinen and Marburger (KM)119). The linear equatinsare consideretb be sufficient

for the presentvork, although the KM equation is utilized in subsequent chapters as the
throughprocess methodology became more refined. Volume changes caused by phase
transformation (contraction during martengieaustenite, expansion during austertibe
martensite) are not considered in this chapter. Since the transformation in this chapter
neglects volume&hanges, the transformatioate is less important. Ndmear equations
would produce different straitemperatire results compared to linear equations but since this
chapter does not consider volutiganges, linear equations were sufficient. The emphasis of
this work is the development of a througiocess methodology. The work presented in
Chapters 4 and 5 refisghe model to include volume changes as well as other microstructure

evolutions, such as PAG size, laths, precipitates, etc.

Since volume changes due to phas@sformation are not modelled, transformation
plasticity is not modelled and the associated residual stresses are not generated. For
homogeneous, untempered martensite specimens, it is assumed that the effects of phase
transformation are implicit in the identified mechanical properties of untempered martensite
(Table 3.6). The untempered martensite has a higher yield stress than when tempered,
particularly at lower temperatures. The higher yield stress is associatedawitgher
dislocationdensity. The dislocatiedensity is higher due to distortions in the crystal structure
caused by excess trapped carbon atoms. Higher carbon content increases martensite hardness

[63] and therefore vyield stress. During tempering, some of this carbon would form
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precipitdes or otherwise diffuse out of the crystal structure, relieving the distortions, reducing

dislocationdensity and softening the material.

The work presentedorresponds to an-agelded joint. The temperingf untempered regions,
either due to mukpasswelding as in the work of Yaghi et k8], or due ® PWHT, will be
examined in subsequent chapters. The use of the material thermal properties from Yaghi et al.
[59] together with Equations 3.1 and 3.2 produced a reasonadds of creating a CW
specinen. For the CW specimen, the untempered martensite and -phese ICHAZ
regions are generated without transformation plasticity and thus without the associated
residual stress. The expected effect of the inclusion of resaitegds from transformation
plasticity is a reduction in the stress range for the CW specimen in Fig. 3.18 due to (a) the
residual stresses causing yield after lower applied stress and (b) additional weddiced
damage (Fig. 3.14) caused by transforamaplasticity in conjunction with Egns. 3.7 and 3.9.
The additional weldingnduced damage may also have reduced the number of cycles to
failure for the CW specimen (Table 3.5) but this would not have changed the main findings
of the work presented heréhe emphasis of this work was the development of a through
process methodology, from welding to microstructure evolution to mechanical performance,

rather than predicting residual stress.

The cyclic period of the TMF thermal load was 12 seconds. Real plamnugsarand
shutdowns last for hours and do not typically give linear increases in tempé¢i@#relhe
material model utilized in this work does not account for microstructural changes caused by
tempering (e.g. martensitic lath coarsening) which may influence constitutive response. It
also does not address possible creéfpcts caused by exposure to high temperatore

extended periods of time. The model only accounts for temperature and expansion. The key
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factor influencing the response in the current work was the temperature range rather than the
heatingrate or possile dwells at high temperature. As a result, there was no advantage to
simulating a realistic stattp cycle; hence, it was expedient to idealise the heating and

cooling cycles as being of short duration.

The work presented demonstrates key issues facetbdern power plant for loallowing
conditions. The ICHAZ is predicted to be a weaker region than the PM and the welded joint
(CW specimen) is significantly weaker than the PM. The predicted HTLCF WLRF is over 8
and for TMF it is approximately 4.5, httugh this may decrease with inclusion of PWHT
effects. These values are significantly higher than previously reported experimental results
for HTLCF of P91 welds at 46Q and 508C [32] (Fig. 3.20). The TMFinduced
accentuation of WLRF by a factor of about 1.33 is however consistent with previously
reported values comparting TMF and HTLCF data at®60R205. The-mé6d@d@MFi ed®6

result is shown in Fig. 3.20.

This general modelling methodology presented is applied in the next chapter to the HTLCF
of CW P91 specimens, including the effects of PWHT. In Chapter 4, the simulations are
limited to shortterm PWHT durations (up to 30 mins), for computational efficyereasons,
whereas the test dqta3] is based on long term PWHT times of 180 mins; the predicted trend
of effect of PWHT time, with extrapolation using a povaw trendline to the longer term,

showed very close correlation (within 0.1%) to the experimental data.

Work presented in later chapters of this thesis investigates more detaiparisonof the
modelling methodology in this chapter against experimental HTLCF and thermomechanical

testing of CW and physicalgimulated ICHAZ material.
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3.5. Conclusions

This chapter presented the first iteration of the thrgugitess design tool for indugt A
throughprocess, physicalipased, modified viseplasticity model with damage was
developed for tempered, untempered and mpfease martensitic 9Cr steel material to
represent the mutaxial thermemechanical behavior of heaffected zone and pamt 9Cr

steel material, both during welding and pa&id.

Mixed-phase ICHAZ material was found to have significantly reduced ductility compared to
tempered martensite material and even compared to fully untemperediidtility material.

The tempered nmensite is seen to have significantly lower resistance to thermal cycling
failure than the untempered material (more than 93% reduction) for the dislocation density
and failure model implemented here. A higher yield stress in the low to medium temperature

regime is predicted to be beneficial for thermal cyclic life.

Both tempered and untempered martensitic materials show significant notch sensitivity under
TMF conditions. A notch of 1% of specimen radius reduces life by about 80%. Aveetess
specimen mdel, including PM, ICHAZ and FGHAZ, predicted from a thermal analysis of
the GTAW process, was shown to have significantly lower HTLCF life than PM material and
a lower thermal cycling life than (i) either tempered or untempered martensite, and (ii) either
80% or 60% tempered martensite material (balance untempered). The reduction in TMF life
of the crossveld specimen model is predicted to be similar to that of the notch cases
investigated. This indicates that it is the heterogeneity of the mixture phatkat material,

ICHAZ and FGHAZ that causes premature cracking.
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Chapter 4
A hierarchical microstructure evolution model for welding and postweld

mechanical behaviour of 9Cr steel

4. At toducti on

This chapter presents a throdgiocess modelling methodology for simulation of welding

and inservice operation of 9Cr steel componets. di sl ocati on -mecbasns cs
finite el ement model , i ncorporati hgedther mal
presented, fomegrhadi ctailnd att hgrurmo of wed ds. T
pass gas tungsten arc welding dfemp@mr amanrten:
cycle fatigue pweerlfdorsmamlee soyfi scsrsoesmspad af iov e la
di fferwaltd pltossdat treat ment dur aweloch-shhedatt mest s
( PWHT) durations increase the predicted nul
hardness gr adiaefnfte catcendo bzeoangeh ecilan € a t at omTheof f at

throughprocess methodology is implemented in three stages.

Firstly, a thermal model simulates the heat transfer and temperature histories experienced by
a component during welding. Secondly, a microstruttunadel uses the temperature
histories from the thermal simulation to predict the evolution of salient hierarchical
microstructure parameters (viz. phase volume fractions, prior austenite grain size, lath width
and hardness). Thirdly, a dislocatiorechantsbased constitutive model is used in a
sequentiallycoupled thermanechanical analysis to predict the constitutive response of the
material during and after welding, incorporating the effects of weldidgced
microstructure evolution. The previous ctapfocused only on phases volume fractions,

either just within the ICHAZ, or within a crosgeld (CW) specimen. This work expands on
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this to give a more physicallyased method, incorporating more microstructural parameters,

which lead to a more sophisdted constitutive model.

The model presented in this chapter is an enhancement compared to that presented in Chapter
3 for various reasons. Firstlyhg microstructur@volution model has been enhanced to
include prioraustenite grains (PAGs), martensitath-width and Vickers hardness. These

new microstructural features influence the constitutive model, allowing for gradients in
constitutive behavior throughout the HAZ that were not possible when relying solely on the
phase volume fraction of tempered ewly-formed martensiteThe constitutive model
incorporates kinematic rather than isotropic hardening. This better represents the hardening
mechanism of 9Cr steel. At the same time, isotropic softening, calibrated against cyclic test
data, is included irthe constitutive model to help to represent 9Cr behavior under cyclic
loading. A new damage model, utilizing a novel dislocatensity based approach rather

than relying on critical levels of plastic strain, is implemented in order to increase the

physcal basis of the constitutive model.

In this chapter, the througbrocess model is applied to geometry and loading that better
represents those used in industry or in laboratories, specifically aveetistest specimen
under straircontrolled, hightemperature lowcycle fatigue (HTLCF) loading. This allowed

for more direct comparison against test data for the purposes of validation. The previous
chapter focuses on discrete points in a welded pipe, homogeneous-phassd stress
coupons or a singlpass tossweld specimen without the weld metal but in this chapter, the
entire througkprocess methodology is applied to the FE geometry, including -pads
thermal welding simulation, microstructure evolution and constitutive response. A further

enhancemenf the modelling methodology is the inclusion of pagid heat treatment and
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its effects on material performance, leading to a more comprehensive analysis than in the

previous chapter, which focused only orasded specimens.

Theconstitutive models for i ndi vidual phases
Yaghi [28f oal .tempered and untempered martens
previous chapterphddie mesmponsangfonm xtekhe di ff ¢
| CHAZ) are compared against4Bobhlaii nlead udatng

i mage correlation for welded P91.

4. 22tMhodol ogy

4.2.1 Welding process model

A transient thermal model for mupiass gas tungsten arc welding (GTAW) was developed,
following the methodology established in the previous chapter. The-éileiteent (FE) code
Abaqus/Standard was adopted here. An elesigtit method is used to actieatmesh
regions corresponding to individual weld beads. Figure 4.1 shows sample temperature

contour distributions for an axisymmetric-Béss model, for different numbers of completed

qqi
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A similar principle is used for the geometry in the present work. The sequential thermo
mechanical analysis incorporates a spegispose Abaqus usenaterial (UMAT) subroutine,
developed here to compute sedithte phase evolution based on temperature history and the

phase equilibrium diagram. The sefitate phases considered in this work are austeg)ite (

and martensitea® ) .  Vmcttionmeolutionfor austenitew, is defined with a linear lever
rule:
; 0 il (4.1)
(A) . « .
P 0 0

whered (924°C) is the finish temperature for austenite transformation(830°C) is the

start temperature for austenite transformation atsdthe current temperature. The values of

0 ando were obtained from Yaghi et aJ28]. For martensitic transformation, the
KoistinenMarburger (kM) function[119, was used as follows:

w _ p Aogbmipp Y (4.2)

whered (400°C) is the martensite transformation start temperature according to the
continuous cooling transformation (CCT) diagram, from the steel manufacturer Vallourec
[118, and"Yis current temperature. is a constant used to ensure that martensite volume
fraction reaches a value of 1. In this work, it is assumed that only austenite exists at high
temperatures and only martensite exists at low temperatures, as implied by the CCT diagram
and by the phase edjbrium diagram from Cerjak et al82] for 9Cr steels. For simplicity,

and due to the high delfarrite start temperature of around 120Q82], the present work

does not simulate the formation of deféarite. The solidus and liquidus temperatures are

obtained from the literatuf®5] and are taken as 14%Dand 1508C, respectively.
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Metallurgical strain, caused when volume increase caused by martensitic transformation
counteracts thermal contraction during cooling, as describeBrdnycis et al[127, was
modelled via the following equatid8]:

3- _3Y Agbmipp Y (4.3)

where_ is a constant an®l"Yis the incremental change in temperature.

4.2.2 Microstructure evolution model

The modelling methodology is physicalbased, with dependence on microstructural features,
including martensitic lath width and priaustenite grain size. A microstructure evolution
model is implemented in this work. Hea¢atment data from Potirnichéa. [4] was used to
calibrate a Vickers hardness model to predict softening during tempering and hardening

during normalizing of 9Cr steel:
O MO 0O 1 (4.4)
where’Ois the roomtemperature Vickers hardnes®and Qare temperaturdependent

parameters an@® is an asymptotic hardness towards which the valti®@to¢énds:

Q pPUL PpTTY TRYX P T (4.5)
N dno@mnm v pmY (4.6)
O Yyoguv ™ T OP 4.7)

After ‘Oapproximately reaché®, further linear softening is assumed to occur:

0 (4.8)
The room temperature Vickers hardness can increase during normalising according to:
‘0 YQO 'O (4.9)
whereO is asymptotic hardness:

O pnrnnmoO (4.10)
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Calibration of the hardness model (Eqn. 4.4 to 4.7) is displayed in Figure 4.2.
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Fig. 4.2. Calibration of the hardness evolution model showing (a) a sample plot of the model
(lines) versus data from Potirnickeal.[4] (points) at different tempering temperatures, (b) a
sample plot of increasing hardness after normalising (point (x) is derived from yield stress
data[28], the other points from Potirniche et p]), and identification of (c) the tgmering
softening rate variabléQ (d) the softening paramet€) and (e) the asymptotic tempering
hardnessO.

Data from Ennis and Czyrsk&lemonowisc 23] and Milovic et al[72] was used to predict
prior-austenite grain growth as a function of time and temperature. An initial PAG size of 50
microns was assumed for this wolRAG size evolutio focuses on recrystallization and
growth. Recystallisation is defined by a recrystallized volume fractibagcording to:

Y % p Y (4.11)
where%o is a temperaturdependent parameter. Simulatgdlding test dat§72] showed a
reduction in grain size for temperatures up to°@50These tests allowed inference of

recrystalised volume fraction from the reduction in grain size; for example, it was assumed

that a 25% reduction in grain size corresponded to a 25% recrystallized volume fraction, viz
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“¥value of 0.25. The recrystallidevolume fraction evolution controls grain siZ&,during

recrystallisation according to:

%
Q E %o"Y (4.12)

where%o is a temperaturdependent parameter a¥%e is a constant, here 38. The second
term in Egn. 4.12 relates recrystallized volumetian to grain size, based on the dgtd.

For grain growth after recrystallization, data accounting for rapid grain growth at high
temperature[72] and more gradual grain growth with saturation values at different
temperatureq 23], was employed. Equations 4.11 aAdl2 are simplified versions of
recrystallization and grain growth equations used by Li €t182. The calibration of this
model is described in Fig. 4.Blote that it is asumed that recrystallization must complete
before grairgrowth commences. This is an idealisation of real ggaiwth phenomena,
where both mechanismsiay have chance toccur simultaneouslyn a weld and are
modelled as such, as was the case in Li ef182. This idealisation was motivated by a
desire to isolate the recrystallization and grain growth phenomena foputip®ses of

identifying model parameters.

Heat treatment, microstructural and mechanical data from Barbadikaf&®akas used in
conjunction with the hardness model to devise an empiricattfesdimenimicrostructure
model which relates lattvidth, 0, to hardnessQ, and prioraustenite grain siz&

0 ' Q0 0Q (4.13)

where’ to* are temperatursndependent constants, displayed in Table 4.1. The result of

this relationship is displayed in Figure 4.4.

The primary variable controlling the lath width is the hardness, which varies during both
welding and PWHT, while PAG size only changes during welding in this work. Hardness
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evolution also occurs over a wider temperature range than PAG size evolutiong mski

contribution to lath size greater over the course of the simulation.

Table 4.1. Identified model parameters for the-laitith evolution.

Parameter

Value
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Fig. 4.3. Calibration of the PAG size evolution model showing (a) a plot of the model
(dashed lines) versus data from Milovic et[@R] (solid lines), (b) the identification of the
recrystallization parametéo, (c) a plot of the model (lines) versus data from Ennis ¢23.
(points), (d) the rapid grain growth identiftaan of %o for thermally transient conditions and
(e) the grain growth identification &b for isothermal conditions.
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Fig. 4.4. The relationship between lath width and Vickers hardness for different values of
prior austenite grain siz€) based owlata from Barbadikar et 430].

4.2.3 Constitutive model with damage

The microstructure evolution due to the thermechanical history of the GTAW process
influences the posteld mechanical behaviour. A unified viscoplastitslocationdensity
based material model is therefore developed here to capture the tempdepemdent
material response of the various hatiect zones, for both the welding and pastiding
response, and is implemented in multiaxial form within tidAT mentioned above. The

uniaxial form is presented here, for conciseness. A hyperbolic singdlevis implemented

as follows:
Lo oS .S
- OEITE 4.14
OENES—5 (4.14)
whergl andf aretemperaturd e pendent vari abl es. El asticity
., O- - (4.15)

The kinematic hardening variable,, is defined in terms of a Taylike hardening

dislocation density model as:
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~ (4.16)

¢ "l
whereB is:

g U P (4.17)
0

andis a multiplbiicsatTavye ocdinssatoaengtn,i aonde of Bur
Note that it is assumed hee ashadeddcrei bdd & | oy

[182 is the Olatbheardt modulus and a Poissonbd

Equati on 4. 17 uses di sl ocati on densi
T p — whesecurrent dis’lTiogxatnioni allendi slyoaatdi
unstrained material, or a materi al not expe

[132 Dislocation density aRecadnusatin oes)( edugr i

deformation is defined as:

T Hp T - (4.18)

Dislocation density evolution typically includes recovery processes, suehmnasa i hi | at i o
l ocking, eaccuymualsatwiedd tas gi ve a combined di
as foll ows:

T O (4.19)

Physically,” [ represents the dislocation density at a grain or lath boundary, where recovery
occurs. Equation 4.18 does not include recovery anegsepts the dislocations which move

from the middle of laths towards the boundaries.
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The damaye itherEm,n. 4. 14 represents the prese
t he -blecaardi ng ar ea TDhe explicit doonmgl damage tas fanction of

dislocation density is as follows:

0T . 0T
; w p ;
R ®

0 & p (4.20)

wherew andw represent critical ratios of the dislocation densitiBs t"hand”[[ar e

assumed to contribute to damage evolution. T

High-angle boundary (HAB)

Increased
dislocation-
density

Dislocations )
Harder region Macro-crack

\

Fig. 4.5. A schematic representation of the dislocatiemsitydriven damage model from (a)
asreceived, unstrained material, (b) deformed material with incredisie¢ationdensity, (c)

hardsoft region incompatibility and microracks, (d) failure.

Il n Fig. 4.5a, the materi al i s unst'aad’lned wi

a r zero. As the material strains, Fig. 4.5b, the dislocation density increases. It is assumed
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that, as the bulk[T ”[ increases, local dislocatiaiensity heterogeneities increase too.
Some regions will experience greater dislocatiensity recovery tha others, leading to
some regions with higher local dislocatidensities, e.d.[, and other regions with lower
dislocationdensities, e.g’ [. Regions with higher local dislocati@ensities are harder than
regions of lower dislocation density arkthardsoft interfaces between local regions causes
strain incompatibilities, leading to micracks (Fig. 4.5c) as represented by the first term on
the righthand side of Eqn. 4.20. With increasing deformation (Fig. 4.5d) the 1miaoks
grow and jointogether, leading to mackmwid formation and rapid failure, as represented by

the second term on the righaind side of Eqn. 4.20.

The modelling parameters for Egns. 4.14 to 4.20 were identified in dgtEpp process,

using the temperatwa@ependent tensile stressain dataset shown in Fig. 4.6, for tempered
and untempered martensite and austd@®k For the tempered and untempered martensite,
the microstructural model described above, together with-thestiment dat428], allows
prediction of lath widths and hence constitutive parameters and mechanical behavior for
either condition of martensite material (Fig. 4.6a and 4.6b). Formhade (mixed austenite

and martensite) regions, a rdémixtures approach is adopted wherein the volume fraction

of each phase is used as a weighted average to determine thephmasedonstitutive
parameter value from the individual martensite (tempered or untempered) and austenite

values.
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Fig. 4. 6. Calibration of the materi al mod el
mar t eemsdi t(ec) austenite data at a range of t el

Each set of parameter values is obtained separately. First, theplastio parameters and

I are identified from monotonic data at a single strate 0.001/428]. The process is

described in Fig. 4.7:

1 Data from the stresstrain curve (pralltimate tensile stress, Fig. 4.7a) is used to

deduce plastic strairate and the value of the yield criteriéQ,where™Q : ¢

following the equation | OE T EXFig. 4.7).
1 The monotonic data is used to predictfivalue corresponding to the total straate,

in this case 0.001/s (Fig. 4.7c). This provides one coordinate for fittamgdf and

the origin is another point.

i At the flow-stress, the plastic strain rateaigproximately equal to the total strain rate

andthef-val ue is related oYt h®&- Y Quaw@Eds modu
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4.7d). The time increment is assumed to be 1s. This provides a third coordinate with
which to identifyy andf (Fig. 4.7e, Fj. 4.7f)

1 Using this method, andl are identified at each of the relevant temperatures. A
uniaxial model is applied to two sets of monotonic test f28a18(Q for P92, one at
20°C and another at 680 (Fig. 4.7g). At 28C, there is no apparent straite effect,
as expected, whereas at B50a strairrate effect exists and the model is successfully
able topredict the measured straiate effect. It is assumed that the values ahdf

are independent of material phase.

For each temperature in turn, the parametés identified to capture the initial hardening,
immediately posyield, in low strain region of the strestrain curves (e.g. in Fig 4.8, for a
temperature of 2AT); then, the parametér is identified from the posgield, moderate strain
(but preUTS) region (also shown in Fig. 4.8) to reduce the hardening rate with strain

increase. At high temperatures, the paramétepntrols the flow stress.

From the true stresstrain curve, damage can be identified as a function of strain, enabling

fitting of the damag@arametersd , ® andw, with® , ® andw (from Eqn. 4.20) fitted to

provide final failure. The first term in Eqn. 4.20, using paramebered andw, corresponds

to the 6damage regiondé of Fi g corredporils tathed t he
6failure regiondé in Fig. 4. 8. The values o

tempered martensite and austenite are displayed in Tables 4.2 to 4.9.
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Fig. 4.7. The identification of the parameterand] from monotonic data, including the
results of the model applied to monotonic data from two sets of tests.
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Fi g. 4. 8. A s eceshtermaaitni cc uorfv ea sshtodva snggi [@dta iceait p ama r
corresponding to different aspects of the co
In Fig. 4.6¢, it appears as though the austenite suffers little or no damagéGi4@56C

but does at 65C. This presents limitations to the austenite damage paranimieis not

considered detrimental to the material model. At high temperatures, e.g. @bovihe

material is expected to be too soft to suffer damage. At temperatures beld@; 409

austenite transforms to martensite and martensite damage pasamaeteremployed.

Austenite is not expected to be present betweefiC8a0d 408C for extended periods of

time, due to either heating rapidly beyond &5@luring welding or to rapid cooling from

high temperature. Therefore, it is not expected to sufferfeignt damage.

Table 4.2. Temperatw@ependent untempered martensite constitutive parameters.

"Y(°C) O( GPa) , ( MPa) o (-) w(1l/s)
20 215 1170 0.25 0.045
200 207 1080 0. 4 0.03
400 198 954 0.5 0.03
550 156 900 0. 4 0.04
650 114 475 0.05 0.1
850 40. 2 8 8 0.001 0.1
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