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Abstract

Industries, which have structures, subjected to high temperatures, such as the nuclear power
plant industry, give paramount importance to structural integrity assessments due to the
obvious catastrophic effect an unfortunate failure might cause. The presence of welds
increases the susceptibility of premature failure within the structures. Hence identifying the
structural response of welded components under cyclic loading conditions and developing
methods to predict their safe life is of significant importance.

The work within this thesis focuses on the investigation of cyclic plasticity and creep-cyclic
plasticity interaction of welded components, and the consequential damage assessment using
the Linear Matching Method (LMM). Firstly, a numerical investigation and parametric study
on the cyclic plasticity behaviour of a butt-welded pipe under cyclic thermal and constant
pressure load is undertaken. The most critical results are used to create limit load envelopes
that may be used to design welded pipes within the specified range. Secondly, through a series
of case studies, the effect of various complex loading conditions on the evolution and progress
of fatigue damage, creep damage and creep-fatigue interaction of welded connectors,
commonly found in power plants, are identified and discussed comprehensively using the
Direct Steady Cycle Analysis (DSCA) and the extended Direct Steady Cycle Analysis
(eDSCA) method within the Linear Matching Method Framework (LMMF). Finally, the
subroutine is enhanced to account for any previous residual stress such as the welding residual
stress (WRS) on the shakedown-ratchet limit interaction curves and the creep-fatigue
endurance. With a welded flange case study, the effect of WRS on mean strain during the

transient cycles and the fatigue damage at steady state is demonstrated.
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Chapter 1 Introduction

1.1  Research background

Energy demand has risen considerably over the past few decades and is expected to become
double-fold by 2050. This coupled with the rising concerns over the large CO; emissions by
the current power sector calls for the exploration and development of new generation power
plants that run on renewable and nuclear energy sources. As of 2018, around 47.5% of
electricity in the UK was still generated from gas, coal and other oil sources with an estimated

448.5 million tonnes of CO; equivalent emission [1].

The basic principle behind a nuclear power plant in terms of power generation is similar to
conventional power plants. The difference being in the way the heat required to produce the
steam that rotates the turbine blades are generated. Currently, the UK has 15 power plants in
operation, of which some are approaching the end of their design life [2] and some are
operating beyond the original design life [3]. While these power plants were initially put in
service, a safe operational life was predicted based on the technology and structural integrity
knowledge available then. Developing accurate structural integrity methodologies is critical
in increasing the safe operational life of these power plants. Another 12 nuclear power plants
are also scheduled to be constructed in the UK by 2030 which combined will have an
electricity generation capacity of 16 GW [4]. It is widely recognised that the efficiency of
power plants can be enhanced with an increase in the operating temperature [5]. Generation
IV reactors, which is considered as the future of nuclear power plants and are currently
researched include Gas-cooled Fast Reactor (GFR), Lead-cooled Fast Reactor (LFR), Molten
Salt Reactor (MSR), Supercritical Water-cooled Reactor (SCWR), Sodium-cooled Fast
Reactor (SFR) and Very High-Temperature Reactor (VHTR) [6]. The VHTR design will have
a primary outlet temperature of 1000 °C [7]. However, the increase in operating temperature
comes with the introduction of various damage mechanisms within the structure. Hence, for

both the new and old nuclear power plants, structural integrity assessments are a crucial aspect.

A typical piping system in a power plant consists of different connectors such as flanges,

elbows and weldolets, to mention a few. The most common and practical process to position
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them within the piping system is welding. Weldments are reported to be prime locations for
premature failures, hence their behaviour at high service temperature is key in predicting the
life of the component [5]. The introduction of residual stress, material microstructural changes
and deformations caused by welding compromises the integrity of the component [8]. The
most common failure mechanisms observed in a power plant piping system are creep and
fatigue. Creep and fatigue failure mechanisms are complex on their own, and in the presence
of welds, their complexity is further increased. Figure 1-1 (a) and (b) present examples of
cracks that initiated at weldments due to creep-fatigue interaction and creep respectively.
Extensive research has been carried out to understand the creep-cyclic plasticity effects of
welded structures. However, the premature failure within weldments indicates the requirement
for improved understanding of the creep-cyclic plasticity mechanisms, and it is arguably more

important now than it has ever been before.

Figure 1-1 a) Creep-fatigue cracking in tailpipe-pintle welds [9]; b) Creep cracks at the weld of a
branched pipe [10].

The complexity associated with welds makes experimental creep-fatigue lab testing very
expensive and time-consuming, making the use of Finite Element Analysis (FEA) the most
practical option. Numerous researchers have implemented Continuum Damage Mechanics
(CDM) into the FEA framework to understand the cyclic plasticity and creep-cyclic plasticity
behaviour of structures and have obtained remarkable results. Nevertheless, accurate
modelling of the structural response requires numerous and precisely calibrated material
parameters, which are not easily available. Moreover, their use in creep-fatigue damage studies
is limited due to the high computational cost. An alternative to this is the use of rule-based
standard codes such as The American Society of Mechanical Engineers Boiler and Pressure
Vessel Code Section 111 subsection NH (ASME NH), the Design and Construction Rules for

Mechanical Components in High-Temperature Structures, experimental reactors and fusion
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reactors (RCC-MR) and the R5 Procedures for Assessing the High-Temperature Response of
Structure (R5).

Though the rule-based procedures provide reasonable results, they tend to be overly
conservative and are validated for a limited number of materials only. For instance, in R5,
welds are analysed as parent material and its influence on the life of the structure is accounted
by the Fatigue Strength Reduction Factor (FSRF) or more recently by the Weld Strain
Enhancement Factor (WSEF) and Weld Endurance Reduction (WER). The reduction factors
are dictated by the type and material of the weld. The FSRF method is overly pessimistic which
led to the development of the WSEF and WER methods, but this too produces conservative
results [11]. The predicted short life of structures, results in their early retirement which
increases the running cost. Hence, there has been a constant demand from power industries to

formulate alternative methods to conduct structural integrity studies.

This has led to the development of various direct methods within the structural integrity regime.
The Linear Matching Method Framework (LMMF) is one such direct method. The LMMF can
be broadly divided into the Linear Matching Method (LMM); the Direct Steady Cycle
Analysis (DSCA); the extended Direct Steady Cycle Analysis (eDSCA). The former deals
with the evaluation of limit load, shakedown, ratcheting and creep rupture boundaries while
the latter two deal with the calculation of the cyclic plasticity and creep-cyclic plasticity
behaviour at steady-state. The LMM is capable of use with multi-material structures such as
weldments and Metal Matrix Composite’s (MMC). The results from DSCA or eDSCA can be
coupled with any of the aforementioned rule-based standards to assess the safe life of the

structure.

1.2 Objectives of the thesis

Weldments have a critical role in limiting the safe life of a structure at high-temperature
services, which makes a comprehensive understanding of their damage mechanisms important
and critical. The CDM approach has been identified to give accurate results in terms of damage
modelling for weldments but it requires complex constitutive modelling and extensive material
data. It is particularly difficult to obtain the material data for the HAZ. Hence the process
requires numerous experimental testing inherently increasing the cost. Within the power-plant

industry the use of rule-based methods are much more common for damage calculations due
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to their ease of use. But they tend to predict conservative life for welded components as the
structure is considered to be of the parent material alone and reduction factors are imposed to
account for the weldment, and does not consider the complete creep-cyclic plasticity
interaction. As such the understanding of the creep damage, fatigue damage and their
interactions leading to creep-fatigue and creep-ratcheting damage at welds considering the
complete creep-cyclic plasticity interaction is limited and requires further research and

investigation.

By taking into account these requirements and issues, the below objectives are identified and

worked on in this thesis:

1) The effect of weld material properties, weld geometry and pipe dimension on the

cyclic plasticity and ratchet limit of a welded pipe.

2) The effect of welds and loading conditions on the creep and fatigue damage; and
creep-fatigue and creep-ratchet interaction of connectors commonly found in power

plants.

3) The effect of Welding Residual Stress (WRS) on the shakedown-ratchet limit

interaction curves and the creep-fatigue endurance of welded components.

1.3 Outline of the thesis

This thesis is structured to include eight chapters.

Chapter 2 introduces the basic concepts pertaining to the structural response of components
subjected to high temperature. Discussions on the various damage mechanisms are also
included. The chapter concludes with a brief insight into the different methodologies adopted

by the ASME NH and R5 for life assessment with emphasis to welds.

Chapter 3 introduces the LMM which is the principal tool used within this study. Different
facets of the LMM such as the shakedown and ratchet analysis, the DSCA and the eDSCA are

presented along with a comprehensive discussion about their numerical procedure.
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Chapter 4 deals with the investigation of the cyclic plasticity and ratchet limit of a welded pipe
employing the ratchet limit analysis within the LMM. The parametric study included considers

material and geometric factors.

Chapter 5 presents three weldment cases studies, a welded elbow, a dissimilar welded flange
and a welded pipe. The former deals with the investigation and comparison of fatigue life of a
single material elbow and welded elbow under various combinations of pressure, bending
moment and thermal loads. The latter two focus on creep damage analysis, with the dissimilar
welded flange case study focusing on the effect of thermal load on creep and provide
comparisons between the Ductility Exhaustion (DE) and Time Fraction (TF) models. The
welded pipe example deals with the effect of multiaxial and compressive stress, considering
the TF model as recommended in RCC-MR and ASME.

Chapter 6 presents the creep-cyclic plasticity behaviour investigation and the lifetime
prediction of an SS304 weldolet subjected to a cyclic thermal load and constant mechanical
load through the LMM eDSCA.

Chapter 7 discusses the effect of WRS on the shakedown and ratcheting limit interaction
curves. It also investigates the effect of WRS on creep and plasticity during the transient cycles,

and the mean strain at steady-state which influences the fatigue life.

The thesis concludes with chapter 8 which summaries the key outputs from this research and

offer recommendations for future work.



Chapter 2 High-temperature material response, design and

assessment P rocedure
2.1 Introduction

Major damage mechanisms under cyclic loading conditions are introduced in this chapter.
With the help of a Bree like diagram, cyclic plasticity responses, such as shakedown,
alternating plasticity and ratcheting, are explained. A distinction between material and
structural ratcheting is also presented in this chapter. An introduction to creep and creep-cyclic
plasticity mechanisms including creep enhanced plasticity and cyclically enhanced creep is
discussed. A comprehensive review of various types of fatigue, the total strain range and
number of cycles to failure relationships, and creep damage assessment procedures are
presented. Towards the latter section of the chapter R5 and ASME NH creep-fatigue damage

assessment procedures are discussed.
2.2  Cyclic response of structures

A structure subjected to cyclic loading condition exhibits one of the following structural
responses, namely a) elastic response; b) elastic shakedown (strict shakedown); c¢) plastic
shakedown (global shakedown); d) ratcheting. Innumerable researches have been undertaken
to understand and discuss such behaviours in components. Among them, the work presented
by Bree in [12] is very comprehensive wherein a thin pipe subjected to constant mechanical

load and cyclic temperature load is used to discuss various mechanisms.

Figure 2-1 shows a typical Bree diagram that is used to discuss the interaction between the
cyclic and constant loads on the structure. The cyclic thermal load and the constant mechanical
load are represented on the ordinate and abscissa of the plot, respectively. The various regions

in the plot represent:

9 Elastic response: The load applied is very small such that the structure will remain

within the elastic limit during the load cycles.
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9 Elastic shakedown: Plastic strain is developed during the initial cycles due to yielding
along with the formation of residual stress. In the subsequent cycles, the residual stress

causes the structure to respond in an elastic manner.

1 Plastic shakedown: A fixed range of plastic strain develops over the entire loading
cycle, but without any increment in total strain accumulation. Alternating plasticity is

observed leading to a closed hysteresis loop.

9 Ratcheting: Plastic strain develops with every load cycle, leading to an incremental

plastic collapse.

45 -
4
3.5 4
T 3
(=]
-
O
S Global Shakedown
3 2.5 4
o Ratcheting
%
= 2
£
2
15 A
Strict Shakedown
14
0.5 1
Elastic
0 T T T T ¥ N
0 0.2 0.4 0.6 0.8 1 1.2

Normalised Constant Load

Figure 2-1 Classical Bree’s like diagram for a cylinder subjected to cyclic thermal load and

constant mechanical load [12], [13].

In an industrial environment, the most preferred structural response is of strict/elastic
shakedown. However, this is not always possible and in many cases, a cyclic response similar
to the global shakedown region is allowed as long as low cycle fatigue assessment is carried
out and the component’s life falls within the safety envelope. A structure under ratcheting is

generally avoided unless both the number of cycles and the ratcheting strain per cycle is small.
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Melan [14] and Kaoiter [15] are two major studies and theorems that give conditions for strict
shakedown of a component. The shakedown limit analysis within the LMMF which is detailed
in Section 3.2 is also based on these theorems.

a) Melan’s theorem is defined as “For a given cyclic load set the structure will
shakedown if a constant self-equilibrating residual stress field can be found such that
the yield condition is not violated for any combination of cyclic elastic and residual

stresses”.

b) Koiter’s theorem is defined as “For a prescribed load set P(t) with a cyclic period t, if
any kinematically admissible strain rate can be found during a time interval (0, t) such
that the strain field is compatible with a displacement field u (which satisfies the

applied displacement boundary conditions) and

fOtZPuthjVDdth (2-1)

where D is the rate of plastic dissipation per unit volume corresponding to the
admissible strain rate, then elastic shakedown has not occurred”. The shakedown limit
calculated using Koiter’s theorem is generally greater or equal to the actual elastic
shakedown limit, hence is commonly known as the upper bound shakedown theorem.
Melan’s theorem, on the other hand, provides conservative shakedown limits which
are generally lesser or equal to the actual elastic shakedown limit, hence is known as

the lower bound shakedown theorem
2.2.1 Plasticshakedown

A component within the global shakedown region exhibits plasticity during both loading and
unloading at steady-state. It can be characterized by a typical closed loop as shown in Figure
2-2 and is associated with low cycle fatigue damage. Low cycle fatigue damage calculation is

further discussed in Section 2.4.2.
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Figure 2-2 A typical hysteresis loop of a structure within global shakedown.

2.2.2 Ratcheting

Ratcheting can be studied and discussed in two aspects, structural ratcheting and material
ratcheting [16]-[18]. Structural engineers associate ratcheting as a phenomenon where the
strain increases by a constant amount in each load cycle whereas engineers from the material
research domain associate ratcheting as the accumulation of strain even if gradually the rate
of accumulation decreases and a steady-state is reached [17]. Material ratcheting is a material
related effect and hardening/softening of the material plays an important role. Structural
ratcheting can occur even in the absence of material ratcheting. For structural ratcheting,
whether or not a ratcheting mechanism is prevalent in a structure of a particular geometry and
loading can be illustrated using a shakedown-ratcheting interaction diagram. Once the
interaction diagram is developed for the specific geometry and type of loading, they can be
used to determine whether a considered set of loading conditions will lead to excessive strain
accumulation thereby leading to ratcheting. With the Elastic-Perfectly Plastic (EPP) model,
strain accumulates infinitely; on the other hand, if hardening is introduced then plastic
shakedown may occur after a number of cycles such that strain accumulation is bounded. This
state is referred to as finite ratcheting in material ratcheting. Material ratcheting is simulated
by taking the cyclic stress-strain results and using them in an appropriate hardening/softening
plasticity model such as Frederick-Armstrong [19] model and Chaboche model [20]-[22]. In
this study, only structural ratcheting is considered, hence the word “ratcheting” or “ratchet’

refers to structural ratcheting only.
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2.3 Creep and cyclic plasticity

2.3.1 Creepmechanism

Creep is a time-dependent damage mechanism observed in materials when subjected to loads
above a certain temperature, which is generally within 0.3 to 0.5 times the melting temperature
of the material. Creep consists of three stages; namely a) primary; b) secondary; and c) tertiary.
A typical creep strain curve is presented in Figure 2-3. During the primary phase the creep
strain rate decreases. During the secondary stage, the creep strain rate remains constant;
generally, the secondary stage is the longest and most prominent phase during the creep hold.
During the tertiary phase, an exponential increase in the creep strain is observed. Within this

thesis, the creep effect discussions will be restricted to the primary and secondary stage.

Fracture

Primary creep I
- T [ —

Tertiary creep 111

Strain &

_— .
- o

Secondary creep I1

Elastic strain

Y

Time ¢ tr

Figure 2-3 Schematic of a standard creep curve [23].

When a body is subjected to creep, the total strain range of the structure can be considered as:
Ae = Ag, + Agy, + Ag, (2-2)
where Ae is the total strain range, Ae, is the elastic strain range, As,, is the plastic strain range

and Ae,. is the inelastic strain increment due to creep. The creep strain can be expressed as a

function of three parameters; a) stress (a); b) time (t) ; and c) temperature (T), as:

10
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gc = f1(@) (O f3(T) (2-3)

Boyle J.T. and Spence J. [24] listed some suggestions for the stress dependence function as:

fi(c) =Bo" - Norton relation

fi(e) = Csinhéo - Prandtl relation

fi(e) = Dexpyo - Dorn relation

fi(¢) = A[sinh(yo)]™ - Garofalo relation
fi(c) =B(g—oa)" - Friction Stress relation

where &, 1, y, B, C, D, A and n are material constants. Similarly, the suggestions for the time-

dependent function include:

f(0) =t - Secondary creep relation
f2(a) =bt™ - Bailey
fo(0) = (1+bt'/3)ekt - Andrade

f2(0) = z ajt™] - Graham and Walles

]

where b, m, a and k are material constants. The temperature-dependent function can be

expressed using the Arrhenius’s law as:

f:(T) =24 e_RA—TH - Arrhenius’s law

Combining Norton’s relation from the stress-dependent functions and Bailey relation from the
time-dependent functions gives the Norton-Bailey law. This is the most common and simple
equation used to represent the primary and secondary creep strain. For an isothermal case, it

is given by:

gc = Bo™t™ (2-4)

11
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Differentiating Equation (2-4), we get the time hardening equation where the hardening phase
is modelled using the time parameter, as:

g = mBo"t™™1 (2-5)

This can be re-written in a time-independent form, commonly known as strain hardening

equation, as:

1 n
. mBmgm
& = 1-m (2-6)

Ec m
2.3.2 Effect of creep dwell on cyclic plasticity

The response of a structure under cyclic loading at elevated temperature changes significantly
with the introduction of a creep dwell. A schematic representation of the different possible
creep-cyclic plasticity responses is presented in [25], [26]. If creep is introduced for load levels
within the elastic limit, a hysteresis loop similar to Figure 2-4 (a) will be observed. On
increasing the load levels to within the shakedown region but well below the shakedown limit,
the structural response is similar to Figure 2-4 (b). For both these scenarios, at steady state, the

inelastic strain accumulation that results in ratcheting is due to the creep effect.

If the load levels are further increased and plasticity occurs during unloading, the steady-state
hysteresis will be either one from Figure 2-4 (c) to Figure 2-4 (f). For scenarios corresponding
to Figure 2-4 (c) and Figure 2-4 (d), the reverse plasticity compensates for the creep strain and
any plastic strain during loading. This results in a larger but closed hysteresis loop signifying
creep-fatigue damage. If the creep strain and any plastic strain are not compensated by the
reverse plasticity or vice versa, an open hysteresis loop will be observed resulting in creep-
ratcheting. If the open-loop (Figure 2-4 (e)) is driven due to the enhanced creep strain, the
creep-ratcheting process is termed as “cyclically enhanced creep”. For instance, consider the
scenario where the structure is subjected to a large dwell time, in such cases it is possible that
a very large creep strain is accumulated during the dwell period and the plastic strain during
unloading cannot compensate for it. If very large stress relaxation occurs during the dwell

period leading to an insignificant creep strain accumulation and large plastic strain is

12
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accumulated during unloading, the resultant hysteresis will be similar to the one shown in
Figure 2-4 (f). The open hysteresis here is driven by the reverse plasticity strain. This

phenomenon is known as “creep enhanced plasticity”.

2 71/
/

/50 7y
/S v

f)

Figure 2-4 Variation in the cyclic plasticity responses with creep dwell a) elastic response [25],

[26]; b) elastic shakedown [25], [26]; c) creep-cyclic plasticity due to creep enhanced reversed
plasticity [25], [26]; d) creep-cyclic plasticity shakedown due to creep enhanced plasticity [25],
[26]; e) creep-ratcheting due to cyclically enhanced creep; and f) creep-ratcheting due to creep

enhanced plasticity.

13
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2.4 Major damage mechanisms and interaction
2.4.1 Fatigue mechanism
Fatigue is the weakening of a material caused by repeatedly/cyclically applied loads. Fatigue

failure occurs in three distinct stages: initiation, propagation and failure, as presented in Figure
2-5.

Initiation Propagation Failure
Cyeclic Crack Micro crack Macro crack Final
Slip | nucleation growth ' growth | failure

Figure 2-5 Stages of fatigue failure [27]

1 Initiation: Crack initiation generally starts from the surface of the component or at the
vicinity of a stress riser. The application of cyclic loads lead to the formation of slip
bands, which eventually results in the generation of an intrusion or extrusion on the

surface [28]. Gradually this leads to the formation of a crack.

9 Propagation: Crack propagation occurs in two stages. During Stage | the crack grows
along the slip band which is usually at 45° to the principal stress direction whereas in
Stage Il the crack grows perpendicular to the principal stress direction [28]. Compared

to Stage I, crack growth rate in Stage | is very low.

9 Failure: On maintaining the loading condition, crack propagates through a significant
part of the cross-section and failure is considered when the remaining cross section

cannot support the load.
2.4.1.1 Fatigue classification based otihe number of cycles
Based on the stress level and the number of cycles to failure, fatigue can be differentiated as
High Cycle Fatigue (HCF) and Low Cycle Fatigue (LCF). For HCF, the number of cycles is

more than 10* and an elastic behaviour is observed. On the other hand, LCF is associated with

the plastic response of the material and the number of cycles is less than 10%. Generally, the

14
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stress associated with LCF is near or at the yield stress of the material. Figure 2-6 shows a
schematic diagram showing the relationship between stress and number of cycles to failure for
HCF and LCF.

LCF

Stress

HCF

Cycles of Failure

Figure 2-6 Schematic comparison of stress with HCF and LCF.

Within the power sector, LCF is more prominent compared to HCF, so within this thesis,

emphasis is given to LCF damage and is discussed in depth in subsequent chapters.

2.4.1.2 Fatigue classificationbased onypes ofstress

Based on the source of the stress, fatigue can be distinguished as mechanical, thermal or a

combination of both known as thermo-mechanical fatigue [29].

Mechanicalfatigue

Mechanical fatigue is the most common form of fatigue [3]. It is a result of the structure being
exposed to cyclic mechanical stresses for an extended period. A typical example is the
vibration fatigue of equipment or piping operation. Generally materials with larger yield stress

will be more resistant to mechanical fatigue [3].

15
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Thermalfatigue

Thermal fatigue occurs due to the cyclic fluctuations of temperature the component is exposed
to. It is driven by the internal stress caused by uneven expansion and contraction due to
repeated heating and cooling of the component. The thermal stress (ayy) is driven by two

factors, a) the coefficient of thermal expansion (a) and b) the temperature range (AT).

Oy X a AT (2-7)

Thermo-mechanicalfatigue

Thermomechanical Fatigue (TMF) is a combined fatigue damage that is observed in
components subjected to cyclic thermal and mechanical loads. If both the thermal loads and
the mechanical loads are cycled in such a way that their maximum peaks occur simultaneously,
it is referred to as in-phase TMF. On the other hand, if the peaks of the thermal load and

mechanical load are separated by a 180-phase lag, it is termed as out of phase TMF.

2.4.2 Low cycle fatigue

LCF has been identified as a major damage mechanism in components subjected to cyclic
loads with failure occurring in less than 10* cycles. Its assessment has been a major research
area for decades now [30]. LCF damage is influenced by the total strain range, hence
effectively calculating the total strain range is key in predicting the LCF damage and life of
the component. The relationship between the total strain range and number of cycles to failure

is illustrated by Ae — N curve. A typical Ae — N is presented in Figure 2-7.
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Strain Range

Cycles of Failure

Figure 2-7 Typical A — N curve.

Several relationships have been formulated to relate the total strain range and the number of
cycles to failure. Coffin-Manson relationship is one of the most popular ones. The total strain

range, Ae, is defined as the sum of elastic strain range, A, and plastic strain range, Ae,,.
1 2
Ae = Ae, + Ag, = C,NF' + C,Nf (2-8)

where C,, C,, f1 and B2 are material constants. For the number of reversals to failure, N, it

may be expressed as:

Ae Aeg, Ag, Of Br - B2
7—74‘7—7(2]\#) +€f (ZNf)

(2-9)

where o and B1 are the fatigue strength coefficient and exponent respectively; & and 2

are the fatigue ductility coefficient and exponent respectively. Ideally A¢, E, €, , g B1, 2

should be experimentally obtained but the high cost and complexity associated with cyclic
experiments makes it difficult [31]. Hence, monotonic material properties are used to obtain
the fatigue parameters. Several researchers have modified the Coffin-Manson for various
metals and have reported them in [30], [32]-[35]. Lee K. & Song J. [32] and Meggiolaro M.A.
& Castro J.T.P. [35] have discussed in depth about the various methods for assessing the

fatigue properties. Among the various methods, a few of the major ones are introduced below.

17



Chapter 2 High-temperature material response, design and assessment procedure

i. Modified universal slopes method [30]

The equation is proposed in the following form:

O 0832 Oy —0.53
Me=117(=27)  N7O+ 002665015 (<) N0 (2-10)

The above equation has been reported to fit best for steel material.

il. Uniform materials method

Béumel and Seeger introduced the uniform material law in [36]. They proposed different

equations for steel and aluminium alloys. For unalloyed and low-alloy steels, as:

Ae oyrs -0.087 -0.58
- = 1.50— (2Nf) + 0.59¢(2N;) (2-11)
where
Oyrs
o=1for < 0.003
o o
@ =1.375 — 1252 for -5 > 0.003
E E
and for aluminium and titanium alloys, as:
Ae Oyrs -0.087 -0.58
- = 1.50— (2Ny) + 0.59¢(2N;) (2-12)

iii. Roessle-Fatemi’s hardness method

Roessle-Fatemi [37] introduced an estimation method which requires only the hardness and
the elastic modulus. In their work, it is reported that for steel, their hardness method provides

better results compared to the modified universal slopes method. The equation suggested is:
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As  425HB + 225 009 0.32(HB)? — 487HB + 19100 —0-s6
3= a0 D (y) W

where HB is the Brinell hardness.

iv. Mitchell method and modified Mitchell’s method

In 1977, Mitchel et al.[38] proposed that f1 depends upon oyrs and that 52 = —0.6 for

ductile materials and 82 = —0.5 is appropriate for strong alloys. They proposed the below

equation:
Ae g + 335 1y (CULS+335) 100 82
A _ 98T 332 (5 V69 T ours ) 4 g <—> IN 2-14
2 T (2N) +In{g50—ra) 2M) 14)

Park and Song [34] modified Mitchell’s method and proposed a new equation, which is now

commonly referred to as modified Mitchell’s method, as:

Ae _ s + 335 1o g("B+335

100
6 0.446 ) - 0.664 2-15
> (2Ny) &z +ln<100 RA)( N) (2-15)

Modified Mitchell’s method is found to be appropriate for aluminium and titanium alloys.

V. Medians method

Maggiolaro and Castro [35] proposed the median method, which requires only the tensile

strength. They are defined as:

As O'UTS

—0.09 -0.59
— =15 (2N;) 7 4 0.45(2Ny) (2-16)
for steel materials
A -
; =19 GUTS (2N,) ™" + 0.28(2N,) (2-17)

for aluminium alloys.
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2.4.3 Creepdamage

Considerable progress has been made in creep damage modelling using CDM, but they require
numerous calibrated material parameters for accurate results in addition to the high
computational cost. Hence, the high-temperature design codes generally use simplified rule-
based approaches, though they provide conservative results. The most prominent ones are
presented here.

2.4.3.1 Time Fraction

ASME and RCC-MR recommend the use of Time Fraction (TF) rule for the estimation of

creep damage. The TF rule for the creep damage per cycle is given by:

th

dt
TF _ 2-18
0

where ¢t is the creep rupture time at failure. It is a function of stress and temperature. dt is the

time increment and ¢, is the dwell time.
2.4.3.2 Ductility Exhaustion

Creep damage is calculated using the Ductility Exhaustion (DE) method while using the R5
design code. The creep damage is calculated by:

DE t é_C ( )
det = J —dt 2-19
¢ o & T)

where & is the instantaneous creep strain rate and £-(é;, T) is the corresponding uniaxial

creep ductility at temperature, T, as a function of the creep strain rate.
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2.4.3.3 Stress ModifiedDuctility Exhaustion

Spindler M. W. introduced the Stress Modified Ductility Exhaustion (SMDE) method in his
work [39]-[41]. Compared to the DE method, where the creep damage is calculated by treating
the ductility as a function of strain rate and temperature, in SMDE the creep damage is
calculated by treating creep damage as a function of strain rate, temperature and stress. The
creep damage is calculated by:

th g'—c

dSMPE — f R R—T (2-20)
¢ 0 EC(ECl o, T)

where &, is the instantaneous creep strain rate and &.(&;, o, T) is the creep ductility at

temperature, T, as a function of both creep strain rate and stress.
2.4.4 Creepfatigueinteractiondiagram

The principle of damage diagram is that fatigue damage and creep damage can be calculated
separately and then summed to obtain the total damage [42]. There is no single accepted
damage diagram. The selection of the damage diagram depends upon factors such as the design
standard followed and the material under consideration. The two most common damage

diagrams are introduced in the following section.
2.4.4.1 Bi-linear damagediagram

ASME and RCC-MR use a bi-linear interaction diagram. It can be represented using the

equation:

Yr+ . <D (2-21)
When ¢ =1, ¢, — 0 and when ¢, = 1, ¢ — 0 and for all other locations, the sum of creep
and fatigue damage should be under D to be considered safe for service. ASME has defined

varying acceptable damage envelopes for 304 and 316 steels; 2 ¥ CriMo and NiFeCr alloy
800H; and 9Cr1MoV (T91), as shown in Figure 2-8. RCC-MR, on the other hand, recommends
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the use of the same bi-linear curve with an intersection at (0.3, 0.3) for 304, 316, 316L, 316(N),
316H, alloy 800 and T/P91.

1.0

1T T T T T 1
‘\ 304 and 316 stainless steels,
\ intersection (0.3, 0.3)
0.8 \ \
A
=
06 \ \ 21/4Cr-1Mo steel and Ni-Fe-Cr Alloy
. \ \ 800H, intersection (0.1, 0.1}
A | | | | |
Al
=N R
0.4 \ \ 9Cr-1Mo-V steel,
intersection (0.1, 0.01)
e
0.2 —
M ‘\\\_
[ — i
00 I 0 s e
0.0 0.2 0.4 0.6 0.8 1.0

n
3,

Figure 2-8 Creep-fatigue damage envelope-ASME [43].
2.4.4.2 Linear damagediagram

R5 recommends the use of a linear damage diagram, where the damage D defined in Equation
(2-21) is equal to 1. If the loading conditions assessed gives a combined damage which falls
within this envelope, then crack initiation will be avoided. Whereas if the combined damage

is outside this envelope, R5 recommends conducting creep-fatigue crack growth calculations.

10
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S
g
[
0 01
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Creep Damage

Figure 2-9 Creep-fatigue damage envelope-R5 [44].
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2.5 Introduction to weldment

As this thesis aims to evaluate the structural integrity with an emphasis on welds, an
introduction to welds is presented in this section. In large plants, welding is the preferred and
practical process for joining piping and vessels. American Welding Society (AWS) has
defined welding as “A joining process that produces coalescence of materials by heating them
to the welding temperature, with or without the application of pressure or by the application

of pressure alone, and with or without the use of filler metal”’[45].

For services at elevated temperatures, it has been reported that the performance of welds is
often the life-limiting factor [46], [47]. Broadly, weldments contain three region, a) Parent
Metal (PM) - this is the region next to the joint within the parent material that is not affected
by the welding process; b) Weld Metal (WM) — this is the region within the weldment that
consists of the weld metal; and c) Heat Affected Zone (HAZ) - this is the region within the
PM near the WM whose microstructure and mechanical properties are altered due to the heat
of welding that approaches the melting temperature. The presence of different material zones
with different properties and varying weld geometries makes the prediction of weld behaviour
difficult.

A schematic representation of the different subzone within the HAZ due to multiple weld pass
with their respective phase transformation for P91 is provided by Khajuria A. et al. in [48],
Figure 2-10. It can be observed that within the small region of the HAZ, the microstructure
varies considerably leading to the formation of Coarse-Grained HAZ (CGHAZ), Fine-Grained
HAZ (FGHAZ) and Inter-Critical HAZ (ICHAZ).

1 The CGHAZ is the region within the PM, adjacent to the WM. Within this region, the
material experiences a temperature well above ACs;. Complete transformation to

austenite occurs here and the precipitates are dissolved [49], [50].

1 The FGHAZ is formed further away from the WM. Within this region, the material
experiences temperature above AC; so that austenite transformation occurs but the
temperature is not high enough to dissolve all the precipitates. This restricts the free
growth of austenite grains[49], [50].
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9 The material within the ICHAZ experiences temperature above AC; but below ACs.
Within this region some austenite may be formed and very little, if any, of the
precipitate is dissolved. A low carbon austenite is formed in this region[49], [50]. The
For P91, creep cracks, commonly known as Type IV cracking have been reported to
initiate from the ICHAZ [51].

—— Single pass weld thermal cycle !
====Multi-pass weld thermal cycle

1 = Coarse grain HAZ (CGHAZ) 6—
2 =Finegrain HAZ (FGHAZ)

3 = Inter-critical HAZ I

4 = Unaffected CGHAZ Temp.

5 = Super-critically reheated
CGHAZ (CG+FGHAZ)

6 = Inter-critically reheated
CGHAZ (CG+ICHAZ)

7 = Unaffected FGHAZ

8 = Inter-critically reheated
FGHAZ (FG+ICHAZ)

9 = Unaffected ICHAZ
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Figure 2-10 Evolution of different regions within the HAZ [48].

The presence of various zones within a weldment subjected to high temperature leads to a
complexity in the creep behaviour [52]. Also, the microstructural changes that occur during
welding affect the LCF behaviour [53]. In many circumstances, it has been reported that welds
tend to perform worse than the parent material with respect to creep [54]. The difference in
the properties of the PM, WM and HAZ, creates a strain concentration which leads to a
metallurgical notch such that the creep properties of the welded joint may be poor when
compared to PM [55]. Non-uniform stress and strain are developed within the zones with time
due to creep. If the WM exhibits a higher strain rate compared to the PM, it is called creep-
soft weld. On the other hand, if the WM exhibits a lower creep strain rate compared to the PM
it is termed as creep-hard weld [56]. Rivolta B. et al. [57] in their study on P91 welded plates
have reported that even for tensile properties similar to that of the PM, the presence of weld
reduced the creep life. Tabuchi M. and Takahashi Y. [58] analysed around 370 points of creep

rupture data for modified 9Cr-1Mo steel welded joints and reported that the creep strength of
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the welded joints was lowered by a factor of 0.75 compared to the PM at 600 °C. Mathew M.D.
et al. [55] investigated the creep strength reduction factor for SS316L(N) welds at 600 °C and
650 °C. For both the temperatures, the rupture strength for the weld joint and the WM was
lower than that of the PM. An interesting outcome of the research was that at 650 °C, the
difference in the rupture strength of the weld joint and WM decreased with an increase in the
rupture life. Kumar D.H. and Reddy A.S. [59] compared the creep rupture strength of
SS316L(N) weld joints produced by single pass activated TIG and multi-pass activated TIG.
Joints manufactured from both these process showed lower creep rupture life compared to the

base material.

Spigarelli S. and Quadrini E. have discussed the microstructure of the different zones in a P91
weldment and presented Transmission electron microscopic (TEM) studies in [60], Figure
2-11. A typical P91 material consist of tempered martensite with M2;Cs and MX. They have
superior creep properties but the within the HAZ, a large amount of martensite with
undissolved precipitates is observed. As a results, on recrystallization a soft fine grained

structure is produced which is less creep resistant compared to the PM.

Figure 2-11 Microstructure of the a) WM [60]; b) Fine-grained intercritical zone [60].

2.6 Design codes and procedures for assessing structural integrity under
high temperature

The current structural assessment codes such as the R5 and ASME NH do not have a uniform

approach in their methodologies especially in their guidance for the creep and fatigue damage
calculation of welds [55]. Though conservative, the design codes provide a safe assessment
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route for components operating at high temperature. With respect to creep-fatigue damage
assessment both the codes agree that identifying the structural response at steady-state is key,
but the steps undertaken are different. A brief discussion on the R5 and ASME NH steps are
included in this section.

2.6.1 Rb5assessmergrocedurefor the high-temperatureresponseof structure

R5 and R6 are two standardized procedures developed by the former Central Electricity
Generating Board (CEGB) and consequently absorbed within the Nuclear Electric plc. to
perform integrity assessment. R6 deals with components operating below the creep range and
is now well established. On the other hand, R5 provides a comprehensive assessment
procedure for the high-temperature response of structures [61]. R5 identifies various failure
mechanisms such as instantaneous plastic collapse, creep rupture, ratcheting, enhanced creep
deformation, crack initiation and crack propagation due to creep-fatigue interaction and

provides step-by-step assessment for all of them [44], [62], [63].

Initially, R5 was written in 7 volumes, but recently, volumes 2 and 3 were combined into a
single procedure. Similarly, volumes 4 and 5 were combined to a single procedure reducing

the number of volumes to five as below:

Volume 1: Overview

Volume 2/3: Creep-fatigue initiation procedure for defect-free structures

Volume 4/5: Procedures for assessing defects under creep and creep-fatigue loading

Volume 6: Assessment procedure for dissimilar metal welds

Volume 7: Behaviour of similar welds: guidance for steady creep loading of CrMoV pipework

components

Discussions within this section will be limited to volume 2/3 which deals with the evaluation
of steady-state stress and strain by a simplified technique based on elastic stress analysis.
Volume 2/3 provides guidance against crack initiation only and does not cover crack
propagation. It consists of 18 steps. A very brief introduction to them highlighting the major

aspects is given below.
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Step 1. Resolve load history into cycle types

In this step, the operational history is broken up into a well-defined number of different service
cycles.

Step 2. Perform elastic stress analysis

Elastic stress analysis is performed. This helps in identifying the critical regions within the
structure. Zones with maximum stress levels, stress range etc. are selected as critical zones.

Elastic analysis can be easily carried out by Finite Element Methods (FEM).
Step 3. Demonstrate sufficient margins against plastic collapse

This step is related to ensuring that the component does not collapse with the application of
the first load. It should be ensured the calculated linear stress is not so huge to induce a very

large plastic deformation before steady-state is achieved.
Step 4. Determine whether creep is significant

For the considered loading condition, before getting into complex creep calculations, the
possibility of significant creep should be checked. It is recommended that if the sum of the
ratios of the hold time ¢t to the maximum time ¢,,, at the maximum temperature in the dwell
T,¢s for the total number of cycles n; of each cycle type j, is less than one, then the effect of

creep may be ignored.

z ni[t/tm(Trer)], < 1 (2-22)

J

Step 5. Demonstrate that creep rupture endurance is satisfactory

Using rupture reference stress the creep rupture is calculated in this step. The creep usage

factor, U, is then calculated and it should be less than 1
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" - Z Lf(

<1 (2-23)

ef' ref)

Step 6. Perform simple test for shakedown and check for insignificant cyclic loading

Within this step, the structure is analysed for ratcheting that may lead to incremental plastic
failure. A simple test, which is called as stress linearization method, is carried out to check if
the structure is in shakedown. Further, in case the structure exhibits insignificant loading, steps
7-14 may be avoided. For the acceptance of insignificant loading, the following three criteria
need to be met:

a) The most severe cycle is within the elastic range of the material.
b) The total fatigue damage for all cycles should be less than 0.05.
¢) The cyclic load does not affect the creep behaviour. This is confirmed if the below

equation is satisfied.
Aot max < 0ss + (KsSy), (2-24)

where AGy; mqx IS the elastic strain range, ogs is the steady-state creep stress and (KSSY)nc ;

K is the parameter provided by R5 and S,, is the proof stress of the material. “nc” refers to

values at the non-creep end of the cycle.
Step 7. Perform global shakedown check and calculate cyclic plastic zone size

The structure is assessed for its capability to attain global shakedown or nearly elastic
behaviour after the first few cycles of loading. This also helps in confirming that the structure
is not subjected to plastic ratcheting or incremental collapse. If it cannot be confirmed that the
body is under global shakedown, then it might be necessary to have detailed inelastic analysis

to validate the integrity of the structure.
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Step 8. Calculate shakedown reference stress, reference temperature and start-of-dwell stress

This step may be further divided into two sequences. The first sequence deals with minimising
the shakedown reference stress and the creep rupture damage by optimising the residual stress
field while the latter sequence deals with the estimation of the start of dwell stress.

Step 9. Estimate elastic follow-up factor and associated stress drop during creep dwell

During periods of steady operation at high temperature, which is typical of power plants, stress
relaxation occurs within the structure with the elastic strains being replaced with creep strains.
This process is generally explained using the term “elastic follow-up”. The stress relaxation

process increases the total strain and can be described by the below equation:

dépe 2 dT _
dt E dt

(2-25)

where &, is the equivalent creep strain, E is the equivalent Young’s modulus, v is the

Poisson’s ratio, @ is the equivalent stress and Z is the elastic follow-up factor.

There are three options provided for the estimation of Z. a) assume
Z = «, in this case, the stress relaxation during the dwell is ignored and provides conservative
results for creep damage. However, the stress relaxation should be considered while evaluating
the total strain range; b) the elastic follow up factor may be taken as 3, provided the structure
is isothermal and the primary loads are small compared to the secondary loads; c) the final
option is to calculate Z using an inelastic analysis. R5 provides advice on how to simplify the

inelastic process so that alternating plasticity and creep need not be considered.
Step 10. Calculate the total strain range
The total strain range can be obtained by summing the maximum elastically calculated stress

range calculated in step 2 with the stress relaxation drop. This can be calculated using the

following equation:
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Aﬁel’r = A&el + AO}D (2-26)
If the effects of creep are negligible, then Equation (2-26) reduces to Ade;, = Adg;. If it is
considered that the material follows the Ramberg-Osgood (RO) relation, then the total stress
range is initially calculated, which is in turn used to calculate the total strain range.
Step 11. Check limits on cyclically enhanced creep and calculate creep usage factor
The previous steps confirm that there is no plastic ratcheting within the structure. Within this

step, the possibility of creep-ratcheting by the accumulation of creep strain due to cyclic

loading is evaluated. A creep usage factor “W” is introduced for this,

W = <1 -
Z Lf( ef' ref )l (2-27)

where o ref is the shakedown reference stress.

o ={Y —2/YA—-X) + 1}Sy forY(1—X) < 1
(2-28)
0, = XYS, forY(1—X) = 1

Xand Y are load parameters such that
X = O-ref/Sy Y = Qrange/Sy

where a,..¢ is the primary load reference stress and Qrqnge is the maximum elastically

calculated range of the linear thermal stress.
Step 12. Summarise assessment parameters

The parameters required for the basic structural integrity of the component has been identified

in the previous steps. They are as summarised below:
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a) 1,- The cyclic plastic zone size; Calculated in Step 6 or 7

b) oy- The start of dwell stress; Calculated in Step 8

C) Tres- The shakedown reference temperature; Calculated in Step 8
d) Ac’- The stress drop during creep dwell; Calculated in Step 9

e) Z - The elastic follow-up factor; Calculated in Step 9

f) A&r,eqi- The total strain range; Calculated in Step 10

g) W- The creep usage factor; Calculated in Step 11

Step 13. Treatment of weldments

R5 provides specific advice for the treatment of welds. This is dealt with in detail in Section
2.6.1.1 of this thesis.

Step 14. Calculate fatigue damage per cycle

The total strain range calculated in the previous steps is used to assess the fatigue damage per

cycle, dy.
dr = 1/N, (2-29)

where N, is the number of cycles to initiate a crack of size a,. N, is calculated by the

following steps:
a) The relevant fatigue endurance data is collected as an initial step

b) The obtained data is partitioned into curves that indicate the number of cycles for

nucleation and growth, as:

In(N;) = In(N;) — 8.06N; %8 (2-30)
Ny = Ny —N; (2-31)

¢) The number of cycles for the crack to grow from a; to a, is calculated as:

31



Chapter 2 High-temperature material response, design and assessment procedure

N'y = MN, (2-32)
Step 15. Calculate creep damage per cycle
Two possibilities are considered in this step, based on whether insignificant or significant

cyclic loading has been established in step 6. If insignificant cyclic loading is confirmed, then
creep damage d. is calculated as

dc = tp/tr (o) (2-33)
where ¢, is the duration for creep dwell and t; (o) is the rupture time of the material at
steady-state creep stress. For significant cyclic loading conditions, the creep damage per cycle

is calculated using the DE method introduced in Section 2.4.3.2.

In cases where the creep damage during the transition state is significant, it should be

separately calculated and added to the steady-state creep damage.
Step 16. Calculate total damage

The total damage in R5 is assessed using the Linear Damage Summation Rule (LDSR).

D =D; + D, (2-34)

D=0 g = Qe
= _— n; . _
f j No; 4 i (2-35)

where

and

D.= Z nid; (2-36)

J

D is the total damage, Dy is the total fatigue damage, D, is the total creep damage and n; is the
number of the loading cycle. All notations with subscript “j” indicate the respective value at

j"cycle. For cases with D < 1, the structure is considered to be free of any crack initiation risk.
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2.6.1.1 Modifications on R5 assessment for Weldments

R5 has categorised weldments into three main types as presented in Figure 2-12. Weldments
are also classified as dressed (profiled) and undressed (as-welded) weldments, and separate
advice on the assessment is provided within R5.

U Type 1 - Full penetration butt weldment transverse to the main loading direction.
U Type 2 - Full penetration T-butt or fillet weldment transverse to the main loading direction.
U Type 3 - Partial penetration T-butt or fillet weldment transverse to the main loading

direction.

=1 PP

a) b) ©)

Figure 2-12 Classification of welds in R5 a) Type 1, b) Type 2, and ¢) Type 3.

For creep-fatigue crack initiation assessment in weldments, the structure is considered to be
of the PM alone and a Fatigue Strength Reduction Factor (FSRF) is used to account for the
weldment behaviour. The FSRFs are obtained by tests done on weldments and comparing their
endurance with the PM. Table 2-1 indicates the recommended FSRF for the different weld

types.

Table 2-1 FSRFs in the current R5 Volume 2/3 for austenitic steel weldments.

Weldment Type FSRF
Dressed Undressed
1 1.5 1.5
2 15 2.5
3 N/A 3.2

For both dressed and undressed weldments, the FSRF is used to enhance the strain range. The
difference between the analysis route for dressed and undressed weldments is in determining

the start of dwell stress for creep relaxation. For undressed welds, linearized stress and strain
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which is modified using FSRF is used to determine the start of dwell stress, on the other hand,
for dressed welds peak elastic stress is used to determine the start of dwell stress.

It has been identified that the FSRF method is overly conservative, especially for undressed
weldments. Hence, a new approach is proposed within the R5. The new approach has a
common methodology for both dressed and undressed weldments. It separates the existing
FSRF into Weld Strain Enhancement Factor (WSEF) and Weld Endurance Reduction (WER),
Figure 2-13.

Ac @ SCF . OLinearized Cyelic Stress Strain Data
Weld
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Figure 2-13 Schematic to split the FSRF into WSEF and WER for a simple cycle [44].

The same weldment database which is used to determine the FSRF is used for the
determination of WSEF also. However, WSEF is derived relative to the reduced endurance
curve. With respect to the fatigue damage assessment, both the current and proposed
methodologies are quite similar. A combination of WER and WSEF is used to predict the
fatigue damage in the proposed route, which corresponds to the FSRF in the current route. The
first step involves the determination of the elastic-plastic strain range. WSEF is applied to it
which is then combined with the WER to estimate the number of cycles for crack initiation
due to fatigue damage. With respect to creep damage assessment, the proposed route uses
WSEF only to evaluate the start of dwell stress resulting in a less conservative creep damage.
obtained. The WSEF includes the geometric strain enhancement due to both the geometry and

the material mismatch in the stress-strain properties of the materials of the weld [64].
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Table 2-2 WSEFs applied to mean base-line fatigue data for austenitic weldments.

Weldment Type WSEF
1 1.16
2 1.23
3 1.66

Volume 6 within the R5 provides guidance for damage assessment for dissimilar metal welds.
It should be noted that the material, weld types etc. for which this assessment procedure can
be used are limited. The material combinations covered include joints between 2%Cr1Mo and
austenitic stainless steels with austenitic or nickel-based weld metal, and joints between 9Cr
and austenitic stainless steel with Inconel weld metal. The methodology has been validated by
several case studies within the R5. Nevertheless, it should be noted that there are certain
limitations also. The creep rupture strength data available is limited to 2%CriMo:Type 316
and 9Cr1Mo:Type 316 parent material combinations. For 2%Cr1Mo and austenitic stainless
steel dissimilar metal welds, rupture data available is limited to stress between 150 MPa to 25
MPa, and for temperature equal to or over 540 °C. For fatigue assessment, the availability of

cross weld fatigue endurance data for dissimilar metal welds is limited.

2.6.2 ASME BPVCsectionlll subsectiorNH

Similar to the R5 which is used within the UK nuclear energy sector, ASME is a globally
accepted code which is widely used in countries such as the USA and Canada. Based on the
material and the operating temperature ASME recommends the use of either ASME Section
111 Subsection NB or ASME Section Il Subsection NH. For instance, for austenitic stainless
steel, at temperatures over 427 °C and for 2.25 Cr-1Mo and Mod. 9Cr-1Mo, at temperatures
over 371 °C, the use of ASME Section Ill Subsection NH is recommended. A pictorial
representation is provided in Figure 2-14.

For temperatures where the creep is significant ASME NH recommends that the design
analysis should take into consideration effects such as a) ductile rupture from short holding;
b) creep rupture from long holding; c) creep-fatigue damage and d) distortion due to an
incremental collapse and ratcheting. The loading categories include the design load, service

load (from level A to D) and finally the test loads.
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Metal Temperature
T>427 °C for SS 316/304,
T>371 °C for 2 ¥4 Cr-Mo and
9Cr-Mo-V steel

ASME-NB ASME-NH

| Limits on Deformation Controlled

Limits on Load-Controlled Stress

Quantities

Inelastic strain limits | | Buckling and instabilit

| Creep-fatigue damage |

Figure 2-14 The design checks recommended by ASME [65].

The check for structural integrity at high temperature can be broadly classified as below [66].

a) Load controlled stress

b) Total accumulated inelastic strain

¢) Creep fatigue damage

d) Buckling instability

Load controlled stress

ASME NH lists the service loads as A - normal operation, B - moderate incidents, C -

infrequent incidents and D - limiting faults. The stresses are categorised as primary membrane

stress P, , local primary membrane stress P; and primary bending stress P, secondary stress

Q and peak stress F. Table 2-3 indicates the primary stress limit that needs to be satisfied

where S,,, is the time-independent stress limit, S,,; is the long-time service at an elevated

temperature stress limit, and S; is a temperature and time-dependent stress limit. S, is the

tensile strength at a given temperature. K is the section factor for the cross-section considered
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and K; is the factor accounting for the reduction in bending stress due to creep. S, is the

minimum stress-to-rupture strength.

Table 2-3 Primary stress limits for service loads A-D [66].

Design Condition Service Load A and B | Service Load C Service Load D
Membrane Membrane Membrane Membrane
2485,
1.2 S 0.7 S
B,<S, Pp < S B, < { s, ’”} Pn <9067 _;‘r
0.8 RS,

Membrane+Bending | Membrane+Bending | Membrane+Bending | Membrane+Bending

36 Sm}
1.05 S,

0.67 sr}
0.8 RS,

P, +Py <KS, | P,+P, <12KS), PL+Pb5{

P, + P, < (1.5)S,
P, + Py/K, < S, P, + P, /K, <,

P, + P, /K, S{

It should be noted that for weldments S,,,; should be taken as the lower value between S,,,; and
0.8 S, .R where R is the ratio of the WM creep rupture strength to the PM creep rupture
strength.

Limits for deformation and strain

If the effect of creep is significant, ASME NH recommends using detailed inelastic analysis.
Nevertheless, ASME NH lists a series of elastic and simplified in-elastic methods which may
be used instead to give results within a conservative band. At any point within the structure

experiencing high temperature, the inelastic strain has certain restrictions such as:

(a) The strains averaged through the thickness cannot exceed 1%.
(b) Strains at the surface due to an equivalent linear distribution of a strain through the
thickness cannot exceed 2%.

(c) Local strains at any point cannot exceed 5%.
ASME NH defines elastic analysis tests A-1, A-2 and A-3 to check for the inelastic strain

limits. If any of them are satisfied then it is considered that the strain limits are satisfied. Tests

A-1 and A-2 are expressed using the parameters X and Y where:
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X — (PL+Pb/Kt)max and Y= AQmax (2_37)

Sy, average y,average

(B, + B,/ K max is the maximum value of the primary stress intensity corrected for bending.
Sy average 1S the average of the maximum and minimum wall S, values. AQ,, .. is the

maximum range of secondary stress intensity.

For A-1 to be satisfied
X+ s
Y < S : (2-38)

where S, is the lesser value of 1.25S, and the average of the two S,, values associated with the

maximum and minimum wall temperature.
For A-2 to be satisfied
X+Y <1 (2-39)

for cycles during which the average wall temperature at one of the stress extremes defining

AQ,, ., 1s below the appropriate temperature.
For A-3 to be satisfied
The process for A-3 is a little more elaborate considering the limits of NB-3222.2, NB-3222.3,

and NB-3222.5, as defined in ASME NH, are to be met along with the requirements defined
in Equation (2-40) — Equation (2-42):

L
— <01 i
s (2-40)
l
z €, <0.2% (2-41)
i
(2-42)
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AP, + Py)max + AlQlmax < 3Sm; Where 3S,,, is the lesser of 35, and 35,

t; is the total service time at the elevated temperature, t;4 is the maximum allowable time, €;
is the creep strain at a stress level of 1.25S,, ; and 3S,,, = 1.5S,,, + S, When only one extreme
of stress difference occurs at a temperature above those covered by ASME NB or
38, = S,y + S, When both extremes of stress difference occur at a temperature above those
covered by ASME NB.

When the elastic analysis method does not satisfy the limits or if they are highly conservative,
simplified inelastic analysis method can be used. Similar to the elastic analysis method, this is
also done using a series of test numbered B-1, B-2 and B-3. Before explicating applying them,

there are a list of conditions to be satisfied, as listed below:

a) Test B-1 is applied for structures where the peak stress is negligible. Test B-2 can be
applied for any structure and loading and is more conservative.

b) The individual cycle as defined in the Design Specification cannot be split into sub-
cycles. The transients conditions should be uniformly distributed along the lifetime of
the plant for strain evaluation unless otherwise specified.

c) Asan alternate to B-1 and B-2, the inelastic strains may be evaluated separately by B-
3 or using detailed inelastic analysis but the resulting sum of inelastic strains must be
within the acceptable limit.

d) Secondary stresses with elastic follow-up are classified as primary stresses for
evaluations.

e) The time used for B-1 and B-2 to enter the isochronous curve shall always sum to the
entire life.

f) For B-1 and B-2, the S,, in the definition of X and Y is replaced by S, which is the
lower of the wall averaged temperatures for the stress extremes defining the secondary
stress.

g) For B-3, X and Y are calculated for the cold and hot ends using S, and S, . S,y is
the higher of the wall temperature for the stress extreme defining the secondary stress.

h) The wall membrane forces can be conservatively included as axisymmetric forces.
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7For test B-1 and B-2

These tests apply to check the strain limits when the wall temperature at one of the stress
extremes defining the secondary stress intensity is below the applicable temperature. The
effective creep stress is determined as o, = Z.S,,, and the creep strain is determined as
1.25 o,.. The parameter Z is obtained from Figure 2-15 for B-2 and Figure 2-16 for B-1 and B-
3.

Secondary Stress Parameter, Y

0.0 1.0

AR

Prlmary Stress Parameter, X

Figure 2-15 Effective creep stress parameter Z for Test B-2 [43].
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3.0

B w— .

Secondary Stress Parameter Y

B I s W s W O, e

el B,

Primary Stress Parameter X

Figure 2-16 Effective creep stress parameter Z for Test B-1 and B-3 [43].

For test B-3

Test B-3 applies to region R1 and R2 indicated in Figure 2-16 or to reduce the conservatism
in the other regions. While checking the strain limits, the resulting plastic ratchet strains and
the enhanced creep strains due to creep relaxation must be added to the strains obtained from
test B-1 or B-2.
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Creep-fatigue damage evaluation

The total damage creep-fatigue damage due to the combined service level loads A, B and C
should satisfy the below relationship:

Z (N%) * i (7%) <D (2-43)

where D is the total creep-fatigue damage; (Ng); is the number of designed allowable cycles
for cycle type j corresponding to the maximum temperature occurring during the cycle; (T;)x
is the allowable time duration for given stress and the maximum temperature at the point of

interest and occurring during the time interval k.

For the elastic analysis method, the fatigue damage is determined using the material’s design
curve which uses the total strain range. The total strain range is calculated as:

er = K,A€p0q + KA€, (2-44)

where K is the local geometric concentration factor, K, is the multiaxial plasticity and Poisson
adjustment ratio, Ae. is the creep strain increment, A€,,,q IS the modified maximum
equivalent strain range and ey is the total strain range. The detailed procedure for calculating
A€poq 1S given in Section NH-T-1432.

The creep damage may be assessed using a general procedure or an alternate procedure. The
alternate procedure has a restriction that it may not be used if e; > 3S,,/E. The general
method starts with identifying the total number of hours at elevated temperature (t;) and the
hold temperature (Tyr). The average cycle time is then computed for each cycle type. The
stress level is obtained from the time-independent isochronous stress-strain curve
corresponding to Tyr. For the hold temperature, the stress relaxation history is obtained for
the average cycle time either considering the isochronous stress-strain curve or the multi-axial
stress state. For the transient state, the time, the load control stress intensity and the
temperature are then identified. The earlier steps are repeated for different cycle types and

superimposed. The stress/temperature-time history envelope obtained is then divided into q
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time intervals so as to use Equation (2-43) for evaluating the creep damage. For each time

interval, the corresponding allowable time duration is obtained from the stress to rupture curve.

2.6.2.1 Modifications on ASMEAssessmenrfor Weldments

In the presence of welds, the allowable number of design cycles used for evaluating fatigue
damage and the allowable time duration used for evaluating creep damage are modified. The
value of Ny is taken as half the value for the PM. The Ty for the weldment is obtained from the
stress to rupture curve that is obtained by multiplying the WRF with the stress to rupture value
of the PM. The weld strength reduction factor is provided in Tables NH-1-14.01A-1 - NH-1-
14.01E-1 in ASME NH.

2.7  Chapter summary

The fundamental principles of structural integrity at high temperature service, and the major
damage mechanisms along with a comprehensive discussion of their classifications and
evaluation methods are introduced within this chapter. The introduction of a creep dwell alters
the cyclic response of the component with the possible amplification of the existing damage

mechanism resulting in creep-fatigue or creep-ratcheting.

Exposure to very high temperature during the welding process causes a variation in the
microstructure within the weldment region which leads to a loss of strength predominantly in
the HAZ due to the presence of undissolved precipitates, and the formation of multiaxial stress.
Both of which has an adverse effects on the safe life of the structure. Though considerable
experimental and numerical studies have been undertaken to account for welds in the damage

accumulation, the knowledge is limited and requires further research.

The chapter concludes with a step by step overview of the two most common high-temperature
service design procedures, R5 and ASME NH. A limitation with them is that the presence of
weldments is accounted by introducing considering certain reduction factors and in effect do
not consider the complete creep-cyclic plasticity mechanism. This leads to conservatism and
early retirement of the structure. Further, due to the lack of experimental data, their use is

restricted to a limited number of material and range.
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3.1 Introduction

Due to the complexity of obtaining analytical solutions for accessing the structural response,
FEA is used to address such challenges. A limitation in using incremental FEA is that it can
only predict how the structure will behave under the chosen set of load points, i.e. whether the
body will exhibit shakedown behaviour or ratcheting behaviour [67]. The aforementioned
strategy does not allow to determine easily the more comprehensive interaction diagrams such
as the Bree-diagram [12], which accounts for several cyclic load combinations. Recently,
several direct methods have been developed such as 1) Uniform Modified Yield (UMY)
surface method [68]; 2) The Elastic Compensation method (ECM) [69]; 3) the Generalized
Local Stress-Strain r-node method [70]; 4) the LMM. They use relatively simpler material
models such as an EPP or RO model. They are generally based on Koiter's kinematic and/or
Melan's static theorems. Direct methods do not require the knowledge of the exact load path
as they consider a loading domain that contains all possible path between the extreme load
points [71].

The LMM is a numerical procedure that has undergone extensive research and development
over a number of years to conduct various types of structural integrity assessments. The
theoretical ground for LMM is that the nonlinear elastic behaviour of a structure can be
mimicked by a series of linear elastic solutions where the moduli vary spatially and with time
[72]. LMM has been developed for limit analysis, shakedown analysis, ratchet analysis, and
recently to include steady-state cyclic behaviour with full creep-cyclic plasticity interaction.
The LMM subroutines are coded using FORTRAN language to facilitate its use with Abaqus.
This implies that users need to have sufficient programming experience to run the analysis
efficiently. As this is not the case especially in an industrial environment, to counter this issue,
a Graphical User Interface (GUI) and an autonomous Abaqus plug-in have been developed in
[73], [74]. The LMM Abaqus user subroutines for limit load analysis and shakedown analysis
have been consolidated by the R5 research program of EDF Energy to the commercial

standard.
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This chapter presents the numerical procedures within the LMM framework. Section 3.2
presents the numerical procedure for the shakedown procedure. Section 3.3 presents the
numerical procedure for the ratchet limit analysis, which also includes the DSCA analysis.
Section 3.4 details the numerical procedure of eDSCA that deals with the steady-state creep-
cyclic plasticity behaviour. Section 3.6 concludes the chapter with a summary.

3.2 Shakedown analysis

Consider an EPP body of volume, V and surface area, S. The structure satisfies the von Mises
yield condition. It is subjected to a cyclic thermal load A6 (x;, t) within the volume of the
structure and a constant mechanical load AP;(x;,t) acting over the part of the structure’s
surface, Sy over the period 0 <t < At. The remaining surface is constrained with no
displacement. A is the load parameter, which facilitates consideration of various loading

history. A linear elastic solution can be obtained for the defined loading condition:
A _ 1.0 A
A6;; = A6f; + A6 (3-1)

where 63- and 6{]’- are the elastic solutions for loads 6 (x;, t) and P;(x;, t). Equation (3-2) is the
general stress solution for a cyclic problem. p;; is the constant residual stress field in

equilibrium with zero surface traction and denotes the residual stress at the beginning and end

of the cycle. p;; denotes the changing component of residual stress.

0y (x;, t) = A6 (x;, £) + pyj(x;) + pij(x;, 1) (3-2)
The changing component of residual stress, p;;, will be 0 for shakedown analysis. The LMM
has been developed to calculate the upper bound and lower bound shakedown limit multiplier

based on Koither’s and Melan’s theorem respectively.

Upper bound theorem

The upper shakedown theorem is given by:
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At At
Ayg - f f (6:5¢)dtav = f f (oféf;)dtadv (3-3)
V70 V70
This is further simplified to:

At =/ .
fV fo aye(eicj)dth
AUB = At/ .C (3_4)
fV fO O'ijfij)dtdv

where sfj is a kinematically admissible strain rate and ¢ = |2 /Béfjéfj is the effective strain

rate. Through an iterative process, a sequence of upper bound values are produced that

converges to the least upper bound and satisfies Ay = Agp, Where Agpis the exact shakedown

limit.

Lower bound theorem

While the iterative process is carried out to calculate the upper bound shakedown limit
multiplier, a sequence of residual stress field is produced. A lower bound shakedown limit can
then be calculated for every integration by scaling the elastic solution so that A,56;; + p;;
satisfies yield at everywhere, such that 4,5 < Agp . The lower bound shakedown limit

multiplier can be written as:
f (Aup6iy e ©) + 5 (x)) < 0 (3-5)

3.3 Ratchet limit analysis

To address the ratchet limit analysis numerically, we decouple the evaluation of the changing
residual stress, p;;(x;, t), due to the cyclic part of the load and the constant residual stress. The
varying and constant parts of the residual stresses are evaluated separately. Ratchet limit
analysis using the LMM consists of two steps. The first step involves an incremental
minimization for the evaluation of the cyclic history of residual stress and plastic strain range,

this step calculates the history of residual stress field related to the cyclic load and the

46



Chapter 3 The Linear Matching Framework

corresponding plastic strain ranges associated with the low cycle fatigue assessment. Within
the LMM framework, this step is referred to as Direct Steady Cycle Analysis (DSCA). The
second step involves a global minimization for the ratchet limit due to an extra constant load,
this step locates the ratchet limit as a convectional shakedown limit where the constant residual
stress is evaluated and the elastic stress history is augmented by the changes in residual stress
calculated in the first step.

Step 1 Numerical procedure for plastic strain range

The residual stress history and the plastic strain due to the cyclic component of the load history

are expressed in terms of N discrete-time points. For a strictly convex yield condition, the
instants when plastic strain occurs are the vertices of the stress history, 63- (t,) n=1to N, where
N represents the total number of time instants, ti, tz, ts....tn. Then AsiTj = Z,"{=1As{'}(tn) is the
plastic strain accumulated during the cycles; Aei’} defines the increment of plastic strain at t;.
We also define Ap; j; as the evaluated changing residual stress for the n" load instance at the

m™ cycle of the integration; n=1 to N and m=1 to M. The iteration process starts with the first

increment where Ap; J'i is solved, due to the elastic solution at first load instance. At the next
increment, Ap; jf is solved, which is due to the previously calculated residual stress and the

elastic stress at the second load instance. The incremental iterative process continues until

convergence is achieved i.e. YN_, Apij; = 0. The constant element of the residual stress is:

pi;(0) = pi;(At) = pyj (3-6)

where
N N N
pij = ZAPU? +ZAPL'1‘;+"‘+ZAPUZ_1 3-7)
n=1 n=1 n=1

Equation (3-8) gives the converged increment of the plastic strain at ¢,,,

el (t )=ilaﬁ‘f (ta) + py; (¢ )l (3-8)
ij\tn 2,[1 ij n pij n

n
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where fi,, is the iterative shear modulus and ’ indicates the deviator component of El-Aj and p;;.
In order to calculate the ratcheting limit using LMM, we require the history of residual stress
ﬁeld, pu(tn)

n
pij(tn) = pij + z Apij (3-9)
k=1

Step 2 Numerical procedure for ratchet limit

As indicated earlier, ratchet limit analysis within the LMM involves two steps. Step one
concludes with the determination of p;;(t,,). Once this is done, the ratchet limit is calculated
using the existing shakedown methodology where the predefined linear elastic solution is
augmented by the varying residual stress field p;;(t,). The upper bound limit is based on

Koiter’s theorem and is given as:

2 oyE(ael)av - [, BN (6Ctw) + pij(tn) ) Acfiav

- (3-10)
RB -
fv 0'5 f’lzl(Aei”j)dV
where
£(Aelt) = |2/5 Aelinel: (3-11)

ay is the von Mises yield stress, p;;(t,) is the residual stress at the time t,. Aef} is the
increment of plastic strain that occurs at t,,. Az denotes the extra constant load 65 the body

can endure along with a predefined cyclic load 6§ (t,,) before it starts ratcheting. For the fixed

displacement field, LMM then produces a sequence of monotonically reducing upper bounds

that converges to the least upper bound ratchet limit.
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3.4  Extended Direct Steady Cycle Analysis

LMM has been further developed to access more complicated structural responses, which
includes a creep dwell. This development is referred to as extended Direct Steady Cycle
Analysis (eDSCA). A minimization process I(£f;) = Y-, I' was proposed by Chen et al. in
[7-8] to calculate the steady-state cyclic response of a body subjected to an arbitrary cyclic

load history, where L is the total number of loading instances and &f; is the kinematic

ij
admissible strain rate. For the defined minimization function, an incremental form is proposed:

Il(Aeilj) = f{o-ilegilj - [61'1]'(151) + Pfj(tl)]Agilj}dV (3-12)
v

where As is strain increment and pl () is the residual stress, which is the sum of previous
changing residual stress field increment pi ;(t,) and constant part of the changing residual

stress p;j. In an iterative manner, As is calculated by minimizing the function in Equation.

(3-12). Assuming / is the number of load instances considered, and & is the number of sub-
cycles required to reach convergence. The residual stress and inelastic strain are calculated
based on the elastic stress and the previous accumulated residual stresses at each increment.

For the load instance t; during the loading cycle, Ag;j 41 (t;) is calculated by:

A5ij,k+1(tl)_ [Ul] (tl) + pl] k+1(tl 1) + Apl} k+1(tl)] (3'13)

2()

where [ is the iterative shear modulus, g;; is the associated elastic solution, p;j k41 (t;—1) is
the prior changing residual stress history and Ap;;j 41 (t;) is the current changing residual

stress associated with that inelastic strain increment. When creep is considered for the load

cases, the equivalent creep strain increment is calculated by:

B(n— DAt™ (6, — G,)

(ﬁ 65“1 1)(’”“) (3-14)

AgC =
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1
_ e" \n
o, = ( BA tm) (3-15)
.. AF(m+1) gt 1 1
A& ( ) o (_ __ _1> (3.16)
At (n—1) (6s —a) \g2™t  a&f

where B, m and n are the creep constants of the material, &, represents the creep flow stress,
and it is defined as the sum of the start of dwell stress, a5 and the residual stress Ap;; k41 (£,
during the dwell period. Equation (3-15) is used to calculate &, and Equation. (3-16) is in-turn
used to calculate £F, which is the creep strain rate. The next step involves calculating the
residual stress and iterative shear modulus at each increment using the linear solutions

previously calculated. The below equation is used for it:

_ _ ol (x,t)
i1 (x, t) =ty (x, t;) = YLk

0(3ij(X,tz)+pirj(x,tl)k) (3-17)

where fix.,(x,t;) is the iterative shear modulus at the sub-cycle k for 1™ load
instance. aj?(x, t)x Is either the iterative von-Mises yield stress for the material model

considered at load instance t; or the creep flow stress &,. p;;(x, t;) is the sum of the constant

residual stress field and all previous changing residual stresses at load instance t;.
3.5  Modification for the inclusion of weldments

Welded structures have regions with different material properties. For better results it is only
reasonable to assign different material and creep properties to each of the regions. In order to
achieve this, during the model creation stage within Abaqus, each zone is identified and the
section names are provided according. The subroutine is enhanced to identify each region and
assign the properties as per the region. The material and creep properties are then used within
the analysis depending on the region it is called for. The same logic is applied to calculate the
fatigue and creep damage at different regions by providing different fatigue and creep damage
calculation parameters. It should be noted that this modification is to facilitate the use of
temperature dependent parameters, as temperature independent parameters can be directly

assigned within Abaqus CAE.
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3.6 Chapter summary

The LMM is a numerical methodology that was pioneered by Chen and Ponter in the early
2000s [72], [76]-[78]. Initially, the procedure dealt with limit and shakedown analysis, over
the years it has been developed to include ratchet analysis and more recently the eDSCA
analysis. The numerical procedures for the shakedown analysis, ratchet analysis and the
eDSCA are comprehensively presented in the chapter. The shakedown and ratchet analysis
helps in creating the shakedown-ratchet interaction boundary which with inelastic analysis
would require innumerable trial and error runs. The eDSCA calculates the steady-state cyclic

response considering the full creep-cyclic plasticity.

Compared to traditional inelastic methods, LMM requires very less computational resources.
The LMM has the flexibility to be coupled with rule-based codes such as R5, ASME or RCC-
MR to assess the creep-fatigue damage and predict the safe life. Further, LMM has the capacity
to analyse multi-material structures which makes it an effective tool for MMCs and welded
structures. The limit and shakedown analysis of the LMM subroutine has already been
consolidated into the R5 research program of EDF Energy to the commercial standard and has
acknowledged internally that the start of dwell stress, elastic follow-up factor and strain range
values provided by the LMM is potentially more accurate than the ones calculated following
the R5 sequence. LMM has progressed much further compared to other direct methods, though
it still has areas for improvement such as the implementation of strain hardening law for creep

strain analysis.
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4.1 Introduction

Ratcheting and low cycle fatigue are failure mechanisms observed in components subjected to
cyclic temperature and mechanical loads. Ratcheting is a global failure mechanism which
leads to an incremental plastic collapse of the component whereas low cycle fatigue is a
localized mechanism which leads to crack initiation which is exacerbated by grooves, notches
and changes in the geometry of the component. To estimate the remaining life of the
component and predict its failure mechanism, it is important to understand how it responds to

various combinations of cyclic loads.

Welded pipes used in many industries are exposed to both cyclic thermal and mechanical
loads. It has been of interest to study the variations in the reverse plasticity and ratchet limits
of welded pipes. This is because welds are sites of geometric irregularities in the form of joint
configurations which leads to local stress concentration that affects the life of the pipe, and
because of the different microstructure and material composition within the weldment region
that causes a variation in their strength [79]. The presence of temperature difference between
the inner and outer surface of the pipe leads to an uneven expansion/contraction within the
pipe, this leads to additional stress. If the temperature difference occurs in a short interval of
time, this can lead to thermal shock. Structures subjected to repeated thermal shocks may
experience incremental crack growth [80]. Thermal shocks are generally a result of some
abnormality in the working condition. A typical example of thermal shock is when emergency
core cooling water is injected into the reactor coolant system resulting in a sharp change in the
temperature across the thickness of the vessel wall [81]. In case of weldments the ductility and
brittleness of the HAZ and WM are different compared to the PM, leading to local brittle zones

which may lead to crack initiation from these regions.

This chapter includes investigation of the ratchet limit and the plastic strain range, which is
associated with the low cycle fatigue, of a circumferential butt-welded pipe by using the ratchet
analysis method which includes the DSCA within the LMM. The obtained results are verified

by the full incremental cyclic analyses using Abaqus step-by-step method. The pipe is
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subjected to a constant internal pressure and a cyclic thermal load. The investigation is carried
out by varying 1) material properties of the WM; 2) ratio of inner radius to wall thickness; 3)
weld geometry.

The finite element model of the welded pipe, geometry, material properties and applied
boundary conditions are presented in Section 4.2. Section 4.3 provides a comprehensive
parametric study on the influence of material and geometric properties on the ratchet limit and
plastic strain range of the welded pipe. Section 4.4 presents the creation of a limit load
envelope that can be used for designing purposes. Section 4.5 is the final section in this chapter

where the summary is presented.

4.2  Pipe geometry and material properties

The pipe geometry considered is a circumferentially welded pipe, which includes a single V
butt weld with V root. It is subjected to a constant internal pressure and a cyclic thermal load.
The weldment comprises of three zones; 1) the PM, 2) the WM and 3) the HAZ. It is assumed
that all the three zones exhibit EPP material properties and that they satisfy the von Mises
yield condition. An EPP model is opted as they provide conservative results with respect to
the ratcheting mechanism with the use of minimal material parameters. The welding induced
residual stress in the pipe is considered to be zero due to the post-weld heat treatment (PWHT).
Pipe geometry is shown in Figure 4-1 (a) and its dimensions are presented in Table 4-1. The
yield stress is considered to be temperature-dependent. Material properties for baseline
calculations are indicated in Table 4-2 [80], [82]. The values for thermal conductivity, k, and
Poisson’s ratio, v, are considered to be the same for all three zones. Due to the limited
availability of material properties for HAZ, they are assumed to be the average of PM and WM

for this study.

An axisymmetric model is used for the analysis, as shown in Figure 4-1 (b), with the symmetric
condition applied in the axial direction. The end of pipe is constrained to remain in-plane
thereby simulating expansion of the pipe. An axial tension (Equation )) is applied to simulate

the closed-end condition of the pipe.
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Centre-line of the pipe

a) b)
Figure 4-1 a) Butt-welded pipe geometry with principal geometrical parameters. b) Boundary

condition and the load applied to the welded pipe; ¢) Mesh used for FEA.
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It is assumed that the outside temperature of the pipe is 8, and the operating temperature of
the fluid in the pipe varies between the outer temperature and a higher value, 8, + A6. The
applied cyclic thermal loading can be constructed by three thermal stress extremes: i) a thermal
stress field produced by a linear temperature gradient through the wall thickness; ii) a thermal
stress field occurring at the highest uniform temperature due to the different coefficient of
thermal expansion and Young’s modulus between the PM, HAZ and WM; and iii) a zero
thermal stress field simulating a uniform ambient temperature. Considering 6, equal to zero,
the maximum effective elastic thermal stresses for the three extremes can be determined by
the maximum temperature difference A8. This will allow concentration specifically on the
effect of the thermal gradient. Hence, the thermal load history can be characterized by Af.
CAXB8R 8-node biquadratic axisymmetric quadrilateral elements with reduced integration are
used for structural analysis and DCAX8 8-node quadratic axisymmetric heat transfer
quadrilateral elements with reduced integration are used for the heat transfer analysis.

Table 4-1 Pipe dimensions for V-butt welded pipe.

L(mm) R;(mm) t(mm) e (mm) e(mm) b(mm) c(mm) a(®) L)

1000 300 40 25 4.5 3 2 63 10
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Table 4-2 Temperature independent material parameters for V-butt welded pipe.

E;M(GPa) EJA%2(GPa) E}M(GPa) k(Wm~1t°C™1)
200 220 240 15
aPM(X 10'5°C'1) aHAZ(X 10'5°C_1) aWM(x 10'5°C'1) v
3.8 3.7 3.6 0.3

Table 4-3 Temperature-dependent yield stress for V-butt welded pipe.
<20°C 200°C 400°C 600°C
oM (MPa) 230 184 132 105
oy/42(MPa) 345 2755 198 157
oy’M(MPa) 460 367 264 209

4.3  Parametric study

The parametric study is conducted to investigate the effects of 1) material properties such as
the coefficient of thermal expansion of WM (a™), Young’s modulus of WM (EW™), the
yield stress of WM (031;1/1\4); 2) weld geometry, and 3) ratio of inner radius to wall thickness
(R;/t) on the ratchet limit and the plastic strain range. It is generally convenient to work with
plots that have a dimensionless set of ordinate and abscissa. The plots used for the ratchet limit
discussions have a normalized internal pressure, p/p, and a normalized temperature range,
A6 /A8, as their ordinate and abscissa. pq =23 MPa and A6, = 50 °C are the reference internal

pressure and cyclic temperature range respectively.

Figure 4-2 shows the shakedown and ratchet limit interaction curve for the baseline model
considered in this study. S stands for the shakedown region, P indicates reverse plasticity
region and R is the ratcheting region. The shakedown and ratchet limit curves are generated
using the LMM procedures introduced in Section 3.2 and Section 3.3. The first step for both
the process is to generate the elastic stress solutions for all the load extremes, in this case due
to the thermal gradient and the mechanical load, and the temperature field. The next step is to
define the loading history. Once this is done, the shakedown limit and ratchet limit multipliers
may be produced using the LMM subroutine by running a series of analysis for various

combinations of the loads. It should be noted that each of the above calculation will produce
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a point on the shakedown or ratchet limit curve and hence a series of analysis is required to
construct the complete shakedown-ratchet interaction curves. The thermal field applied is used

to modify the temperature dependent properties such as the yield stress and Young’s modulus.

Plastic strain range investigation using DSCA is done for two pressure references, p/py,= 0
(only cyclic temperature load) and p/py= 0.25. This is selected as for most cases analysed,
they are well within the P region, and provide grounds for better comparison. The load points

for plastic strain range analysis are indicated in Figure 4-2.
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Figure 4-2 Shakedown - ratchet limit interaction curve and load points adopted for plastic

strain analysis.
4.3.1 Influence of material properties ofhe weldment
4.3.1.1 Effect of coefficient ofthermal expansionof WM, a"™
In increments of 0.2 x 10°, a"™ is increased from 3.2 x 10 to 4.6 x 10®°. Figure 4-3 shows
the ratchet limit curve of the welded pipe for varying values of «™, it can be seen that they

exhibit a typical Bree-like diagram. As ratcheting is a global mechanism, the coefficient of

thermal expansion, which only has a localized effect, does not affect the ratchet limit.
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Figure 4-4 indicates the variation of plastic strain range with increasing ™. It can be
observed that the presence of an additional mechanical load has only a minimal effect on the
plastic strain range of the pipe. At lower cyclic temperature load, the presence of mechanical
load does not affect the plastic strain range values, whereas at higher cyclic temperature loads
a slight increase in the plastic strain range is observed. The plastic strain range decreases to a
minimum value as "™ is increased after which it remains constant with and without the
presence of an additional mechanical load. In all cases analysed the plastic strain range values
were maximum at the PM-HAZ interface towards the inner side of the pipe. Also, it should be
noted that for the same miss-match factor the plastic strain range is greater at higher

temperatures.

AG aM = 304 + "M = 3040 % "M = 3pec 4 a"M =13/8
4] %
a"M =4 - a"M = 421 e a"M = 40471+ "M = 406
3.5 -
3 4

2.5 \

. AN

N

| NG

0 0.5 1 1.5

Figure 4-3 Ratcheting curves of the welded pipe for varying a"M.
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Figure 4-4 Comparison of plastic strain range for ™, with and without mechanical load.

4.3.1.2 Effect of Younds modulusof WM, EWM

Young’s modulus of the WM, EWM is varied from 80 GPa to 560 GPa, in increments of 80
GPa. Figure 4-5 shows the ratchet limit curves obtained, they are congruent and exhibit Bree-
like diagram. As reflected in Figure 4-5, the Young’s modulus of the WM does not influence
the ratcheting curve or the limit load. This is because, as mentioned in the previous subsection,
ratcheting is a global mechanism and the Young’s modulus has a localized effect only.
Furthermore, the yield stress of the WM is twice that of the PM due to which ratcheting occurs

in the PM region within the ranges adopted for this study.

Variation of the plastic strain range with increasing EY™ is presented in Figure 4-6. The
plastic strain accumulation is concentrated at the HAZ-PM interface in all the cases. For
EWM /EPM > (.8 yielding is observed within the WM also which reduces the constraint it
imposes at the HAZ-PM interface leading to a nearly constant plastic strain range. The
converse is observed for EWM /EPM < (0.8, with the WM experiencing stress well within its
yield stress and enhances the constraint it imposes at the HAZ-PM, resulting in a much larger
plastic strain range. It is particularly interesting to note that the plastic strain range with and

without mechanical load is almost the same for a particular cyclic thermal load. Figure 4-7
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presents the stress contours of the elastic analysis done on the welded pipe, with EW™= 560
GPa, for only pressure load, only temperature load A6/A8,=2 (100 °C) and A6/A6,=4
(200 °C) and combination of both mechanical and temperature load. It is evident from them
that the stress due to pressure alone re-distributes in the presence of the thermal stress causing
the resultant stress to be similar to that of thermal stress alone. Thereby resulting in similar
maximum plastic strain range values. Similar results were observed for all other values of
EWM undertaken in this study. Ideally, the Young’s modulus of the PM and WM must be
similar or have their ratio close to one. This reduces the stress concentration at the weldment

region due to the material mismatch.
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Figure 4-5 Ratcheting curves of the welded pipe for varying EWM.
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Figure 4-6 Comparison of plastic strain range for varying E"™, with and without mechanical

load.
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Figure 4-7 Stress contours for elastic analysis; a) Due to internal pipe pressure; b) Due to cyclic
temperature load, 100 °C c) Due to cyclic temperature load, 200 °C; d) Due to combined load of
internal pipe pressure and cyclic temperature load of 100 °C; e¢) Due to a combined load of

internal pipe pressure and cyclic temperature load of 200 °C.
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4.3.1.3 Effect of yield stressf WM, o)™

The yield stress of WM, 0}1;1/1\4, was varied from 115 to 460 MPa. Figure 4-8 shows the ratchet
limit interaction curves obtained. When a,"" /af™ > 1, ratchet limit curves obtained are
similar to Bree’s like diagram and they superimpose each other. Ratcheting in these cases
occurs in the PM. Analysis of limit load and ratchet limit curves at lower a}j‘”‘” values of 23

MPa, 46 MPa, and 69 MPa are done as special cases, represented in Figure 4-8.

When )™ /a/™ < 1, the ratchet limit curve intersects the y-axis as the temperature is
increased with ratcheting occurring in the WM region. The intersection of the ratchet curve on
the y-axis indicates that the pipe experiences thermal ratcheting. At such low yield stress of
the WM, the stress due to the thermal load, which is enhanced by the difference in the
coefficient of thermal expansion of WM and HAZ and the stress due to the weld geometry is
very high, and this may lead to ratcheting within the WM. To deeply understand the
mechanism and validate the ratchet limit curves obtained from LMM, cyclic load conditions
as indicated by the points Al, A2, A3, and A4 in Figure 4-8 and described in Table 4-4 are
analysed by Abaqus step-by-step analysis. They are cyclic load points chosen with respect to
oy’M= 142 MPa. The results obtained are in agreement with the result from LMM analysis.
The obtained histories of plastic strain magnitude, PEMAG, are given in Figure 4-9. Cyclic
load points, A1 and A2 which are above the ratchet limit curve predicted by LMM exhibit
ratcheting behaviour while cyclic load points, A3 and A4 which are below the ratchet limit
curve exhibit global shakedown behaviour. For load points A1 and A2, the strain increment is
around 25-30% in 20 cycles (40 steps). While for A3 and A4 the strain rates stabilise indicating
that they are under global shakedown. Thus, we can confirm the ratcheting limit curves
obtained by LMM.
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Figure 4-8 Ratcheting curves of the welded pipe for varying o} "

Table 4-4 Cyclic load points analysed using step by step analysis.

Load Case oy’™ (MPa) P/Do AB /A6,
Al 142 0 25
A2 142 0.2 25
A3 142 0 15
A4 142 0.2 15
04 - 0.14 -
0.35 0.12 4
0.3 A 01 4
0.25 0.08
o 0.
% 0.2 4 %
& 006 1 —A4-A3
0.15 A
01 | ~A1-A2 0.04 4
0.05 4 0.02
0 T v T r \ 0 T T v \
0 10 20 30 40 50 0 200 400 600 800
STEPS STEPS
a) b)

Figure 4-9 History of plastic strain for the cyclic load point evaluated by step-by-step analysis a)
for A1 and A2; b) A3 and A4.
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The limit load for )™ /o™ > 1 is constant. For o""= 115MPa, only a slight reduction is
observed in the limit load. This is because, at limit load, all the different material zones reach
their respective yield stress (Figure 4-10 (a)), which results in only a slight reduction of limit
load. Whereas for lower ;"™ values of 23, 46, and 69 MPa, the limit load significantly
reduces with stress concentration in the WM region and the maximum strain region occurring
at the HAZ-WM metal interface, Figure 4-10 (b).

Steady state effective stress Effective strain increment

Figure 4-10 a) At limit load, both the PM and WM have attained their respective yield stress for

oy’ =115 MPa; b) The maximum strain region at limit load for o}/"=115 MPa.

For cr)‘j"M/ajf’M < 1, a strict Bree like diagram is not obtained and so the load points chosen
for the plastic strain range analysis differ from the ones mentioned in Section 4.3. Figure 4-11
indicates the shakedown and ratchet limit curve for o= 115 MPaand ;"= 142 MPa along
with the load points analysed for the the plastic strain range study. Figure 4-12 shows the
variation of plastic strain range for 07" /af™ < 1, it is plotted with plastic strain range as the
ordinate and A6 /A6, as the abscissa. It is observed that for the particular cyclic load case
analysed, the thermal load always dominates the internal pressure load and the plastic strain
range remains the same with or without the mechanical load. Also, the plastic strain range

increases with an increase in temperature.
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Figure 4-11 Shakedown limit curve, ratchet limit curve and load points analysed for fatigue

study; a) For 63 ™= 115 MPa; b) For o} M= 142 MPa.
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Figure 4-12 Variation of plastic strain range for a%" /abM < 1.

Figure 4-13 gives the variation of plastic strain range with increasing a}"’M for cr}'”‘”’/aﬁ”’ >1.

It is interesting to note that for a defined cyclic temperature load the plastic strain range

decreases to reach a minimum, after which it attains a constant value.
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Figure 4-13 Variation of plastic strain range for ¢/ /a7 > 1, with and without mechanical

load.

4.3.2 Influence of weld geometry

Five weld parameters b, ¢, e, a and g are individually varied to investigate the influence of
weld geometry on ratcheting curve. They are varied as; b = 2, 3,5 (mm); ¢ =2, 3, 4 (mm); e
=45,6.5,8.5 (mm), a =43, 53, 63 (°) and 8 = 8, 10, 16 (°). Figure 4-14 shows the effect of
the above parameters on the ratchet limit, they do not influence the ratchet limit curve. Hence,
it can be concluded that for the range considered in this study, the weld geometry does not
affect the ratchet curve.
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Figure 4-14 Ratcheting curves of the welded pipe for varying geometric parameters.

Figure 4-15 shows the variation of plastic strain range for different geometric parameters
considered in this study. It can be seen that at lower temperatures the plastic strain range for
all the parameters is similar, but as the temperature increases, there is an increase in the plastic
strain range. The parameter 8 causes the maximum variation in plastic strain range with an

increase in temperature.

0.01 4 oh =43 3 h=53% 3
0.009 1 1=8 =1a
xe=6.5 e=85

0.008 - +b=2 +b=5 p
|(-IDJ 4Cc=3 ]’
 0.007 - /
< #
@ &
b i P
s 0.006 y
= .I’
% 0.005 - E,
0 f4
% 0.004 7
- 4
o

0.003 -

0.002 - /

0.001 - A8

/ 28,
0 T - T T T 1

0 1 2 3 4 5

Figure 4-15 Variation of plastic strain range for varying geometric parameters.
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4.3.3 Influence ofratio of inner radius to wall thicknessRi/t

The effect of inner radius, R;, to wall thickness, t, ratio (R;/t) on the ratchet limit is
investigated in this sub-section. The inner radius is varied from 40 mm to 600 mm and the
thickness of the pipe is maintained at a constant value of 40 mm. The ratchet limit curves
obtained are presented in Figure 4-16. For all R;/t ratios, a typical Bree-like diagram is
obtained. Increase in the R;/t ratio decreases the limit load. This is because the increase in
radii results in a larger area for pressure loading. The resultant high hoop and axial stresses
lead to a reduced limit load and an overall movement of the ratchet limit curve towards the y-
axis. It is also observed that the slope of the ratchet curve increases with an increase in the

ratio of inner radius to wall thickness.

Figure 4-17, shows the effect of varying R;/t on the plastic strain range for different cyclic
temperature loads, with and without mechanical load. Compared to previous sections, the
plastic strain range analysis with mechanical load is done for p/p, = 0.1. This is because
p/po = 0.25 would limit the comparison studies as for R;/t > 10, the body would exhibit
ratcheting behaviour at higher temperatures as evident from Figure 4-16. The variation of
plastic strain range with and without mechanical load is minimal for a particular cyclic thermal
load. This can be explained by the really high stress that is produced by the thermal shock
occurring between the internal and external faces of the pipe. It can also be seen from Figure
4-17 that for a given cyclic thermal load, plastic strain range decrease as we go from a thick
pipe to a thin pipe configuration. This is because the thick pipe which has a smaller surface
area experiences higher stress due to the cyclic temperature load compared to the thin pipes

which result in lower plastic strain range.
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Figure 4-16 Ratcheting curves of the welded pipe for varying R;/t ratio, at constant ¢ = 40 mm.
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Figure 4-17 Plastic strain range for varying R;/t, with and without mechanical load.

4.4  Creation of limit load envelope and further discussions

In the previous subsection, the results show how various material properties, weld geometry,

and the ratio of inner radius to wall thickness affect the ratchet limit and the plastic strain range

of the pipe. Of which, R;/t and aj‘f"M are parameters that influence the ratchet limit curve and

limit load the most. Whereas the coefficient of thermal expansion, Young’s modulus and weld
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geometry have minimal or no effect on the ratcheting limit curves for the range considered in
the study. The limit loads obtained in Section 4.3.1.3 and Section 4.3.3 are normalized to the
limit load of a pure PM pipe and replotted in Figure 4-18. The trend line fitted to the data gives
the functions in Equations (4-2) and (4-3).
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Figure 4-18 a) The effect of @}/ on the limit loads b) The effect of R;/t on the limit loads.
2.9515r + 0.0398, 01<r<03
= 0.1041r + 0.9123, 03<r<1 (4-2)
PM 1, 1<r<?2
[
—— = 5.754h~0877 (4-3)
PM

where Ipy, is the limit load of a pure PM pipe, r = g, /o;™ and h = R;/t. Equation (4-3)

is similar to the function obtained by Li et al. in [83] for a similar welded pipe.

For all the parametric study undertaken, the plastic strain range increases with an increase in
the cyclic temperature load signifying a decrease in the LCF life of the pipe. The most
prominent area for LCF failure is the PM-HAZ interface for the base model in this case study.
The critical locations are indicated in Figure 4-19 (a) (highlighted by red circles and ordered
for decreasing severity). Figure 4-19 (b) represents the hysteresis loop with increasing cyclic
thermal load for location 1. Figure 4-19 (c) represents the hysteresis loop, with and without

mechanical load for a cyclic thermal load of 150 °C. The mechanical load has minimal
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influence on the plastic strain range. This is because the stress produced by the thermal
gradient due to the thermal shock is really high. By analyzing the shape and magnitude of the
total strain range in location 1, a circumferential crack can be expected to start.
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Figure 4-19 (a) Critical location for LCF failure; (b) Hysteresis loop with increasing cyclic
temperature load for location 1; (c) Hysteresis loop with and without mechanical load for a

cyclic thermal load of 150 °C.
45  Chapter summary
The ratchet limit analysis and cyclic response assessment of a welded pipe subjected to a
constant pressure and a cyclic temperature load under various conditions are studied using the
LMM and the main observation made are:
1. The coefficient of thermal expansion of the WM, Young’s modulus of the WM and

weld geometry have a localised effect only hence they do not affect the ratchet limit

curves for the material properties and range considered in the study.
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2. For lower oj‘j" M pipe experiences thermal ratcheting and in these cases the secondary
load is more prominent. The ratcheting curve sharply intersects the y-axis with an

increase in temperature.

3. Theincrease in the ratio of inner radius to pipe thickness leads to larger hoop and axial
stress, and result in a decrease in the limit load. Further they shift the ratchet limit

curve such that is reduces the reverse plasticity region.

4. Though many factors such as ductility etc, influence the failure region, based on the
deformation analysis alone done it is expected that the failure occurs either in the WM

region, for lower o}, or at the WM-HAZ interface.

5. A safety limit envelope is created and empirical formulas are derived for designing
any welded pipe within the considered range.

The study demonstrates that cyclic thermal load due to the thermal gradient plays a crucial
role compared to the internal pressure in determining the LCF life of the pipe and may lead to
thermal ratcheting in extreme cases. For nuclear power plants where the temperature build-up
is in a controlled manner a thermal shock is not expected unless in the event of a malfunction
or accident. Nevertheless, in case the piping system is exposed to a large thermal gradient due
to an abnormal function, it will also affect the creep damage mechanism during any subsequent
dwell. This is explored in the case study presented in the subsequent chapter. Moreover, with
the rise of hybrid power plants which uses more than one type of energy source, frequent start-
ups and shut-downs are expected with the piping system exposed to frequent thermal gradients

and such damage mechanisms becoming more prominent.
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51 Introduction

Connectors such as elbows and flanges are an integral part of piping systems and welding is
the only practical joining process to place them within the piping system. Their performance
in terms of structural integrity is very important [84][85]. The previous generation of power
plants used a single source of energy and operated for longer duration at sustained loads. With
the development in the field of renewable energy, power plants are expected to accommodate
flexible modes of operation which will have frequent start-ups and shut-downs, thereby

subjecting the piping system to severe loading conditions.

Both the fatigue and creep resistance of a structure is influenced by a weldment. The extent to
which they are altered depends on the geometry and loading condition [86]. Three numerical
cases studies are presented in this chapter with each case study dealing with different facets of
the fatigue and creep damage in welded structures. The difference in the material
characteristics within the weldment region causes a stress raiser on the application of any load.
This is even more profound during the application of a thermal load if there is a difference in
the coefficient of thermal expansion. When subjected to cyclic thermal loads the structure
often experiences reverse plasticity [87]. In such cases the presence of a weld will largely
impact its fatigue tolerance. Hence the first case study presented is of a welded elbow which
investigates the effect of various complex loading combinations of internal pressure, bending
moment (BM) and thermal load on its fatigue life and compares it to that of a single material
elbow. Compared to homogenous temperature build up, the presence of a large thermal
gradient during loading will induce considerable stress. In addition to the effect on fatigue
damage, such loading instances will have a detrimental effect on the creep damage too [80].
The presence of welds only enhances the severity. Hence, the second case study deals with the
effect of initial thermal loading on the creep damage of a dissimilar welded flange (DWF) and
provides a comparison between the DE and TF approaches. Welds also induce multi-axial
stress within the component which significantly alters the damage evolution compared to

uniaxial stress, and leads to different regions experiencing predominantly tensile or
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compressive stress. It is critical to identify them especially during a creep dwell as the damage
mechanism at compressive and tensile dominant regions are different. The third case study
deals with the effect of multiaxial and compressive stress on the creep damage of a welded
pipe. The creep damage calculation as recommended by both the RCC-MR and ASME are
also presented.

Based on the case studies, the chapter is broadly divided into three sections. Each of them
includes a brief introduction followed by details of the geometry, boundary conditions and
material properties. For the case studies dealing with creep, further discussions on the creep
damage model considered are also presented. Finally, Section 5.5 provides a summary of the

chapter.

5.2  Case study 1: Low cycle fatigue of welded elbows under cyclic loading

To satisfy the load demands and maximise profits at the same time within the power industry,
the power plants are cycled on an everyday basis [88]. This leads to significant fatigue damage.
A typical elbow is subjected to pipe pressure, BM, thermal load or a combination of them.
Considerable literature focused on the response of elbows under monotonic and cyclic loading
conditions are available. However they do not consider the effect of the weldment on the LCF
life of elbows under a complex combination of cyclic loads or are usually limited to room

temperature studies.

Due to the excellent material properties such as a low coefficient of thermal expansion and
higher weldability, P91 is among the preferred materials within power plants for the piping
system. Nevertheless, failures are generally in the weldment region [89]. Studies within this
section aim at investigating the LCF life and damage of a P91 welded elbow subjected to

various cyclic load combinations.

5.2.1 Pipe geometry and material properties

The geometry of the welded elbow with two straight pipes is shown in Figure 5-1. The pipe
dimensions correspond to a standard pipe size of 10 inches and schedule 80. The key

dimensional parameters are presented in Table 5-1. C3D20R quadratic hexahedral elements

are used for the structure analysis and DC3D20 quadratic hexahedral elements are used for the
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heat transfer analysis. Following a mesh refinement study, the configuration of the welded
elbow was meshed with 7, 425 elements.

-
M
Y
PM
5 I y  WHAZ A
le—— WM
a) b) ;

Figure 5-1 a) Geometry of the elbow with key parameters; b) Representation of the different

Zones.

Table 5-1 Key dimensions of the welded elbow.

D (mm) R (mm) t(mm)

263 381 40

The weldment comprises of three zones; 1) the PM, 2) the WM and 3) the HAZ. The cyclic

stress-strain behaviour of the zones is modelled using the RO relationship defined as:

1
E _ E N (AO’ )ﬁRo (5-1)
2 2E \Bpgo

where A€/, is the total strain amplitude, Ao is the total stress range, Bro and B, are material
2 p

parameters. The material properties of the weldment are largely obtained from the work
presented by Farragher T.P et al. in [89] with reasonable interpolation for temperature
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dependence. The key material properties are listed in Table 5-2. Considering the symmetry of
the geometry, a 3-D half geometry model is used for the analysis within Abaqus. A symmetric
boundary condition is applied on the x-y plane of the elbow. The bottom face is constrained
using kinematic coupling allowing all motions of the nodes except the expansion/contraction
in the axial direction. Plane end condition is applied on the free end of the pipe allowing it to
expand in-plane along the length simulating thermal expansion of the structure.

The cyclic loads considered include an internal pressure, BM and thermal load. The pressure
is applied to the inner surface of the connection. As a closed-end condition is considered, an
equivalent axial tension is applied on the free end of the straight pipe section to replicate the
axial stress. The pressure applied is normalised and restricted to 0.8 times the limit pressure
(calculated as Equation (5-2)). The cyclic in-plane opening BM is obtained by imposing a
clockwise moment about the z-axis. As a half model is used for the analysis, half moment for
the entire structure is taken. The BM applied is normalised and restricted to 0.8 times the limit
BM (calculated as Equation (5-3)). The pressure and BM are limited as such to provide the
basis for reasonable discussions on various damage mechanisms else, the mechanism restricts

to ratcheting alone.

2
P, = 7 (20,t/D) (5-2)

M, = 0,D%t (5-3)

Table 5-2 Key material properties of the welded elbow.

PM HAZ WM
Temp () 0 |500 0 [500 0 |500
o, (MPa) 245|175 263 | 169 259 | 185

R.O. Constant-Br, 934 | 467 910 | 455 1178 | 589

R.O. Constant-Bz,  0.068 0.049 0.066
E(GPa) 175 161 195

The Manson-Coffin-Basquin equation is used for the construction of the fatigue curve and the

subsequent damage calculations.

75



Chapter 5 Fatigue and creep damage of welded connectors and joints

Ae  Ae, Ag, Of b - c
7—74‘7—7(21\#) +£f (ZNf)

(5-4)

where a]ﬁ is the fatigue strength coefficient, b is the fatigue strength exponent, e} is the fatigue
ductility coefficient and c is the fatigue ductility exponent. The same EN curve is used for all
the three zones due to limited data available for the HAZ and WM zones. To account for any
uncertainty, the fatigue curve for a temperature higher (550 °C) than the maximum considered
temperature is used. The values for the PM material are obtained from [90] as 0)5 = 454.61

MPa; b =—0.05036; c = — 0.48108; and 8; =0.12091.

5.2.2 Resuts for high-temperature fatigug isothermaland nortisothermal loading

Before imposing complex loading conditions, the effect of isothermal and non-isothermal
thermal loading is investigated. A cyclic isothermal temperature of 500 °C is applied
throughout the cross-section of the connection. The loading cycle is presented in Figure 5-2
(a). The von Mises stress during loading and unloading is shown in Figure 5-2 (b). It can be
observed that due to the difference in the coefficient of thermal expansion of the three zones,
stress is concentrated within the weldment region during both the loading and unloading
instances. Maximum stress accumulation is observed within the HAZ and the most critical
location is at the interface between the HAZ and PM. For a single material elbow only a
nominal stress accumulation will be observed within the elbow due to the isothermal loading.
In traditional power plants, this loading condition is considered as the normal operating
condition wherein no thermal gradient is observed. Maintaining this loading condition for a
substantial amount of time will lead to the introduction of creep damage, which is discussed

in the subsequent sections.
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Figure 5-2 a) The loading cycle; b) Contours for von Mises stress history for isothermal loading

and unloading.

For the non-isothermal loading, a high thermal gradient through the wall thickness of the elbow
is considered with a temperature of 500 °C at the inside surface and 0 °C at the outside surface.
The thermal gradient is cycled from zero to a maximum and back to zero over the time step.
This is the most severe thermal loading condition during start-up. When the thermal gradient
is imposed on the elbow, the results are quite different. During the loading cycle, the
temperature at the inner surface of the component is higher compared to the outer surface. This
results in larger stress accumulation at the outer side of the component, which is further
exacerbated by the presence of the weldment, and larger plastic strain accumulation at the
inner side of the component, due to the temperature-dependent material properties used.
During the unloading phase, maximum stress accumulation is observed within the HAZ zone

at the inner side.

Both the thermal loading conditions lead to different responses. They are presented in Figure
5-3. For the isothermal case, damage accumulation is only within the weldment region with
the failure expected at the PM-HAZ interface. The total number of cycles is estimated to be
7250. On the other hand, the thermal gradient causes damage accumulation consistently
throughout the structure but is exacerbated by the presence of weldment. The expected failure
location shifts to the WM-HAZ interface. In this case, the number of cycles is reduced to 1010
cycles, which is only 1/7 times the former scenario. It is evident that the non-isothermal

loading has a much more detrimental effect on the life of the components and this has been
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observed in power plant components subject to severe thermal loads [26]. Only the non-
isothermal loading condition is considered further for load combinations.

Fatigue damage Fatigue damage
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Figure 5-3 Failure mechanism a) isothermal; and b) non-isothermal loading.

5.2.3 Results foronly pressureand only BM

Figure 5-4 presents the elastic solutions for pressure and BM loads. The pressure causes high

stress at the intrados of the bend and the BM causes high stress at the crown.

S, Mises Field-1, Mises

(Avg: 75%) (Avg: 75%)
+2.534e+02 +3.043e+02
+2.386e+02 +2.790e+02
+2.238e+02 +2.536e+02
+2.091e+02 +2.283e+02
+1.943e+02 +2.030e+02
+1.795e+02 —+ +1.777e+02
+1.647e+402 —+- +1.524e+02
+1.500e+02 +1.270e+02
+1.352e+02 +1.017e+02
+1.204e+02 +7.640e+01
+1.057e+02 +5.108e+01
+9.090e+01 +2.575e+01
+7.613e+01 +4.336e-01

a) b)

Figure 5-4 Elastic stress solutions for a) pressure; b) BM loads.

The damage mechanism for pressure only and BM only loads are quite different, though the
presence of weldment has no effect. In both cases, the response is similar to that of a single
PM material elbow. The fatigue damage distribution for both cases are presented in Figure
5-5. For cyclic BM loading, the maximum damage is spread in the middle of the bend at the
crown region. With cyclic pressure, the maximum damage is at the intrados. Though maximum
damage is confined in this region, certain damage is observed to spread away from the

curvature along the straight pipe.
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SDV173
(Avg: 75%)

SDV173
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+2.429-04

-1.311e-05

a) b)

Figure 5-5 Contours for fatigue damage a) cyclic BM only; b) cyclic pressure only.

5.2.4 Results for BM and thermal gradient loading condition

The fatigue damage contour for in-phase (IP) BM and the thermal load is presented in Figure
5-6 (a). We can see that the weldment region has a damage accumulation, Ny=394, which is
comparable with the damage accumulated at the crown, Ny=440. For out of phase (OP) BM
and thermal loading condition, the damage accumulation at the middle of the bend at the crown
is reduced and the damage is confined at the weldment region, N+=425 (Figure 5-6 (b). This is
because at the crown region the resultant stress during loading and unloading falls
considerably such that it is much lower than the yield stress of the PM. Figure 5-7 presents the
comparison of unloading von Mises stress for both IP BM and thermal loading, and OP BM
and thermal loading scenarios.

Fatigue Damage

+2.000e-03
+1.834e-03

+1.337-03
+1,171e-03
+1.005e-03

+3.417e-04
+1.758=-04
+1.000e-05
-9.836e-05

a) b)

Figure 5-6 Contours for fatigue damage a) IP bending moment and thermal load; b) OP
bending and thermal load.
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von Mises
stress

+9.000e+02
+8.250e+02
+7.500e+02
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+6.000e+02
+5.250e+02
0e +
+3.750e+02
0e +

-9.932e+01

a) b)

Figure 5-7 Contours for unloading von Mises stress a) IP BM and thermal load; b) OP BM and

thermal load.

5.2.5 Results for pressre and thermal loading condition

It is interesting to note that for IP pressure and thermal load, the elastic strain range is
comparable to the total strain range, Figure 5-8 (a & b). This indicates that the structure
experiences elastic shakedown, which means HCF rather than LCF would be the damage
mechanism in this case. Nevertheless, though elastic, high strain concentration is observed at
the weldment region with the maximum peaking at the extrados of the elbow. For the OP
pressure and thermal load, maximum damage, N+=350 is observed in the weldment region
similar to the OP BM and thermal load case, Figure 5-8 (c). However, here considerable
damage accumulation is observed throughout the inner side of the pipe along the length. This
is due to the hoop stress element of the inner pressure which has its effect throughout the length
of the pipe.
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Elastic Strain Total Strain
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Fatigue Damage
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Figure 5-8 Contours for a) Elastic strain range-1P pressure and thermal load; b) Total strain

range-1P pressure and thermal load; c¢) Fatigue damage-OP pressure and thermal load.

5.2.6 Results for BM and pressure loadingpndition

The cyclic BM and pressure in the absence of thermal load do have a critical impact on the
structural integrity of the elbow. For both IP and OP loading conditions, different damage
mechanisms are observed, though they are not within the weldment region. This is because at
ambient temperature the change in the coefficient of thermal expansion doesn't induce any
stress concentration in the weldment region. As material properties of the PM, HAZ and WM
are within comparable range, BM and pressure do not create a stress notch at the weldment.
Hence, in these loading scenarios, the behaviour of the elbow is comparable to that of a pure
PM model. In the case of IP loading condition, substantial plastic strain is accumulated during
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loading at the intrados and the crown of the elbow. This is not compensated during the
unloading phase, which leads to ratchet strain accumulation, Figure 5-9.

sDv9 5DV9 sbv47

(Avg: 75%) (Avg: 75%) (Avg: 75%)
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Figure 5-9 Contours for IP pressure and BM a) Plastic strain for loading; b) Plastic strain for

unloading; c¢) Ratchet strain per cycle.

For OP loading condition, plastic strain accumulation occurs during both loading and
unloading at the crown region of the elbow where maximum damage corresponds to N+=2000,
Figure 5-10. In the pure BM case, plastic strain accumulation was observed at the crown. The

OP pressure augments this resulting in large strain accumulation.
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Figure 5-10 Contours for OP pressure and bending moment a) Plastic strain for loading; b)

Plastic strain for unloading; ¢) Fatigue damage.
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5.2.7 Results for BM, pressure and thermal loading condition

IP cyclic pressure and BM initiated a ratcheting mechanism at the intrados of the elbow.
Applying an IP thermal load on the structure has two effects on the damage mechanisms;
firstly, the application of the thermal load decreases the yield stress, which in turn exacerbates
the ratcheting strain accumulated per cycle, Figure 5-11 (a). Secondly, LCF damage initiates
at the crown, N=525 and at the weldment, N=650, Figure 5-11 (b).

SDv47
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Figure 5-11 Contours for IP pressure, BM and thermal load a) Ratchet strain per cycle; b)

Fatigue damage.

When IP thermal load and BM is imposed along with an OP pressure, maximum fatigue
damage is observed at the weldment towards the inner side of the elbow though substantial
damage is observed at the crown of the elbow also, Figure 5-12 (a). It should be noted that in
the absence of thermal load, the maximum damage is observed at the crown of the elbow only.
When IP thermal load and pressure is imposed with an OP BM, the maximum fatigue damage

shifts to towards the intrados of the elbow, Figure 5-12 (b).
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Figure 5-12 Contours for fatigue damage a) IP BM and thermal load with OP pressure; b) IP
pressure and thermal load with OP BM.

5.2.8 Conclusion and summary for LCF of welded elbows under cyclic loading

Table 5-3 Comparison of results for welded elbow and single material (PM) model.

] . PM model Weldment Model
Loading Condition . ) o )
Position Mechanism Position Mechanism
a) In Phase P & BM Intrados Ratcheting Intrados Ratcheting
b) Out of Phase P & BM - Elastic Shk - Elastic Shk
c) In Phase T & BM Crown LCF HAZ-WM LCF
d) Out of Phase T & BM Intrados LCF HAZ-WM LCF
e)InPhase T & P - Elastic Shk HAZ-WM LCF
f) Out of Phase T & P Intrados LCF HAZ-WM LCF
Intrados Ratcheting Intrados/Crown Ratcheting/
g) InPhase T,BM & P
/Crown /LCF and HAZ-WM LCF
h) In Phase BM & P; Out
Intrados LCF HAZ-WM LCF
of phase T
i) In Phase BM & T; Out
Crown LCF HAZ-WM LCF
of phase P
j) In Phase P & T; Out of
Intrados LCF Intrados LCF
phase BM
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The fatigue structural assessment against crack initiation is carried out for a welded elbow
subjected to complex loading combinations by means of the LMM. Table 5-3 compares the
location and prominent damage mechanism of the welded elbow with a single material elbow
(PM only). For 7 of the 10 loading combinations considered the presence of the weldment
either increased the fatigue damage, changed the critical location or caused both these effects.
For loading scenarios (e), the presence of the weldment introduced LCF damage compared to
a single material model which experienced elastic shakedown.

The bending moment has a larger effect compared to pressure. In the absence of thermal load,
the response is similar to that of a single material model with the damage predominantly due
to ratcheting for OP pressure-BM loading. With isothermal thermal loading, the structural
response at the weldment region changes remarkably. This is even more prominent when non-
isothermal loading is considered. Therefore, the thermal stress should be thoroughly
considered during the integrity assessment of the welded elbows. The combination of non-
isothermal thermal load with BM results in the increase of LCF and ratcheting damage

simultaneously at the weldment region and crown region respectively.

5.3  Case study 2: Creep damage studies of a dissimilar welded flange

The effect of thermal stress on creep damage of a dissimilar welded flange (DWF) is analysed
within this section. The creep damage is compared using both the DE and the TF methods.
The temperature build-up within the structure is considered to occur in two ways, the first
scenario is when the structure is gradually heated such that it experiences no thermal gradient
or with a small thermal gradient before the commencement of creep dwell. The second
scenario is when the fluid/steam is injected to the structure, and it experiences a temperature
gradient before achieving a homogenous temperature throughout the structure and
commencement of creep dwell. The temperature of injected fluid/steam will be less than the
operating temperature else, it may lead to a very high thermal gradient leading to thermal
shock. Hence, the thermal loading conditions studied in this section include a) homogenous
thermal loading of 650 °C all the way to the start of creep dwell, hereafter referred to as load
case NTG, and b) with the addition of a thermal gradient step, of internal temperature 150 °C
and ambient outer temperature, during the initial loading before achieving a homogenous

temperature of 650 °C across the structure and the commencement of creep dwell, hereafter
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referred to as load case TG. A DWF joint is opted as it provides a basis for a comprehensive
discussion considering the material mismatch and the geometric irregularity.

5.3.1 Creep constitutive and creep damage models

The Norton creep model is adopted for assessing the creep strain within this study. The

uniaxial form of which is given by:
ET = Ao™ (5-5)
where £¢"is the creep strain rate, o is the applied stress ; A, and n are the creep constants.

The creep damage is discussed considering both DE and TF models. R5 recommends the use
of DE method for the calculation of creep damage. The uniaxial creep damage per cycle is

calculated by:

DE t éTC ( )
de/t = f ———dt 5-6
¢ o & T)

where & is the instantaneous creep strain rate and £.(&;, T) is the creep ductility which is a
function of the creep strain rate and temperature [41]. The creep ductility has a lower shelf, g,
at lower strain rates and an upper shelf, &, at higher strain rates. In between the ¢ and ¢;, the
transition region may be defined as a function of the creep strain rate. As such the & may be

defined as:
& = min [eU,Max (eL,BDEéC"DE)] (5-7)

where BPE and nPE are material constants. Equation (5-7) may be further improved to
consider the effect of multiaxial stress by including the multiaxial ductility factor (MDF)

defined as:

01

upe (20, T) = Ec(ée.T) MDF = eu(ie. Dewp[p (1-2) +a (5~ 52)| 69
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where a; is the principal stress, oy is the mean or hydrostatic stress; p and g are constants
dependent on the material and temperature. Creep damage per cycle is calculated with respect

to g4,4, the average stress, over the dwell period using the TF method as:

At

ar = [ = 59

5 tf( Oavg T)

The creep rupture time, t; can be represented using the reverse power law, with creep

constants BTF and kTF as:

kTF

tr = B o5 (5-10)

5.3.2 DWF geometryand material parameters

The flange and pipe is of SS304 material and weld material is SS347. The pipe considered has
an outer diameter of 273 mm and a thickness of 30 mm which is within the realistic range of
main steam pipe in UK power plants [91]. The flange dimensions matching the pipe dimension
is selected from ASME B 16.5 [92] and corresponds to a rating of 2500. The plastic response
is modelled using the EPP assumption. Considering the geometric symmetries, an
axisymmetric model is used for the analysis with plain conditions imposed to the end of the
pipe. The axisymmetric model with key dimensions are presented in Figure 5-13. The mesh
consists of 5451 elements with the area at weldment highly refined. CAX8R 8-node
biquadratic axisymmetric quadrilateral elements with reduced integration are used for
structural analysis and DCAX8 8-node quadratic axisymmetric heat transfer quadrilateral

elements with reduced integration are used for the heat transfer analysis.
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Figure 5-13 Axisymmetric DWF model with key dimensions.

The data required for the generation of creep constants for the PM and WM region are obtained
from the NIMS database [93], [94]. Hossein A. and Tahami F. V. have presented the
mechanical and creep data for the HAZ of an SS304 weldment in [95], [96]. Using a similar
trend and the relevant HAZ data has been generated for use within this study. All the material
properties within the study are presented in Table 5-4 to Table 5-7. Temperature-dependent

yield stresses are used for the analysis.

Table 5-4 Temperature-dependent yield stress for DWF study.
°C 0 100 200 400 550 600 650 700

ofM(MPa) 260 236 201 167 160 151 137 131
oy/4(MPa) 205 186 158 132 126 119 108 98
oy/M(MPa) 238 238 200 173 163 162 156 142

Table 5-5 Coefficient of thermal expansion for DWF study.
°C 20 100 650
aPM(x1075°C™1) 169 17 175
aft4Z(x 1075°C™1) 195 20 21
aVM(x1075°C™1) 179 18 185
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Table 5-6 Parameters for Norton creep equation at 650 °C for DWF study.
AMPa™™h ™) n
PM  279x107%2  9.03
HAZ  227x1072'  8.27
WM  546x107%2t 754

Table 5-7 Parameters for creep damage calculation for DWF study.

TF model DE model

BDE nDE &L

BTF kTF gy

PM 4.34x10'® 4.89|0.011 0.098 0.3423 0.000157
HAZ 3.62x10 515|0.011 0.274 0.3929 0.000157
WM 2.02x10'7 6.17 | 0.020 0.024 0.1389 0.001512

5.3.3 Results andliscussions

For baseline discussions, a creep dwell of 100 hours is considered. Figure 5-14 presents the
start of dwell stress for both of the NTG and TG loading conditions. For load condition NTG,
stress is concentrated only within the weldment region. For load condition TG, the thermal
gradient during the initial loading phase enhances the area under high stress in the HAZ and
induces stress concentration at the flange neck. This is because of the geometric irregularity,
and as temperature-dependent yield stress is used, the outer part of the pipe/flange experiences
lower temperature leading to larger stress concentration. After the temperature becomes
homogenous and the stress redistributes itself and the magnitude of stress concentrated at these

regions reduces.

In line with the regions were maximum stress and subsequent relaxation is observed, for NTG
loading creep strain accumulation is observed only within the HAZ while for TG loading,
creep strain accumulation is observed within the HAZ and the flange neck, as indicated in .
For TG loading, it is further observed that for shorter dwell the creep strain at the flange neck
is not significant, but at larger dwell, the creep strain becomes more prominent spreading
towards the inner side of the pipe. Nevertheless, for larger dwell periods the creep strain
accumulation at both the weldment and flange neck is within a comparable range. Considering

the severity of the imposed loading condition this is realistic.
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Figure 5-14 von Mises stress at the start of dwell a) NTG loading; b) TG loading.
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Figure 5-15 Effective creep strain for dwell of 100 hrs a) NTG loading; b) TG loading.

Figure 5-16 presents the TF and DE creep damage for dwell of 100 hours considering NTG
loading. It can be observed that the spread of creep damage is different. The DE method which
is inherently a strain-based method indicates substantial creep damage only within the HAZ
where large creep strain is observed. TF method on the other hand, which is stress-based,
predicts considerable creep damage within the PM region adjacent to the HAZ. Table 5-8
provides the comparison between the TF and DE damage model for a dwell time of 10, 100
and 1000 hours. It can be seen that the DE model predicts a larger creep compared to the TF
method. Takahashi et al., in their work in [97] have reported that for SS316 stainless steel, for
smaller total strain ranges, TF tends to predict non-conservative results. Considering SS304

and SS347 falls within the same branch of austenitic steel a similar trend is observed here.

b)
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Figure 5-16 Creep damage distribution for NTG loading a) DE model; b) TF model.

Table 5-8 Comparison of creep damage for NTG loading.
Dwell DE TF
10  0.0032 0.0004
100 0.0048 0.0011
1000 0.012 0.0032

For TG loading condition, the critical locations for the TF model (Figure 5-17 (a)) remains
within the same region as NTG loading, though substantial damage is observed at the flange
neck also. Considerable stress relaxation is observed within the critical location with an
increase in the dwell time but the increase in the creep damage is only marginal as evident
from Figure 5-17 (b). In effect, for both the TG and NTG loading conditions, TF approach
predicts high non-conservative results. For instance, consider the dwell time of 1000 hours for
TG loading, TF predicts a damage of 0.0043, this seems to be highly unlikely considering the
harsh loading condition imposed. This non-conservatism can be attributed to the relatively
lower start of dwell stress and the absence of using multiaxial stress. Similar results are
presented in [98] where the low start of dwell predicted highly non-conservative results. The

effect of multiaxial stress is discussed in the next section with a case study.
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Figure 5-17 For TG loading a) TF Creep damage distribution; b) Stress relaxation and TF

damage at the critical location with increasing dwell time.

The most interesting results are obtained in the DE model in TG loading. The critical location,
in this case, shifts to the centre of the pipe at the HAZ-PM interface as shown in Figure 5-18
(a). Tanner, D. et al. [99] has presented similar results in the case of P91 weld where the creep
damage initiates within the centre of the pipe weldment for lower end axial loads wherein the
maximum principal stress direction is similar to the hoop stress direction. It should be noted
that the shift of the maximum creep damage location is despite maximum creep strain
accumulation at the PM-HAZ interface towards the inner side of the pipe. The shift in the
location is driven by the MDF which accounts for the multiaxial stress, Figure 5-18 (b), arising
due to the thermal gradient during loading and the inhomogeneous material composition in the
weldment. Compared to the PM, the HAZ has a much larger Norton creep law constant. In
this case during the creep dwell the deformation of the HAZ will be restricted by the PM
leading to significant triaxial stress state at their interface. Similar results have been reported
in [100]-[102] where prominent creep damage was observed within the mid-thickness of the
component at the HAZ due to the triaxial stress state. Without the consideration of MDF, the
maximum creep damage is at the PM-HAZ interface towards the inner side of the pipe where
maximum creep strain is observed. Further DE predicts minimal damage accumulation at the
flange neck. Compared to the damage predicted by the TF model, DE predicts much higher
damage, as reported in Table 5-9. A reason for this is the low start of dwell stress. Similar
results are reported in [40] where low initial stress predicted conservative results while high

initial stress predicted non-conservative results.
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Figure 5-18 For TG loading a) DE Creep damage distribution; b) MDF spread.

Table 5-9 Comparison of creep damage for TG loading.
Dwell DE TF
10 0.016 0.0006
100 0.043 0.0017
1000 0.082 0.0043

5.3.4 Condusion and summary for reep damage studider DWF study

The creep damage assessment of a DWF has been carried out using both the TF and DE
methodologies. For all the cases the effect of the mechanical load is ignored while two types
of thermal loading configurations are analysed. The thermal loading configurations includes
an isothermal heating process before the commencement of creep dwell and the addition of a
thermal gradient step during loading. The LMM UMAT code is modified to accommodate

both the damage models and post-process the results.

The addition of thermal gradient step during loading led to a higher damage prediction. This
signifies the importance of avoiding such loading steps is a power plant. For all the loads and
dwell periods consider, the start of dwell stress was relatively low but well in the range
expected in power plants. This low start of dwell stress led to non-conservative creep damage
by TF but large creep damage by DE. With the TF model, the increase in the dwell time,
though relaxed the stress had only a minimal effect on the creep damage increase. The most
interesting result was observed in the TG loading case where the MDF shifts the creep damage

location, by DE method, to the mid-thickness of the weldment. This reiterates the importance
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of considering the effect of multiaxial stress while conducting creep damage analysis for

welded structures.

5.4  Case study 3: Creep damage evaluation considering multiaxial stress and

compressive dwell

Structures are at large designed based on uniaxial creep data, however, a change in the
geometry or the presence of multi-material such as MMCs or welds induces multi-axial stress.
In such cases, the creep damage calculations must account for the multiaxial effects too [103].
They also help in reducing the pessimism involved in the creep damage calculation at regions

experiencing compressive dwell.

The effects of compressive dwell on creep damage is an area that has had only limited studies
as in most cases it has been reported that tensile dwell is more prominent and damaging. An
example of the converse, as discussed by Borkowski, L.B. and Staroselsky [104], would be of
a gas turbine blade which experiences OP TMF, wherein localised areas are restricted to
expand by the surrounding cooler region inducing compressive loading and consequently
compressive creep accumulation. Similarly in the cases of welded structures, during a hold
period, certain areas experience compressive dwell whereas other areas experience tensile
dwells [105]. Under such circumstances, damage evaluation must be done considering
multiaxial and compressive stress to accurately calculate the safe life. The effect of
compressive dwell is quite complex and varies from material to material [106]-[108]. It should
be noted that for compressive dwells the deformation is usually due to dislocation motion as
any porosity or cracks remain closed [104]. Figure 5-19 presents a pictorial comparison

between stress-strain evolution for tensile and compressive dwell holds.
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Figure 5-19 Stress-strain evolution for a) tension creep hold; b) compression creep hold [109].
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5.4.1 Creep constitutive and creep damagiodels

The Norton-Bailey model which accounts for both the primary and secondary creep strain is

used to model the creep behaviour. The uniaxial form of Norton-Bailey model is given by:
£ = Ao t™Mor £ " = [A/(m + 1)] gttt (5-11)

where €7 is the creep strain rate, o is the applied stress, t is the time; A, n and m are the creep

constants.

The creep damage is calculated by the TF approach with the rupture stress modified as per the
recommendation of ASME and RCC-MR for multiaxial and compressive stress. ASME

recommends calculating the rupture stress as:

30
Opryp = 0€XP l0.24< < — 1>l (5-12)

2 2 2
Joi + oy + o3
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RCC-MR recommends calculating the rupture stress as:
Orup = 0.133 X 30,, + 0.8670 (5-13)

where a;, o, and o3 are the principal stresses, & is the von Mises stress and a,, is the mean or

hydrostatic stress.
5.4.2 Calculation of instantaneoustress during the creepvekll

The LMM eDSCA calculates the end of dwell stress at steady-state directly, but this is not
sufficient for the ASME or RCC-MR creep damage calculation as the dwell stress, principal
stress and mean stress history is required. Hence the UMAT is modified as per the
recommendations/suggestions in [62] to calculate the instantaneous end of dwell stress and
instantaneous effective creep strain increment as:

-1

_ _ 1/n—-1 — n—1 )

Bi(n — DA™ (55 — 65,)
5-15
(—:—1 _%> (m+1) o

Uc,i S

ASE =

where a;; is the instantaneous start of dwell stress, o, ; is the instantaneous end of dwell stress
and B; is the creep coefficient for the instantaneous time increment. The principal stress
history and mean stress history is then calculated from the dwell stress history. They are then
used as inputs for the creep damage calculations. The instantaneous creep damage is calculated
as per ASME and RCC-MR recommendations and summed over the dwell period to calculate
the total creep damage. The code is also capable of identifying the different zones within the

weldment and applies the relevant material data to the respective zone for the analysis.
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5.4.3 Geometry and material parameters for multiaxial stress studies

The pipe geometry used in this study is shown in Figure 5-20. It is comparable to a realistic
steam pipe dimension in the UK power plant, with an outer diameter, 0.d. = 287.6 mm and
thickness, t = 33.8 mm. The plastic response is modelled using the EPP assumption. The
residual stresses caused by the welding process is nullified by PWHT such that its effect on

the creep behaviour of the welded pipe can be neglected.

33.8mm
<>

f 1 1 f r 1t 11

Pi

143.8 mm

Parent Material
[l Heat Affected Zone

B Weld Material

Figure 5-20 Axisymmetric FE model for the pipe weld.

Material parameters, creep constitutive parameters and creep damage parameters are listed in
Table 5-10 to Table 5-12. The base values at 550 °C are obtained from [110], [111] and the
data for other temperatures are traced considering the trend presented in NIMS. An
axisymmetric model is adopted for the analysis, Figure 5-20. CAX8R 8-node biquadratic
axisymmetric quadrilateral elements with reduced integration is used for structural analysis
and DCAX8 8-node quadratic axisymmetric heat transfer quadrilateral elements with reduced

integration is used for the heat transfer analysis, with a total no of elements of 3, 350.
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Table 5-10 Temperature-dependent material parameters for multiaxial stress study.
Temp.[°C] 0 500 550 600 650 750
Yield stress (MPa)

ofM 634 301 271 266 257 245
oy 677 321 289 284 274 262
oM 721 342 308 303 292 279

Young’s modulus (GPa)
EPM 207 172 166 160 154 130
EHAZ 199 165 160 154 148 125
EWM 158 131 127 122 117 99

Table 5-11 Parameters for Norton-Bailey model for multiaxial stress study.
A (MPa™"/p™mt1) n
Temp. [°C] 575 600 625 575 600 625
PM 2.97x101° 1.33x107%° 6.01x10?%° | 6.27 6.78 7.29| 0.5
HAZ 2.96x102 1.33x10%8 5.99x102? | 7.27 7.86 8.45|0.525
WM 7.17x10%  7.76x10% 8.34x102 | 8.26 8.93 9.60 | 0.55

Table 5-12 Parameters for creep damage calculation for multiaxial stress study.

BTF kTF

Temp. [°C] 575 600 625 575 600 625
PM 1.74x10%® 1.39x10"%® 1.10x10*%® | 10.08 10.53 10.96
HAZ 1.03x10%® 8.22x10"?" 6.56x10"" | 11.03 11.52 11.99
WM 6.77x10**° 7.07x10**° 7.36x10*# | 11.98 1251 13.03

5.4.4 Results for ceep damage evaluatio

It is considered that during start-up and shut-down, the temperature increment within the pipe
is gradual such that no significant temperature gradient occurs and the temperature is
homogeneous across the pipe. Using the LMM shakedown-ratchet analysis a shakedown-
ratchet limit interaction curve is calculated, as shown in Figure 5-21, to provide a benchmark

to define reasonable cyclic load conditions for the creep damage assessment of the welded
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pipe. A reference uniform cyclic temperature, ranging from 0 °C to &y (where 6, = 600 °C),
and an internal pipe pressure (po) of 25 MPa is applied over the entire model. The ordinate and
abscissa axes in Figure 5-21 show the temperature and mechanical load respectively,

normalised to the reference temperature and internal reference pipe pressure.

The cyclic load points C1, C2 and C3 which lie within the reverse plasticity region are chosen
for further discussions. The dwell time considered is of 100 hours. Figure 5-22 (a) & (b)
presents the equivalent stress distribution at the start and end of creep dwell respectively for
cyclic load point C2. During loading, the maximum equivalent stress with yielding occurs at
the HAZ-WM interface towards the outside of the pipe and at the HAZ-PM interface towards
the inside of the pipe. During the creep dwell, the stresses relax throughout the HAZ with the
stress relaxing to approximately one-third at these two locations and the maximum equivalent
stresses shifts to within the PM. Figure 5-22 (c) presents the effective creep strain with the
maximum effective creep strain occurring at locations of maximum equivalent stress. The two

locations are identified as A* and B*.
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Figure 5-21 Shakedown and ratchet limit interaction curve.
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Figure 5-22 Cyclic load point C2-Contours for a) equivalent stress distribution for loading; b)

equivalent stress distribution for unloading; c) effective creep strain increment.

The sign/direction of the equivalent stress is accessed using the Rule of Sign for Dominant
Principal Direction [112]. For A*, the minimum principal stress shows the maximum stress
magnitude among the three principal stress components and is in compression. Whereas, at B*
the medium principal stress shows the maximum stress magnitude among the three principal
stress components and is in tension. Hence, it can be deduced that A* experience compressive
loading while B* experiences tensile loading. The high temperature coupled with the
difference in the coefficient of thermal expansion, causes compression at A* as the applied
load is dominated by the compressive thermal stress while at B* the load is dominated by
tensile thermal stress. The creep dwell then causes inelastic strain increase in compression at

A* and in tension at B* as the stresses relax.

Experimental lab data available for comparison with the results from the LMM analysis is
limited, hence inelastic step-by-step (SBS) analysis is done. Table 5-13 shows a comparison
between SBS and LMM results for stress and strain at B* for a dwell period of 100 hours. The
results provided by LMM are comparable and close to the ones given by SBS analysis. Also,
the computational time required by LMM was far less than SBS. The configuration of the
system used for analysis was Intel(R) Core(TM) i7-6700 CPU @ 3.40 GHz.
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Table 5-13 Equivalent stress and strain at B* for the LMM and SBS analyses for creep dwell of

100 hours.
Stress — loading (MPa) Stress-Creep Dwell (MPa)
SBS 279 83.2
LMM 279.5 82.3

Plastic Strain at loading Creep Strain  Computational Time (seconds)
SBS 4.32 x1002 2.98 x10% 5200
LMM 4.9 x10° 3.2 x10% 660

5.4.4.1 Effect of increasing mechanical load

The effect of internal pipe pressure is analysed to understand the variation in the compressive
and tensile creep damages. From Figure 5-21, cyclic load point C1 indicates only thermal load
while cyclic load point C2 indicates an increase in internal pipe pressure of 25 MPa, which is
the recommended working pressure for the welded pipe, and cyclic load point C3 indicates a
higher working pressure of 37 MPa. Pressure above this causes creep rupture. Table 5-14
presents a comparison between the creep strain, ASME and RCC-MR damages for the
considered load points. It should be noted that for all the cases the creep strain accumulated is
comparable at A* and B* but the damage is prominent at the tensile stress dominated B*. This
highlights the importance of using multiaxial stress for creep damage calculations in welds.
Though both RCC-MR and ASME predict similar damages (generally well within 10%),
RCC-MR predicts slightly larger damage for compressive loads while ASME predicts slightly

larger damage for tensile loads.

Table 5-14 Comparison of ASME and RCC-MR creep damage at critical elements for

increasing pressure.
Creep Strain RCC-MR ASME
A* B* A* B* A* B*
Al 0.0013 0.0013 0.0007 0.0007 0.0001 0.0002
A2 0.0030 0.0032 0.0008 0.0020 0.0001 0.0033
A3 0.0050 0.0050 0.0020 0.0150 0.0010 0.0190
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5.4.4.2 Effect of the hoop to axial stress ratio

The effect of axial load is investigated by introducing different end loads, o,,. The value of

which is defined using an axial stress ratio parameter, k.

kg = —2—2 (5-16)

where, g,,4, IS the mean diameter hoop stress; o5, is the axial stress due to the internal
pressure only, in a closed-end situation. k, can range from 0 to 1 only as permitted by piping
design codes [99].

As to be expected, with increasing axial load, the creep damage within the structure increases.
Even in the presence of additional axial load, A* indicated that compressive stress was more
dominant within this region. The increase in axial load for both the applied internal pressure
had a larger effect on B* compared to A* as indicated in Table 5-15. This is because, despite
the presence of axial load, the stresses due to the difference in the coefficient of thermal
expansion and thermal load is more dominant at A* resulting in lower rupture stress. While at
B* the axial load combines with the already present tensile stress resulting in larger rupture
and creep damage. The difference in the creep strain and creep damage between A* and B*
are over 10%. Finally, for the most extreme case with P=37 MPa and k,=1, creep rupture is
predicted from B* region. Here again, the RCC-MR predicts slightly larger damage for

compressive loads while ASME predicts slightly larger damage for tensile loads.
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Table 5-15 Comparison of ASME and RCC-MR creep damage at critical elements for
increasing k.

Creep Strain RCC-MR ASME

A* B* A* B* A* B*

0 | 0.003 | 0.0032 | 0.0004 | 0.002 | 0.0001 | 0.0033

25MPa | 0.5 | 0.0032 | 0.0042 | 0.0009 | 0.0041 | 0.0006 | 0.0068

1 | 0.006 | 0.011 | 0.0062 | 0.034 | 0.0038 | 0.053

0 0.01 0.01 | 0.002 | 0.02 | 0.001 | 0.02

37MPa | 0.5 | 0.02 0.03 0.03 0.20 0.03 0.28

1 0.19 0.26 - CR - CR

Pressure | k,

5.4.5 Conclusion and summaryor creep damage evaluation considering multiaxial

stress and compressive dwell

A creep damage assessment considering multiaxial and compressive stress has been carried
out for the welded pipe with the LMM UMAT modified to facilitate this. The creep behaviour
is modelled using the Norton-Bailey relationship. For all the cases without any additional axial
load, maximum effective creep strain accumulation is observed at two distinct locations. It is
identified that one of the locations experience tensile stress while the other experience
compressive stress. The creep damage at the tensile region was much more prominent in all
the cases except for with a low dwell hold of 1 hour. This highlights the importance of using
multiaxial and compressive stress effect in structures such as welds where the inhomogeneity
of the material is prominent. Both the results, through RCC-MR and ASME calculations, show
reasonable comparison within a 10 % range. A semi-circular crack is expected to initiate at the

interface between the WM and HAZ towards the outer side of the pipe.

To understand the effect of pressure, the analysis is carried out considering only thermal load
and with a higher pressure. In both instances, the maximum creep strain accumulation at the
tensile and compressive stress dominated regions was within a comparable range. The damage
though as expected increased within the increasing load. The damage at the tensile stress
region was much more prominent. At the highest pressure applied, both ASME and RCC-MR
predict the damage at the tensile stress region to be over 7 times the damage at the compressive

stress dominant region.
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To investigate the effect of end load, the axial stress ratio, k,, is varied from 0 to 1 for two
pressure values. The creep damage significantly increased when an additional axial load was
applied and spreads from within the HAZ to within the WM also. The prominence of
compressive damage diminishes such that the tensile stress creep damage is over 10 times as
per ASME and over 5 times as per RCC-MR calculations for the internal pressure of 25 MPa
and k,=1. For internal pressure of 37 MPa, creep rupture is expected to initiate from the tensile
dominant region. The results show that larger damage is accumulated in the same region when

an additional axial load is applied.

5,5  Chapter summary

Three case studies, each dealing with different commonly found welded components within a
power plant, are undertaken and presented in this chapter. The first case study focuses on
evolution of fatigue damage while the latter two focuses on creep damage analysis. The LMM
subroutine was modified to accommodate welds and assess damage based on the models opted
in each case study. The main observations are as follows:

1. The results demonstrate that the thermal loads have the most detrimental effect and
highlights the requirement of in-depth understanding of their effect on the structural
integrity of welds.

2. The presence of weld substantially influences the fatigue damage mechanism of
structures under complex loading conditions. The numerical results demonstrate that
they severely enhance the fatigue damage and shift the critical location to the
weldment region, or introduce fatigue damage to a body otherwise experiencing

elastic shake down. In extreme cases they also introduce ratchetting.

3. The presence of a large thermal gradient or thermal shock prior to creep dwell has a
significant impact on its damage mechanism. This is exacerbated by the presence of a
weld or any geometric variation. Hence it is recommend that in the unlikely event of
a piping system experiencing a large thermal gradient due to a malfunction in the
process, a detailed and thorough study be done on its effective creep resistance too.

Further the critical location changes drastically due to the multiaxial stress.
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4. With respect to the TF and DE creep damage models, various factor such as the start
of dwell stress and total strain range should be considered before choosing them as
both of their accuracy is limited to a certain range only and requires further research
to widen their applicability range.

5. The inherent material heterogeneity introduces multiaxial stress at the weldment
region on the application of any load with some areas experiencing tensile stress while
the other areas experience compressive stress. Even for comparable creep strain
accumulation, areas under experience tensile stress experience larger creep damage.
This throws light on the importance of considering multiaxial and compressive stress

for creep damage analysis of welds.
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6.1 Introduction

The introduction of a dwell period at high operating temperature introduces creep effect on the
structure. The presence of welds further complicates the structural response. Considering both
the economic and safety aspects, the life assessment of welds under creep-fatigue loading is a
critical issue in reactors [113]. Creep-fatigue damage evaluation has seen significant progress
over the years with the development and further refining of standard codes such as ASME and
R5, nevertheless, it is still observed in industries as the actual problems are far more complex
than the well-controlled research environment in a lab [114]. The introduction of flexible
operations within the power plants increases the susceptibility of creep-fatigue and thermo-
mechanical fatigue damage at the weld.

Similar to creep-fatigue, creep-ratcheting is another dangerous and complex mechanism that
occurs when inelastic strain accumulates within the structure due to either dominant creep or
plasticity strains. As the inelastic strain is not compensated in a cycle, creep-ratcheting
produces an open hysteresis loop at steady-state. For welds, different regions may experience
different damage mechanisms and it is important to identify each of them to assess the safe

life of the component.

Weldolets are used within a piping system to connect branch pipes with the header pipe. They
and known to experience large stress levels under severe loading conditions [115]. With
damages such as creep being reported to be found at weldolets [116]. Hence, the work
presented within this chapter aims at investigating the creep-fatigue and creep-ratcheting
damage of a weldolet, under a constant mechanical load and a cyclic temperature load,
considering full interaction between creep and cyclic plasticity via 3D FE analysis using the
eDSCA within the LMMF. The geometry of the weldolet is similar to one typically found at
the steam header in a combined cycle gas turbine plant [5], [117]. SS304 is the material
considered due to its extensive use in the power plant piping systems. The impact of applied

load level and creep dwell on the failure mechanism and location is investigated. The effect of
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two internal pressures is investigated, one is in the range of a typical operating pressure while

the other is significantly higher.

Section 6.2 discusses the assessment procedure followed in this chapter. The FE model of the

weldolet connection including the geometry, material properties and boundary conditions are

presented in Section 6.3. Section 6.4 and Section 6.5 discusses the cyclic plasticity and the

creep-cyclic plasticity interaction of the weldolet respectively. Section 6.6 presents the creep-

fatigue damage calculation and Section 6.7 summarises this work.

6.2  The creep-fatigue damage assessment procedure

The general methodology followed in evaluating creep-fatigue damage of the component is

illustrated in Figure 6-1. It consists of four main steps.

> w0 np e

Estimate average creep

o

stress

1 At
—f o(t,0,Z)dt
0

;

Model the
saturated
hysteresis loop

From E-N curve,
assess number
of cycles to
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Estimation of saturated hysteresis loop using LMM.
Estimation of fatigue damage using E-N diagrams.
Estimation of creep damage using TF rule.

Estimation of total damage using the interaction diagram.

Calculate time
to rupture from
creep rupture
curve

Calculate fatigue
damage per
cycle

1
Wi =7

Calculate creep
damage per

Calculate creep-fatigue
damage from interaction
diagram (ASME standard bi-
linear diagram, power-law
approximation)

Figure 6-1 Flow-chart for the general creep-fatigue evaluation procedure [111].
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Step 1. Estimation of saturated hysteresis loop using eDSCA within LMM framework

This step involves modelling the saturated hysteresis loop. The eDSCA within the LMM
framework, discussed in Section 3.4, provides all the required parameters such as the effective
von Mises stress at the end of all load points, the plastic strain, the total strain range, the creep

strain etc. They are used in the subsequent steps for fatigue and creep damage calculations.

Step 2: Estimation of fatigue damage

The number of cycles to LCF damage is related to the total strain range. The total strain range
at steady-state is obtained from the previous step. Based on the experimental data, a quadratic
polynomial, cubic polynomial, or a power-law function is obtained which relates the number
of cycles to failure and the total strain range. The obtained expression is used within the LMM
subroutine for post-processing and obtaining the fatigue damage per cycle. Fatigue damage

accumulated per cycle calculated as:

1

P — 6-1
N°(Aggor) D

df

where d is the fatigue damage per cycle and N° is the number of cycles to crack initiation

due to pure fatigue corresponding to the total strain range, A& ;-

Step 3: Estimation of creep damage

Considering that the dwell times used for the study within this chapter is over 720 hours (1
month), it is safe to assume that the secondary creep strain will be the most prominent. Hence,
Norton creep law, introduced in Section 2.3.1 is used to compute the creep strain, the uniaxial

form of which is given by:
ET = Ad™ (6-2)
where £ is the creep strain rate, o is the applied stress; A and n are the creep constants. In

order to implement the non-isothermal effects, the creep constant A is modified using the

Arrhenius law as:
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A= A*exp <%> (6-3)
gas

where Qg is the activation energy in kJ/mol; Ry, is the global gas constant kJ / mol / K;
T is the temperature in Kelvin and A* is the frequency factor. The TF rule, discussed in Section
2.4.3.1, is used for the creep-damage assessment. The time to creep rupture t"*? is described

by the reverse power-law mentioned below:
trup = BTFg K" (6-4)

with BT and k™F are the creep constants and o, is the average stress over the dwell period

At which is calculated as:

At
1
Oavg(At,04,2) = E,f o(At, 0., Z)dt (6-5)
0

where Z is the elastic follow up factor and o, is the stress at the beginning of dwell period.

Both of them are obtained from step 1. The creep damage per cycle is then defined as:

At

= trup (O'avg) (6_6)

c

Step 4: Creep-fatigue interaction

The next step is to calculate the total number of cycles under creep-fatigue interaction using
the creep-fatigue damage interaction diagram. Creep damage per cycle, d,. and fatigue damage
per cycle, df are calculated in the previous steps. This is used to calculate D, = N Ad, and
Df=N Adf, where D, and Dy are the creep and fatigue damage accumulated by the structure

until failure and N2 is the total number of cycles under creep-fatigue interaction. As per

continuum damage mechanics, it is assumed that

Di+D.<1 (6-7)
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The detailed procedure, approximations, and solutions to calculate N2 is provided in [110],
[118], hence, only equations relevant to this study is provided below. N is calculated by

solving Equation (6-8)

aN22 —pN2+1=0 (6-8)
where the root is
N = (=b —+/b? - 4ac) /2a (6-9)
with
a=[d]?+[d] +de. d (6-10)
b =-2d, — 2d; (6-11)

6.3  Weldolet geometry, FE model and material properties

An SS304 weldolet consisting of two weldments, as shown in Figure 6-2, is used within the
study, one connects the weldolet to the main pipe while the second weldment connects the
weldolet to the branch pipe. The weldolet geometry corresponds to one typically found in a
steam header in a combined cycle gas turbine plant, similar to the study in [5], [117]. Due to
the symmetry condition of the model, a quarter of the weldolet connection is used for the
simulation. A symmetric boundary condition is applied on the x-y and y-z plane of the elbow,
and plane end condition is applied on both the free ends of the pipe. Quadratic hexahedral
elements of type C3D20R are used for structural analysis and quadratic hexahedral elements
of type DC3D20 are used for heat transfer analysis. Both the end of the main pipe and branch
pipe are constrained to expand in-plane. The total no of elements is 6, 495 with the mesh finely

refined near the weldment which is the weakest area.
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Figure 6-2 3D weldolet model with key dimensions (in mm) [5], [117].

The weldment comprises of three zones; 1) the PM, 2) the WM and 3) the HAZ. It is considered
that all the three zones exhibit EPP material properties and that they satisfy the von Mises
yield condition. The residual stress in the pipe due to welding is assumed zero due to the
PWHT. The accuracy of the analysis greatly depends on the material properties of the three
different zones considered in the weldment. It is quite challenging to obtain all of them from
a single source; hence, from the available literature, a general database is generated and used
for the analysis. A. Hossein et al. [95], [96] in their study have presented a range of mechanical
properties, generated creep constitutive parameters, and temperature and stress-dependent
creep properties for the SS304 PM, HAZ, and WM, which is used within this study. The EN
curve for the PM at room temperature is initially generated from the NIMS database and then
modified for higher temperatures and the WM. The material is considered to have a thermal
conductivity of 43 Wm™1K~! and a Poisson’s ratio of 0.3. Certain reasonable modifications
and assumptions are made to account for any unavailable material property. When material
properties for the WM and HAZ are available only for a certain temperature, they are assumed
to follow a trend similar to that of the parent material and are extrapolated/interpolated. The
complete set of material properties and the EN curve used are presented in Table 6-1 to Table

6-5 and Figure 6-3 respectively.
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Figure 6-3 Strain-life Curve (E-N Curve) at 600 °C.

Table 6-1 Temperature-dependent yield stress for SS304 weldolet study.

Temp °C 25 680 700 720
of™ (MPa) 426 319 305 290
oHAZ (MPa) 151 113 108 98
o' (MPa) 298 223 213 194

Table 6-2 Temperature-dependent Young’s modulus for SS304 weldolet study.
Temp °C 25 680 700 720

E, (MPa) 179500 145200 116200 116000

Table 6-3 Coefficient of thermal expansion for SS304 weldolet study.
Material Zone PM HAZ WM

a(x 1076°C) 18 1.9 2.1

Table 6-4 Norton creep strain parameters for SS304 weldolet study.

Material Zone ~ A*(MPa "h™1) Q(J/molK) n
PM 6.0121 x 1075 2.6x10° 5.72
HAZ 92.448 x 1073 2.6 x 10° 476
WM 97.838x 1073 2.6 x10° 4,59

112



Chapter 6 Creep-cyclic plasticity and damage assessment of an SS304 weldolet

Table 6-5 Creep rupture properties for SS304 weldolet study.

BTF
kTF

Temp °C 580 600 620
PM 5.37x10%18  2.31x10*8 1.03x10"® | 5.77
HAZ 1.92x10**> 8.39x10*4 3.81x10**4 | 4.70
WM 1.58x10"° 6.91x10"* 3.14x10*** | 4.50

For baseline studies, an internal pressure of 17 MPa, which is in range with the typical pipe
pressure in a power plant, and a cyclic thermal load with a fluctuation of 40 °C across the
thickness of the weldolet is considered. The inner temperature is 580 °C and the outer
temperature is 620 °C. The effects of higher pressure and temperature are investigated by
carrying out additional studies by increasing the internal pressure to 25 MPa and the thermal
load by a factor of 1.2.

Linear elastic analysis is performed for the weldolet subjected to mechanical load and thermal
load to understand their individual loading effects. The resultant von-Mises elastic stress
contours for the mechanical load at ambient temperature, and the thermal load are illustrated
in Figure 6-4. From the contours, it can be inferred that the magnitude of equivalent stress
under the thermal load is slightly larger than that under the mechanical load, but well within a
comparable scale. The stress concentration due to the mechanical load is enhanced by the
geometric feature whereas it is the material property that influences the concentration of

thermal load.
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Figure 6-4 von-Mises elastic stress solutions a) mechanical load at ambient temperature; b)

thermal load

6.4  Cyclic plasticity behaviour

As an initial step, before imposing a creep dwell, high-temperature fatigue analysis is carried
out. Figure 6-5 presents the contours of effective total strain range and fatigue damage per
cycle at steady-state (at the end of cycle). It is evident that there is substantial damage
accumulation at both the weldment regions. But the most critical region is at the HAZ-WM
intersection at the inner side of the pipe where the weldolet connects to the header pipe, where
the strain accumulation is enhanced by the geometric irregularity.
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Figure 6-5 Contours for a) Effective total strain range and b) Fatigue damage per cycle.

The open hysteresis loop in Figure 6-6 indicates that the component experiences a small
accumulation of plastic strain with each cycle, indicating ratcheting. The yield stress at higher
temperature is considerably lower than at room temperature. This results in larger plastic strain
accumulation during loading that is not compensated equally during the unloading sequence.
It should be noted that the net plastic strain accumulation per cycle is very small, hence though
present, ratcheting is not considered to be the major damage mechanism in this case whereas
LCF damage is prominent. The cycles to LCF failure are estimated to a total of 4295 cycles.
It is to be noted that as the calculation does not consider any hardening of the material, hence,
the results are conservative.
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Figure 6-6 Steady-state hysteresis loop for pure fatigue case.
6.5  Creep-cyclic plasticity interaction

As introduced in Section 2.3.1 and further discussed in Section 6.2, the temperature-dependent

function for the creep strain can be expressed using the Arrhenius law, A = A* exp (%).
gas

Since a thermal gradient is present across the thickness of the weldolet, the Norton law is
combined with the Arrhenius law and used for the creep strain calculations. Figure 6-7 shows

the isothermal thermal field applied and the creep parameter thus obtained.
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Figure 6-7 a) Thermal load applied; b) Temperature-dependent creep parameter.
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The effect of dwell time on the end of creep and unloading stresses are presented in Figure
6-8. Generally, for a single material component, the stress reduces during creep dwell, but for
a multi-material such as a weldment, the stress re-distribution during a creep dwell is not
always straightforward. Some regions within the structure can experience stress relaxation
while the other regions experience an increase in stress. For the weldolet considered here, with
an increase in the dwell time, the stress near the weldment regions decreases while it increases
at certain regions in the PM. The higher stress relaxation will lead to a larger strain
accumulation during unloading. This will lead to larger hysteresis loops as shown in the

subsequent sections.
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Figure 6-8 von Mises stress contours for different dwell times a) end of dwell; b) unloading.
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Figure 6-9 presents the evolution of creep strain and total strain with increasing dwell time.
For all the dwell times, the plastic strain accumulation during loading is very similar. With the
increase in dwell time, the creep strain increases with the area of creep strain accumulation
growing from the main pipe-weldolet weldment region to the inner pipe region. The branch
pipe-weldolet region shows substantial creep strain accumulation only at very high dwell
times. Hence, the most critical region for creep-fatigue crack initiation is at the main pipe-
weldolet weldment. Unlike the plastic strain accumulation during loading, the plastic strain
accumulated during unloading increases with increasing dwell time. The stress drop which
happens as a result of increasing the dwell time increases the reverse plasticity. It is to be noted

that the plastic strain accumulation is highly localised.
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Figure 6-9 Effective strain contours for different dwell times a) creep; b) total strain range.
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For further discussions, two of the most critical locations are identified, one where the total
strain range is maximum; element - 583, within the HAZ, hereafter referred to as element T,
and the other where the creep strain is maximum; element 4931, within the WM hereafter
referred to as element C. For all the dwell times considered, the maximum creep strain is within
the same element. It is interesting to note that this element is different from the elements that
showed maximum stress concentration during the initial elastic stress analysis. The reasons
for this can be better explained and discussed with the help of a hysteresis loop. Figure 6-10
shows the effect of various creep dwells for element T. The two most obvious effect of creep
dwell on the component that can be visually inferred are that it enhances the reversed plasticity
through the stress relaxation resulting in a larger hysteresis loop and the introduction of creep-
ratcheting phenomena.
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Figure 6-10 Steady-state hysteresis loop for increasing dwell times for element - T.

To have a deeper understanding on the effect of dwell time on the creep-cyclic plasticity
response of the weldolet, a plot comparing the magnitude of the loading, unloading and creep
strains are presented in Figure 6-11 (a). It can be seen that the plastic strain magnitude during
loading is nearly constant, whereas the plastic strain magnitude during unloading increases
gradually with increasing dwell times with the cross over at around dwell times of 1000 hours.
The creep strain on the other hand increases in proportion to the increase in the reverse

plasticity. The most significant changes occur up to a dwell time of 2000 hours after which the
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increase is almost linear. Nevertheless, the net plastic strain is always higher than the creep
strain resulting in the creep-ratcheting mechanism. Figure 6-11 (b) depicts a comparison
between the accumulated creep strain and net plastic strain that can be used to understand the
driving factor of the creep-ratcheting process. The 45° red line indicates a closed hysteresis
loop, which occurs when the net plastic strain compensates the creep strain. For lower dwell
holds, the points analysed are below the closed-loop limit whereas for larger dwell times the
points are above the closed limit. This indicates creep-ratcheting is driven by reverse plasticity
in the former case and cyclically enhanced creep in the latter case. The above discussions
highlight the effects of creep dwell time on both the shape of the hysteresis loop and the creep-
cyclic plasticity response of the weldolet. Unlike with the pure fatigue case, the accumulated
net plastic strain is quite substantial here such that it cannot be neglected. Hence it is required
that checks be performed to ascertain the creep-ratcheting damage and compare them with the
creep-fatigue damage of the weldolet.
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Figure 6-11 For element - T a) Plot comparing the magnitude of loading, unloading and creep

strains; b) Creep-ratcheting interaction diagram for different dwell times.

Figure 6-12 presents the steady-state hysteresis loop for C. Compared to T, where an open
hysterics loop is observed in the absence of creep dwell, C exhibits elastic behaviour. This is
because element C is within the WM wherein the yield stress is higher than that of the HAZ

and the overall stress level during loading is below the yield.
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Figure 6-12 Steady-state hysteresis loop for increasing dwell times for element - C.

On introducing a creep dwell, the creep strain accumulates and the subsequent stress relaxation

enhances the plastic behaviour during unloading. In effect, the introduction of a creep dwell

induces both LCF damage as seen from the width of the hysteresis loop and creep damage as

seen from the stress relaxation within this reg

ion. The plot comparing the magnitude of the

unloading and creep strains for element-C are presented in Figure 6-13 (a). There is an

exponential rise in the strain accumulation for

increase follows a linear trend. Figure 6-13 (b)

dwell times up to 2000 hours, after which the

presents the comparison of the creep strain and

net plastic strain. All the points considered lie on or are very close to the closed-loop limit.

0.0016 4

0.0014 4

0.0012 A

1on

0.0010 4

0.0008 4

=
o
8
&

Strain accumulat

~i- Creep

0.0004 4
—&-Unloading

0.0002

0.0000 T T T
4000 6000 8000
Dwell (Hours)

2000

a)

Figure 6-13 For element - C a) Plot comparing

strains; b) Creep-ratcheting interacti

10000

0.0016 1

8640 hrs @

0.0012 /' 4320 hrs

& 2160 hrs
1440 hrs &

% 1000 irs
720 hrs @&

s

0.0008 1

Creep Strain

’
’

-
L

0.0004 4

,’/100 his

0.0000

0.0008 0.0012 0.0016

Net plastic strain

0.0004

b)

the magnitude of loading, unloading, and creep

on diagram for different dwell times.

121



Chapter 6 Creep-cyclic plasticity and damage assessment of an SS304 weldolet

6.6  Creep-fatigue and creep-ratcheting damage calculations

In a single material structure, it is safe to assume that crack initiation will begin from T. But,
as the component considered here is a weldment where the welding process has altered the
creep and fatigue tolerance at the different zones, damage studies are required to assess the
crack initiation region. Figure 6-14 presents the comparison between the hysteresis loop for
element T and C for dwell times of 1440 hours. For element C, both the start and end of dwell
stress are substantially larger than element T, this leads to higher average creep stress which
will lead to a higher creep damage. On the other hand, as the width of the hysteresis loop of
element T is much larger than that of element C, fatigue damage is more prominent within this

region.
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Figure 6-14 Hysteresis loop comparison for element T and C for dwell times of 1440 hours.

From the hysteresis loop in Figure 6-10 and the creep strain-net plastic strain comparison
presented in Figure 6-11, it is clear that element T is subjected to creep-ratcheting. Hence
before comparing the creep-fatigue cycles to failure at element T and element C, it is necessary
to analyse whether creep-ratcheting or creep-fatigue damage is more prominent at element T.
Kapoor A, in [119] suggested the below formula for the evaluation of the safe life of

components subjected to ratcheting

ECT
N,. = -
v (6-12)
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where N,. is the number of cycles to failure by ratcheting, Ae, is the ratcheting strain per cycle

and ¢, is the accumulated strain at which the component is considered to fail.

Figure 6-15 presents the comparison between the creep-fatigue life and creep-ratcheting life
for dwell times up to 8640 hours. For lower dwell times, the number of cycles to failure due
to creep-fatigue is much larger than cycles to failure due to creep-ratcheting. On increasing
the dwell time, creep-fatigue damage becomes more significant owing to the high creep
damage. It is interesting to note that the creep-ratcheting damage is independent of dwell time.
This is because the reverse plasticity is able to compensate for most of the inelastic strain but
for a small plastic strain produced during loading which remains constant. Hence, it can be
concluded that for dwell times over 720 hours creep-fatigue is the prominent damage

mechanism at element T.
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Figure 6-15 Comparison between creep-fatigue and creep-ratcheting life against dwell time.

Figure 6-16 reflects the number of cycles to failure and change in damage with increasing
dwell times for both the elements. On increasing the dwell time, the cycle to failure decreases,
with the decrease in the number of cycles being more prominent in element-C. For element T,
though with the increase in dwell time, there is an accumulation of damage, it is not as steep

as with element-C.
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Figure 6-16 Total damage and cycle to failure against dwell times.
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Figure 6-17 shows the variation of fatigue damage per cycle and creep damage per cycle with

increasing dwell times. Both creep damage and fatigue damage increase with an increase in

dwell time. But it evident that the total damage is driven by creep. The fatigue damage at

element T is higher than element C for all dwell times considered while creep damage is much

higher at element C compared to element T, this can be attributed to the higher average creep

stress at element C coupled with the high damage constants in Equation (6-4) for the WM.
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Figure 6-17 Creep and fatigue damage per cycle against dwell times.
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The effect of a larger mechanical load is investigated for internal pressure of 25 MPa. Figure
6-18 presents a comparison between the hysteresis loops for both the elements T and C at a
dwell time of 2160 hours. For element C, the hysteresis loop is similar indicating that the
additional mechanical load has no effect whereas, for element T, a reduction in the ratchet
strain accumulation is observed. This results from the lesser accumulation of plastic strain
during loading, nevertheless, this is very minimal and is not expected to have any significant

difference in the creep-fatigue damage life.
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Figure 6-18 Steady-state hysteresis loop for High-Pressure Load (HPL) of 25 MPa and base
model for DT of 2160 hours at a) element C; b) element T.

However, the increase in the mechanical load leads to very large ratchet strain accumulation
towards the outer side of the weldolet at the HAZ-PM interface with the main pipe, Figure
6-19 (a). Figure 6-19 (b) provides a comparison between the creep-fatigue life at element C
and creep-ratchet life at the element identified with maximum ratchet strain accumulation per

cycle.
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Figure 6-19 For larger internal pressure of 25 MPa a) Contour for effective creep-ratchet strain

per cycle; b) Comparison between creep-fatigue and creep-ratcheting life against dwell time.

The number of cycles to creep-ratchet damage is very close to that to creep-fatigue damage
such that the damage may initiate due to any of the mechanisms. Figure 6-20 presents the
hysteresis loop for the element with maximum ratcheting strain. It can be observed that during
creep dwell, no stress relaxation takes place within this element though large creep strain

accumulation is quite observed.
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Figure 6-20 Steady-state hysteresis loop for HPL at the element with maximum ratcheting

strain.
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The effect of a thermal load is investigated by imposing an inner temperature of 740 °C, 1.2
times the initial thermal load. The analysis is restricted to a maximum dwell time of 100 hours
as above this the damage is similar to that of monotonic creep rupture. Figure 6-21 presents

the comparison of the hysteresis loop for elements T and C for a creep dwell of 100 hours for

the baseline temperature and the High-Temperature Load (HTL).
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Figure 6-21 Steady-state hysteresis loop for HTL of 740 °C and base model for DT of 100 hours

at a) element C; b) element T.

The plastic strain during loading is drastically enhanced by the increase in temperature.
Element C which was otherwise exhibiting a closed-loop now has an open loop. One of the
reasons for this is that as temperature-dependent material properties are used yielding starts at

a much lower stress level. The creep strain also increases significantly for both the elements

suggesting a more prominent creep-ratcheting mechanism.

6.7  Chapter summary

Creep-cyclic plasticity interaction and life assessment of an SS304 weldolet subjected to a
combined mechanical and thermal load is investigated. The structure is modelled using a
quarter 3D model and temperature-dependent material properties are used for the analysis to
replicate a more realistic creep-cyclic plasticity behaviour and lifetime prediction. The main

observations include:
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1. The introduction of a creep dwell increase the total strain range. This is due to the
creep strain resulting from the creep relaxation and the subsequent increase in the

plastic strain during unloading. In effect this lead to creep-fatigue interaction.

2. Due to the different creep-cyclic plasticity behaviour of the PM, WM and HAZ. The
creep-fatigue interaction results in creep-fatigue damage within the WM, and both
creep-fatigue and creep-ratcheting damages within the PM. However due to the large
creep parameters of the WM coupled with higher average creep stress, the creep
damage within the WM is large, and the subsequent creep-fatigue interaction is
expected to drive the crack initiation process. Hence, while conducting creep-fatigue
damage analysis for weldments, due consideration should be given to all the different

Zones.

3. All the key parameters such as the mechanical load, the thermal load and dwell period
are confirmed to have a significant effect on the creep-fatigue interaction. For shorter
dwell time the creep-ratcheting within the PM is driven by reverse plasticity.
Conversely, for larger dwell times creep-ratcheting is due to cyclically enhanced
creep. The larger mechanical load results in large plastic strain accumulation during
loading, driving the component towards creep-ratcheting mechanism initiating from
the outer side of the weldolet at the PM-HAZ interface. While the larger thermal load
indicated that the component experience creep-rupture for dwell holds above 100
hours.
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behaviour

7.1 Introduction

Residual stress is an inevitable by-product of almost all manufacturing or fabrication process
[120]. The non-uniform rapid heating and subsequent cooling of joints during the welding
process results in inhomogeneous mechanical characteristics and the formation of welding
residual stress (WRS) [121]. In many of the cases reported, the residual stress at the weldments
tends to reduce the safe life under cyclic loading conditions, especially if steps are not taken
to reduce the residual stress [122]. The presence of a pre-stress or pre-strain on components
are known to affect its fatigue damage due to the variation it causes in the mean stress (in case
of HCF) or mean strain (in case of LCF). The WRS will have a similar effect on the LCF, as
even if it relaxes during the PWHT, they will influence the mean strain. The effect of WRS on
structural integrity is not straightforward to assess, many factors such as the magnitude,
direction and the material property are to be considered.

LMM’s capacity to accurately access the shakedown-ratcheting interaction curve has been
widely recognized with the limit load and shakedown plugin incorporated into the R5. The
LMM eDSCA can effectively evaluate the creep-cyclic plasticity behaviour at steady-state and
when they are coupled with appropriate rule-based codes can predict the safe life of
components. However, none of the LMM subroutines considers the effect of any additional
residual stress such as the WRS. It has been identified that the WRS does have an effect on
the overall life of the component. Hence, the LMM subroutine is modified to account for any
additional WRS effect. It should be noted that the LMM cannot assess the structural behaviour
during the initial cycles, hence step-by-step inelastic analysis is carried out to account for the

WRS and the stress evolution during the initial cycles which are then used within LMM.

The work presented within this chapter aims at investigating the effect of WRS on the cyclic
plasticity and creep-cyclic plasticity response of a welded flange. The finite element model of
the welded flange, material properties and applied boundary conditions are presented in

Section 7.2. The heat source modelling and residual stress calculation procedures are discussed
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in Section 7.3. Investigation of the effects of WRS on the shakedown-ratcheting curve using
the LMM is discussed in Section 7.4. Section 7.5 to Section 7.7 deals with the effect of WRS
on transient and steady-state damage accumulation. Section 7.8 presents the summary of this

chapter.

7.2  FE model and material properties

TLLLITT
P TTTTIT

[ Parent Material
[l Heat Affected Zone

B weld Material -

a) b)

Figure 7-1 Flange-pipe weld a) Key material zones; b) Mesh used for FEA.

The case study undertaken in this chapter considers a P91 flange of rating #300 that is welded
to a 4-inch pipe. The weldment consists of three material zones; a) the PM; b) the HAZ; and
¢) the WM as shown in Figure 7-1 (a). The study requires the simulation of a moving heat
source to generate the WRS, hence, a 3D model is opted over a 2-D or an axisymmetric model
for use in FE simulation. The software used within the study for FE simulation is Abaqus. The
mesh used comprises of 10,640 elements. The critical area is identified to be within the region
that includes the weldment and the geometrical change due to the flange head, hence, the mesh
is finely refined in these areas as shown in Figure 7-1 (b).

To assess the WRS, a heat transfer analysis is carried out initially to determine the temperature
history at all the nodes. This includes the temperature variation due to the moving heat source,
followed by cooling to room temperature and the subsequent heat treatment (annealing). The
temperature history is then used as an input for the static analysis to calculate the final WRS.
DC3D20, quadratic hexahedral elements are used for the heat transfer analysis, and C3D20R,
quadratic hexahedral elements are used for structural analysis. As the analysis involves two
steps where the results from the initial analysis, estimation of WRS, are used as an input within

the LMM framework, the boundary conditions and constraints adopted are such that the same
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can be used in both the steps. A symmetric boundary condition about x-direction is applied at
the flange head. Towards the pipe end, a plane constraint is implemented so that the pipe may
expand radially or axially but the face remains in-plane. Further, the flange is modelled without
any bolt holes, it is assumed that this geometrical simplification has minimal effect on the

creep-cyclic plasticity response of the weldment.

An EPP model is considered to assess the plasticity behaviour of the structure. For normal
operations, the structure is subjected to a constant internal pressure of 2 MPa, a cyclic thermal
load of 600 °C and a dwell period of 4320 hours. The bulk of material and creep parameters
for are obtained from the NIMS database [123] and [124]. The HAZ is assumed to be softer
than the PM while the WM is considered to be harder than the PM and the variation of their
properties with temperature is similar to that of the PM. The material properties and creep
constants used are given in Table 7-1 to Table 7-4. The thermal conductivity and specific heat
are assumed to be the same for all the three regions. The coefficients of thermal expansion for
the different zones are as indicated in Table 7-4. A slight mismatch is introduced in the
coefficient of thermal expansion for WM and HAZ to introduce a stress concentration at the
weldment region. The Norton creep constants, A and n, adapted are such that a higher creep
strain is introduced in the structure and an effective study on the creep-cyclic plasticity is

possible.

Table 7-1 Temperature-dependent yield stress for WRS study.
Temp °C 0 100 200 300 400 500 600 800 1000 1250
PM (MPa) 503 478 453 444 424 379 273 60 15 0.001
HAZ (MPa) 473 450 426 418 399 357 257 56 14 0.001
WM (MPa) 554 526 499 489 467 417 301 66 17 0.001

Table 7-2 Temperature-dependent Young’s Modulus for WRS study.
Temp °C 0 100 200 300 400 500 600 800 1000 1200
PM (GPa) 212 207 202 194 185 176 164 133 97 48

HAZ (GPa) 201 196 190 183 175 166 155 126 92 46
WM (GPa) 162 158 154 148 141 134 125 101 74 37
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Table 7-3 Norton creep strain parameters for WRS study.
Temp°C 550 600 650 700 750
AMPa"h™1) "
PM 21x107%2  17x10721 1.09x107%2° 58x1072° 2.62x1071% | 8.462
HAZ 443x107%%2 357x10721 23x1072° 1.22x1071 552x1071° | 8.462
WM 264x107%22 213x10721 1.37x1072° 7.28x1072° 3.29x1071 | 7.65

Table 7-4 Coefficient of thermal expansion for WRS study.

Temp °C 0 100 600 1200
PM(°CY  977x107® 1.02x107° 1.28x107> 1.32x107°
HAZ (°C') 1.22x1075 1.28x10™> 1.6x10™> 1.65x107°
WM (°C?) 1.1x107> 1.15x107° 1.44x107° 1.49x107°

7.3 Heat source modelling and calculation of WRS

The fundamental principle by which residual stress builds in a weldment is quite

straightforward. However, accurately modelling the same is not easy, as it requires numerous

time-dependent and independent material properties. They are not always readily available

and so approximations should be made. The two main assumptions/approximations considered

for this study include:

1. Use of sequentially coupled procedure for calculating the WRS: The residual stress
within the weldment is introduced by first modelling a heat source and moving it along
the circumference of the pipe. It is then used as an input for the static analysis which
calculates the WRS. This sequentially coupled procedure is opted over a fully coupled
procedure as it is assumed that the stress solution is dependent on the temperature field

but the inverse does not hold.

2. The effect of phase transformation on material properties is disregarded: Various
researchers have presented results both with the consideration of phase transformation
[125]-[127] and without the consideration of phase transformation [128]. During
cooling of the welding process, P91 generally experiences martensitic transformation
which affect the residual stress. Yaghi, A. et al. [127] have compared the WRS with
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and without the effect of phase transformation considerations for a P91 weld and have

concluded that the phase transformation does have a moderate effect on the WRS.

For studies comparing the numerical results with experimental results, the above two
assumption will limit the extend of a good agreement. Nevertheless, within this study the
intend is not to compare the numerical results with experimental results but to discuss the
effect of WRS on the shakedown-ratchet interaction curves and the creep-fatigue damage
interaction. Hence this two assumptions/approximations are considered to be acceptable.
Further with these assumptions/approximations the computational expense and time is also

restricted.

A double ellipsoidal heat source model is used, Figure 7-2, which is similar to the model
presented in [129], [130] within the analysis. The model uses two ellipsoidal sources to
simulate the experimental effect, with a steep temperature gradient in the front and a slightly

less steep temperature gradient at the rear.

The power density distribution of the model is given by:

2 2 2
Qf(x,y;Z; t) = mexp {_3 (x_+y_+w>} (7_1)

abcfm/n a’? b2 cf

for the front quadrant and

2 2 2
qr(x,y,2,t) = 6\/:%iexp {—3 (% + Y + @)} (7-2)

abc,mVn b? &
for the rear quadrant, where X, y and z are the local spatial coordinates, Q=#V1 is the input

power of the welding heat source. A user subroutine in DFLUX is developed to apply the

volumetric heat flux due to welding.
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AY

Heat Flux

Figure 7-2 Double ellipsoidal heat source configuration [130].

Table 7-5 Numerical values for heat source parameters and welding parameters [130].

ar(mm) a.(mm) b(mm) c(mm) f;(mm) f.(mm)

12.9 10.3 6 5 1.4 0.6
V (volts) I (amp) n (%)
22 225 85

For the heat flow simulation, the welding speed, v, is considered to be 6.25 mm/s. The flange
has an outer diameter of 114.3 mm, it takes 58.7 s for the torch to complete one revolution.
Once the moving heat source is simulated, the flange is allowed to cool down to the ambient
temperature after which it is annealed to a temperature of 760 °C for 2 hours, during which
the stress redistributes as per the Norton creep law, and then subsequently cooled down to
room temperature. The thermal history obtained is used within a static analysis to compute the
final residual stress. Figure 7-3 presents the as-weld residual stress and the PWHT residual
stress. The PWHT almost completely relaxes the residual stress away from the weldment and
reduces its magnitude within the weldment. As a larger difference in coefficient of thermal
expansion among the three zones are used, the WRS after the complete procedure (when room
temperature is obtained) is higher than the ones reported experimentally. However, this stress

relaxes as soon as the structure is put into service at high temperature.

134



Chapter 7 Effect of welding residual stress on creep-cyclic plasticity behaviour

5, Mises
(Avg: 75%)
+8.911e402

+5.1980 402
+4.4562+02
+3.713e+02

+7.429e 401
+2.542e-02

a) b)

Figure 7-3 Welding residual stress a) As-weld; b) after PWHT.

7.4 Effect of WRS on shakedown and ratchet limit curves

Most of the shakedown limit studies undertaken consider the residual stress associated with
the initial plastic deformation, little or no research is done considering the WRS [131], similar
is the case with the studies regarding ratchet limit. Within this sub-section, the influence of the
WRS on the shakedown and ratchet limit is investigated by modifying the LMM subroutine to
account for the additional residual stress. Figure 7-4 presents the comparison between the

shakedown and ratchet limit curve with and without WRS.
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Figure 7-4 Influence of WRS on shakedown-ratchet interaction curve.

It can be observed that with and without WRS, the structure traces a similar shakedown and
ratchet interaction curve. This is because the residual stress within the body redistributes itself

to accommodate the additional WRS. Recalling Equation (3-2) from Chapter 3, the general
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form of the elastic solution for cyclic loading cases contains the constant residual stress
component, p,; and the varying residual stress component, p;;(x;, t). In the presence of WRS,
p,; modifies to p_{] such that p_{]+pR =p,, in order to contain the structure within the

shakedown or ratchet limit.

0;j(x;, t) = A6, (x;, t) + py; + pi;(x, ) (7-3)
01j(x;,t) = A6y, (x;, 1) + py, + pr + pf(x5, 1) (7-4)

Figure 7-5 presents the evolution of the internal residual stress with and without the WRS. In
line with the equations presented above, the internal residual stress field is considerably

changed in the presence of the WRS.
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Figure 7-5 Internal residual von Mises stress a) without WRS; b) with WRS.
However, it should be noted that though shakedown and ratchet limits are not influenced by

the presence of the WRS, its presence causes a difference in the relaxation and redistribution

of the stresses. Hence, it will affect the damage mechanisms of the structure.
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7.5  Effect of WRS on transient cycles

Within the first few cycles, if the structure experiences plasticity, the WRS tends to re-
distribute within the structure. Hence, to study the effect of WRS, a comprehensive
understanding of the evolution of stress and strain during the initial cycles is required. The
LMM is only capable of assessing the cyclic response of the structure at steady-state, hence
inelastic step-by-step analysis is used to study the effect of WRS during the transient/initial
cycles. Figure 7-6 presents the contours for the plastic strain accumulated during the initial
cycle with and without WRS. In the absence of WRS, substantial plastic strain is observed
during both loading and unloading, whereas with the WRS, the plastic strain during loading is
completely nullified, and the region and magnitude of the plastic strain during unloading
becomes smaller. Figure 7-7 presents the contours of creep strain at the end of the first dwell
with and without WRS. It is quite evident that the creep strain within the WM is considerably
increased in the presence of WRS. This is because of the higher start of dwell stress within the
WM. The reduction in the overall plastic strain and creep strain in the HAZ region is because
the WRS and the resultant stress due to the applied loads are opposite in direction. The WRS
is mostly tensile within the HAZ while the applied load results in compressive stress. This

reiterates the importance of assessing the effect of WRS on the life of the structure.
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Figure 7-6 PEMAG for initial cycle a) loading without WRS; b) unloading without WRS; c)
unloading with WRS.
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Figure 7-7 Comparison of the CEMAG at the end of first dwell a) without WRS; b) with WRS.

At different positions within the structure, depending on the state of the WRS and its
magnitude, whether it is in tension or compression, it will have a different effect on the creep-
cyclic plasticity interactions; hence, four critical elements are selected within the weldment
region for further discussions, as presented in Figure 7-8. Figure 7-9 presents the hysteresis
loops generated for the normal operation load, where the blue and red line corresponds to
without WRS and with WRS loading respectively. For all the cases analysed, the steady-state
response is obtained within the first few cycles itself. Under such scenarios, the general
practice within R5 and ASME is to assume that the damage within the transient cycle is not
prominent and the safe life is calculated with regard to the damage accumulation at steady-
state. Nevertheless, if damage within the first few cycles is considerably high then R5 advises
using an inelastic analysis to compute the damage accumulation within the transient cycles.

P1

P2 P3

Figure 7-8 Positions of weld locations analysed.

At the element P1, the presence of WRS decreases both the plastic strain during the initial
loading and the creep strain during the first dwell, resulting in a smaller hysteresis loop
compared to the case without WRS. Similarly, at element P2, a decrease in the plastic and
creep strain is observed. At both these elements, the resultant stress due to the thermo-

mechanical loading is in compression, whereas the WRS is in tension. This results in a
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decreased damage accumulation in the initial cycles, though they may have different effects at
steady-state. For element P3, after the initial cycle, the structure exhibits an elastic response,
the presence of the WRS exhibits a similar response but with a larger start of creep stress and
a larger creep strain for the first cycle. Here, the mean stress increases in the presence of WRS,
though this increase in the mean stress will only influence the HCF life. At element P4, the
WRS is in compression while the resultant stress due to the thermo-mechanical loading is in
tension. This again reduces the plastic strain, the creep strain and the start of dwell stress for
the initial cycles. It should be noted that the change in the mean strain caused by the WRS at

all the elements are quite different.
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Figure 7-9 Comparison of hysteresis loop at the critical elements with (Red) and without WRS
(Blue).
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7.6  Effect of WRS on steady-state response

From the hysteresis loops presented earlier, it is clear that the WRS as such relaxes within the
first few cycles and similar steady-state cyclic responses are observed with and without WRS.
It has been reported extensively in the literature that the HCF of a component is affected by
the mean stress; similarly, the LCF of a component is affected by its mean strain. Generally, a
large mean strain is detrimental in terms of LCF life. Wenlan, W. et al. [132] has reported that
for N80Q steel, a positive or negative mean strain results in a decrease in LCF life. For HS80H
Wei, W et al. [133] has reported that the fatigue life decreases with an increase in the mean
strain if the mean strain is greater than zero and the fatigue life increases for an increase in the
mean strain if the mean strain is less than zero. Das, B. & Singh, A. [134] has reported that for
P91 a reduction in the fatigue life was observed with an increase in the mean strain for the
same strain amplitude. Hence, it can be understood that the mean strain has a significant role
in the LCF damage of a component.

Though the WRS relaxes at an earlier stage, its effect on the mean strain might be significant.
Revisiting the hysteresis loops presented in Figure 7-9, it is clear the WRS influences the
resultant mean strain of the component. Figure 7-10 presents the evolution of PEMAG for P1,
P2, and P4. In the case of P3, there is no plastic strain accumulation in any of the cycles. For

all the three elements, the WRS results in a difference in the mean strain.
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Figure 7-10 Evolution of PEMAG for critical elements.

It should be noted that Figure 7-10 is not an indication of ratcheting as the plastic strain

accumulated during the steady-state cycle is compensated by the creep strain (presented in

Figure 7-11). For P1, P2, and P4 the magnitude at which creep strain accumulation commences

is reduced for the initial cycle with WRS, for the subsequent ones, the creep strain accumulated

per cycle is very similar. For P3, WRS increases the magnitude at which creep strain

accumulation commences but is restricted to the first cycle only after which no plastic or creep

strain accumulation is observed.
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Figure 7-11 Evolution of CEMAG for critical elements.

7.6.1 Effect of mean strain oi.CF life

Studies have shown that the detrimental effects of a tensile WRS on fatigue damage may be

reduced by introducing a compressive residual stress [135]. A reason for this is that the mean

strain is reduced resulting in lower fatigue damage and consequently a larger fatigue life.

However an in-depth knowledge on the effect of mean strain on fatigue damage is still limited.

The Manson-Coffin law introduced in Section 2.4.2, though widely used, does not account for

the non-zero mean strain effects. Kondo Y. [136], has proposed a damage equation to account

for the mean strain effects.
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where Dp), is the damage accumulated considering the mean strain, Ae, is the plastic strain
range, & and a are material constants, &, is the mean strain and & is the fracture ductility.

This is based on the assumption that the mean strain affects the fracture ductility of the material,
which in turn affects the LCF life. Equation (7-5) may be re-written in the following way to
obtain the number of cycles.

<(£F — |gpm|)'80> =N (7-6)

Aey. ep

Another method discussed within the literature is based on the understanding that when the
mean strain is greater than zero the tensile strain is greater than the compressive strain whereas
when the mean strain is less than zero, the compressive strain is greater than the tensile strain
[133]. For both instances, the amplitude used within the Manson-Coffin fatigue model is

modified. When the mean strain is greater than zero, the half amplitude of the total strain is

modified to &,,, + ;. When the mean strain is less than zero, the half amplitude of the total
strain is modified to &,,, - £,. For the fatigue damage calculation in the next section, the

Manson-Coffin fatigue model is used with the suggested modifications presented here to

include the mean strain effects.

7.7  Creep-fatigue damage endurance

The aim of this section is not to provide a solid conclusion with respect to the life of the welded
flange with or without WRS, instead, it compares the life considering the transient cycles and

discusses the effect of WRS. The total damage is defined as:
Drotar = Der + Des + Dpy (7-7)

where Dr.:q: 1S the total damage, D; is the creep damage due to the transient cycles, D is
the creep damage at steady-state and D, is the fatigue damage considering the effect of mean
strain. The initial data required for the damage assessment within the transient cycles are
obtained using step-by-step inelastic analysis. This is then used as an input for the modified

LMM eDSCA to account for the damage within the transient cycle and modify the fatigue
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damage considering the mean strain. A flowchart is proposed in Figure 7-12 to exhibit the

logic of the numerical investigation in this section.

CAFE model for the

welded flange
|
s |
Obtain transient cvcle Obtain transient cvcle
data with WERS data W/O WES
Modified LMM
eDSCA

| |
Creep damage Creep damage Fatigue damage with
transient cvcle steadv state cycle mean stramn effect

b
Creep-fatisue damage
endurance comparison

Figure 7-12 A flow chart for the creep-fatigue damage analysis through the modified LMM
eDSCA method considering WRS.

The Manson-Coffin-Basquin equation is used for the construction of the fatigue curve for
fatigue damage calculation. The same EN curve is used for all three zones. The values for the
material constants for Manson-Coffin-Basquin equation for PM is obtained from [137] as 0}5

=260 MPa; b =-10.0319; ¢ =— 0.5965; and 8} =0.2918.

The TF method is used for assessing the creep damage. The creep-rupture properties are
adopted from NIMS [123] and modified for the temperature of 600 °C. The plot for creep

rupture stress vs rupture time is presented in Figure 7-13.
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Figure 7-13 Creep rupture stress vs time to rupture diagram.

The rupture stress used for the creep damage is considered to be the average stress during the
dwell period. It wouldn’t be reasonable to use the arithmetic average of the start and end of
dwell stress as it would produce overly conservative results considering the nonlinear stress

relaxation during the dwell. Hence, the rupture stress is defined as below:
" At
Ty (B, 0, 2) = f o(AL 0, Z)dt (7-8)
0

where Z is the elastic follow up factor and o, is the stress at the beginning of dwell period.
For steady-state, the LMM subroutine calculates the elastic follow up factor, Z, which is used
to calculate the average stress. For the initial cycle, the start of dwell stress, end of dwell stress,
and creep strain obtained from the step-by-step analysis is used as an input in the modified
LMM eDSCA subroutine which calculates the Z for the initial cycle and the subsequent

average stress.

From the hysteresis loops and creep strain evolution plots presented in Figure 7-9 and Figure
7-10 respectively, it is clear that substantial creep strain/damage is accumulated within the
initial cycles hence it is only reasonable that they are also accounted for in the damage
assessment. Table 7-6 presents a comparison of the damage accumulation for the three main
scenarios considered a) without transient/WRS effect and without the effect of mean strain on
steady-state cycle (Scenario A); b) without WRS effect on transient cycle but with the effect

of mean strain on steady-state cycle (Scenario B); ¢) with WRS effect on transient cycle and
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with the effect of mean strain on steady-state cycle (Scenario C). In the absence of mean strain
effect on fatigue damage, the equivalent fatigue damage per cycle is not significant. The
maximum fatigue damage, which is observed in P4 is in the order of 10*. The total damage,
which is calculated as the sum of the creep damage and the fatigue damage, as such is driven
by the creep damage. In effect, the total damage is significant in the same order of creep

damage with P1 and P4 indicating similar damage accumulation.

Table 7-6 Comparisons of creep, fatigue and total damage.

Creep Damage
Element No. P1 P2 P3 P4

Scenario A 00029 0.0025 0  0.0033
Scenario B 00074 0.0081 0.0011 0.012
ScenarioC 00033 0.0036 0.003 0.0079

Fatigue damage

Element No. P1 P2 P3 P4

Scenario A 00006 0.0004 - 0.0006
Scenario B 00068 0.0029 - 0.0049
ScenarioC 00021 0.0003 - 0.0011

Total damage

Element No. P1 P2 P3 P4

Scenario A 00036 0.0029 0.0002 0.0039
ScenarioB 0017 0.0135 0.0011 0.0203
ScenarioC 00083 0.0064 0.003 0.0123

The creep damage within the transient cycle with and without WRS is quite substantial and
larger than the creep damage per cycle at steady-state. At locations, P3 where the start of dwell
stress is increased due to WRS, the magnitude of creep damage slightly increases, and at the
other elements where the start of dwell stress is reduced, due to WRS, the creep damage also

decreases.

146



Chapter 7 Effect of welding residual stress on creep-cyclic plasticity behaviour

For scenario B, the order and significance of fatigue damage changes substantially. In elements
P1, P2, and P4, the fatigue damage per cycle increases on a scale comparable to the creep
damage. At element P3, at steady-state, an elastic response is observed, hence the mean strain
doesn’t have an effect on the LCF but would have an effect in the HCF life. Considering the
structure as a whole, the effect on the HCF life is not significant and crack initiation will be

due to the LCF-creep interaction. The total damage is in the order of P4>P1>P2.

Considering scenario C, the presence of the WRS acts beneficial to the fatigue damage. Within
elements P1, P2, and P4 the WRS, as discussed in the earlier sections, WRS reduces the plastic
strain accumulation within the initial cycles and thereby the mean strain. As seen in Table 7-6,
the fatigue damage is reduced within these three elements and the order in which it is reduced

depends on the reduction in the mean strain.

From the results presented in Table 7-6, a concrete relationship between creep-fatigue-mean
strain-WRS cannot be drawn. Nevertheless, it throws light on the importance of mean strain
at steady-state. It is recommended that even for damage calculation at steady-state a thorough
investigation considering the change in the mean strain during the transient cycle should be
carried out. The presence of the WRS in this regard can act beneficially if its direction is

opposite to that of the resultant forces during the initial cycle.

7.8 Chapter summary

Creep-cyclic plasticity and creep-fatigue damage analysis of a welded flange are analysed
considering both the thermo-mechanical load and the WRS. The WRS is calculated in two
steps using an in-elastic FE analysis. The first step involves simulating the temperature history

which is then used within the static analysis to calculate the final WRS.

The presence of WRS is found to have a minimal effect on the shakedown and ratcheting
interaction curve, though the stress distribution changes considerably in the presence of WRS.
The residual stress within the structure redistributes itself to accommodate the WRS so that
the shakedown-ratchet limit curve remains the same. The effect of WRS is predominant for
the initial cycles after which it relaxes so that at steady-state the creep-cyclic plasticity
response is similar for with and without WRS. The resultant load produced compressive stress

within the HAZ compared to the tensile stress induced by the WRS, which was beneficial in
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terms of creep-fatigue damage. However, within the root pass region in the WM, which
exhibits elastic response at steady-state, large creep damage was observed during the initial

cycles, which is exacerbated by WRS.

The LMM eDSCA subroutine was modified to assess the creep-fatigue damage considering
both transient cycles and WRS. This is employed by obtaining critical data for the transient
cycles such as the start of dwell stress, end of dwell stress, and mean strain by step-by-step
analysis, which is then used as inputs within the LMM eDSCA subroutine to calculate the total
damage. For the damage calculations undertaken, the consideration of WRS and mean strain,
vary the damage distribution and peak considerably. In effect it can be observed that the WRS
stress largely affects the fatigue tolerance due to the change it causes on the mean strain. In
case of multiple bead the evolution of WRS will be even more complex but finally they will
alter the mean strain and thereby the fatigue life.
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8.1 Conclusions

The work presented in this thesis deals with the cyclic plasticity and creep-cyclic plasticity
investigation of welded components commonly found in power plants. Chapter 1 provides a
brief introduction and presents the thesis objectives. Chapter 2 provides an insight to the major
damage mechanisms observed in high-temperature service structures, and discusses the R5
and ASME damage evaluation methodology. Chapter 3 introduces the LMMF and presents
the numerical procedure for the shakedown, ratchet analysis and the eDSCA analysis. The
results presented from Chapter 4 through Chapter 7 identify various damage mechanisms
within welded components with the use of LMM. The main outcomes can be summarised as

below:

1. Identified the effect of weld material properties and geometry on the ratchet limit
curves.

2. Derived two semi-empirical equations based on the parametric studies which can be
used to predict the limit load of welded pipes in the specified range without performing
complex FE analysis

3. The creep damage, fatigue damage; creep-fatigue and creep-ratcheting interaction
studies of welded components commonly found in power plant have been performed.

4. Enhanced the UMAT to account for additional stresses such as the WRS.

5. Combined the LMM with in elastic FE analysis to investigate the creep-fatigue

endurance considering the transient cycles and WRS.

A parametric study on the ratchet limit and cyclic response assessment of a welded pipe
subjected to constant pressure and cyclic thermal load is presented in Chapter 4. The results
obtained demonstrate that the cr}'ﬁv M and the R; /t ratio have the most influence on the ratchet-
interaction curve. As such for lower values of 03‘,"’ M the secondary stress becomes more
prominent with the welded pipe experiencing thermal ratcheting. In general, from the most
critical results, two semi-empirical equations have been derived which can be used to predict

the limit load of welded pipes in the specified range without performing complex FE analysis.
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To understand the creep damage, fatigue damage; creep-fatigue and creep-ratcheting
interaction of welds, several case studies of components commonly found in power plant are
undertaken within this work and presented in Chapter 5 and 6. The results demonstrate that
the presence of welds have a significant influence on the damage mechanism and safe life of
components. In addition to enhancing the already present damage mechanism, they also
introduce additional damage mechanism. Studies also demonstrate that in most cases, the
thermal load has a larger effect compared to mechanical load due to the difference in the
coefficient of thermal expansion. The introduction of dwell time, leads to creep strain
accumulation throughout the weldment. In certain areas, the reverse plasticity and creep strain
compensate each other while at other areas they don’t, this leads to creep-fatigue and creep-
ratcheting at the same time at different locations. Hence it is critical that all the regions receive

due consideration while conduction damage analysis.

Creep-cyclic plasticity and creep-fatigue damage analysis of a welded flange are analysed
considering both the thermo-mechanical load and the WRS in Chapter 7. The presence of WRS
has a minimal effect on the shakedown and ratcheting interaction curve, though the stress
distribution changes considerably in the presence of WRS. The effect of WRS is predominant
for the initial cycles after which it relaxes so that at steady-state the creep-cyclic plasticity
response is similar with and without WRS. The LMM eDSCA subroutine was modified to
assess the creep-fatigue damage considering both transient cycles and WRS. This is done by
providing data for the transient cycles such as the start of dwell stress, end of dwell stress, and
mean strain as inputs within the LMM eDSCA subroutine to calculate the total damage.
Results further demonstrate that the presence of weldment induces tensile and compressive
stress/strain at the vicinity of the weldment, which substantially influences the creep and
fatigue damage. The presence of WRS further complicates this. Based on the location and
direction of the resultant load, the WRS can have a beneficial or detrimental effect on creep-

fatigue life.

8.2 Future work

Though the LMMF has been developed further compared to most direct methods, there are

various areas with still scope for improvements.
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Currently, EPP and RO models are used to account for the plasticity. When compared to actual
structures that may experience isotropic, kinematic, or combined isotropic and kinematic
hardening behaviour, the LMM tends to produce conservative results. The implementation of
such hardening behaviours within the framework is an area of interest and requires further
exploration. Further the LMM only considers structures that can attain steady state, but it is
recognized that this is not the case always, and it is of interest to build in provisions within
LMM to recognize such interactions and to extend the methodology to access the behavior

during transient cycles.

Similarly, the current approach to calculate the creep strain is by using the time hardening
power law, but it is known that in many scenarios more accurate creep behaviour is predicted
by different creep constitutive models such as the strain hardening power-law or the hyperbolic
sine law. Further, fatigue and creep crack propagation are areas equally important to crack
initiation. It would be beneficial if the LMM can be further researched and improved to
account for crack propagation also. But the implementation of this is a challenge that will

require considerable modification within the framework.

The LMM plugin for limit load and shakedown analysis has been acknowledged and accepted
by the R5. Plug-in for LMM eDSCA is currently being developed within Structural Integrity
and Life Assessment (SILA) group. Though this will be helpful for engineers or researchers
with minimal knowledge of the working of LMM or UMAT coding, it does not have the option
to post-process the results. It would be beneficial if the plugin provides the user with options
to choose between the high-temperature design code and provide results after post-processing.
Another suggestion is to add an option within the plugin to export stress data from a previous
analysis such a WRS, or strain data such as a body that is pre-strained before putting into

service.
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