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ABSTRACT

Creep failure of welds in high-temperature power plant steam piping systems is
known to be a potential cause of plant failure. Creep behaviour of plain pipes
with circumferential welds and cross-weld specimens have received fairly
extensive attention. However, research into the creep behaviour of welded
thick-walled branched steam pipes has received less attention. Consequently,
this thesis addresses improving the understanding of the creep behaviour for
this type of geometry. Numerical and analytical methods are used to assess the
creep behaviour of typical power plant branched pipe geometries.

The effects of various geometric and material parameters on the creep stress
and creep life behaviour of the connections are studied. In particular, the effect
of the differing creep properties associated with the various material regions of
the weld are investigated. The importance of incorporation of weld properties
in creep life assessments is thus assessed.

Finite element steady-state and continuum damage mechanics creep analyses
have been used to identify the relative creep strength of typical connections
compared to plain pipes. The work identifies typical creep rupture locations
within branched pipe welds and the associated damage accumulation at and
around these positions.

Various creep life assessment methods/procedures are used in practise; these
are mainly the British Standard codes, British Energy’s R5 procedure, steady-
state creep approaches and continuum damage mechanics approaches. The
relative accuracy and conservatism of these distinct approaches are addressed
for the application to typical branched pipes.

The general formulation of steady-state creep stress is applied to the parametric
study of weld materials in a typical multi-material welded branched pipe. An
approximate interpolation technique for power-law creep 1s implemented to
reduce the number of analyses needed to span a wide range of material
parameters. The method is used to estimate the creep stresses and lives at
several critical regions within the various material zones of the weld. The
advantages of the technique are related to the small number of analyses
required and the simple and compact way of presenting the results for weld

design and life assessment purposes.
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CHAPTER ONE

INTRODUCTION

1.1 General

Many technological advances of the nineteenth and twentieth century have led
to a dependency on the use of power. The use of power is diverse, whether it's
electricity for televisions, natural gas for central heating or crude oil for
powering anything from lawnmowers to fighter jets, the developed world
cannot exist without it. The importance of the role of power stations within the
developed world can never be underestimated; they are and probably will be at
the forefront of modern civilisation for many years to come. The dependency
on power stations to create electricity to help run industry. services, domestic
appliances and society as a whole is tremendous. With this dependency come
large requirements for the reliable operation of the plant to constantly supply
power but also to maximise its profitability as an industry. while at the same
time keeping a safe operating environment. The reliable and safe operation of
power plant is mainly dependent on the understanding of the power generation
process. One area of this understanding is how component failure within the
plant occurs, whether failure occurs by human misuse or by normal operating
conditions. It is this latter topic that is of importance within this thesis. Under
normal operating conditions, failure within the plant can endanger human hie.
as well as being economically expensive due to the replacement of failed

equipment and loss of earnings duc to shutdown. Failures can occur in many



areas of the plant, for instance the steam generation equipment can fail by
corrosion, thermal fatigue or creep. The causes of such failure are often
complex and are not yet fully understood: therefore it is of interest to power

companies to increase plant safety and profitability by gaining knowledge of

all potential failure areas.

Common failure mechanisms of plant components under normal operating
conditions include thermal fatigue and creep, which generally limit the life of
the plant to around 15 to 25 years [1]. As of May 2002, around 50% of
operational fossil-fuelled power stations within the UK with an installed
capacity of over 100MW are twenty years old or more and can produce just
over 43% of the country’s installed electricity capacity [2]. The extent of the
number of ageing fossil-fuelled power plants is not just confined to the UK. as
similar situations in many other countries exist. Many nuclear-fuelled power
stations in the UK are also nearing the end of their design lives, with more than
50% of such plants, responsible for the production of around 10% of the UK’s
electricity, are over twenty years old. Obviously, the plants are very close to or
have overrun their design lives and have carried on in operation due to the
power companies deciding via risk assessment techniques and extensive
research programmes that the plants are still safe and reliable for extended use.
However. over the last decade or so the appearance of substantial cracking in
many plant steam-piping components has been reported and understanding of
this particular problem is required to extend the life of plants still further. while

maintaining safety and improving future design. Gaining knowledge of the
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cracking has been mainly directed towards understanding the problems caused

by high-temperature creep.

1.2 Creep of power plant pipelines

1.2.1 General

Fossil and nuclear power plants generate electricity using several integral steps,
as described using the example of a coal-fired power plant diagram shown in
Figure 1.1. Put simply, coal is burnt to heat water until it has turned to steam.
The boiler typically contains hundreds of kilometres of tubing, which carries
and heats the water to produce steam. A photograph of a typical boiler room is
shown in Figure 1.2 and a typical layout of a boiler with reheater is shown in
Figure 1.3. The water 1s heated around the boiler walls until it has turned to
relatively low temperature steam. The steam is then transferred from the
tubing on the boiler walls to the superheater, where 1t is heated further to
produce very high temperature and high pressure steam, typically around
550°C and 17MPa, respectively. The superheater contains very thick pipework
to heat the steam due to the extreme temperatures and pressures involved in the
process. The steam then enters the high-pressure turbine to release its heat and
pressure energy by rotating large turbine blades, which in turn rotates an AC
generator to produce electricity, the steam then leaves the high-pressure turbine
at typically less than 0.001 MPa pressure. The steam can then typically be
reheated in a reheat boiler and used with intermediate and low-pressure
turbines to generate additional clectricity and improve the power plant

cfhiciency.

‘49



The high temperatures and pressures exerted on constitutive parts of the boiler.
superheater and turbine stages of power plant reduce the life of these
components and often control plant failure and plant life. The failure
mechanism that often controls these components is high temperature creep.
The steam pipelines within the superheater section is considered the area of

greatest risk from creep failure within the plant.

Creep is defined as the time-dependent deformation of a material held under a
constant stress, which is below the yield stress of the material [6]. Creep can
occur within a wide range of materials at a wide range of temperatures, but
generally for metallic creep within engineering metals and alloys, creep is
considered important at temperatures above 0.4 times the melting temperature
of the metal [7]. After a sustained period of time the metal can creep no longer

and consequently will fail by creep rupture.

The steam piping section contains many different types of geometry, such as
plain pipes, pipe bends and branched pipes. Welds are commonly used to
connect these together and are known to be a common site of pipeline failure
due to creep [8,9]. The weld contains relatively weak heat-affected zones
produced by the welding process. Figure 1.4 shows a typical example of the
failure of a power plant plain pipe section by creep rupture of the weld.
However. due to a lack of understanding about the creep of welds present

design codes and life assessment procedures gencrally only consider the



weakening effect of welds in power plant piping in a simplified way. e.¢. in

terms of a basic strength reduction factor.

The weakening effect of the weld’s material mhomogeneity can be exacerbated

by the stress concentration effects of different geometry types, such as welded

branched pipe connections.

1.2.2 Understanding of creep in steam plant applications

The understanding of high temperature metallic creep in power plant
applications has continuously been improved since the problem first surfaced
and much knowledge has been gained. Understanding of how the geometry,
materials and loading affect the creep and failure behaviour of typical
components, such as plain pipes, pipe bends, turbines blades have been used to
improve plant design and lifing codes. Mathematical models have been created
to model creep to investigate such effects and these have been used extensively
over the last decade or so in computer modelling packages such as finite
element software to improve knowledge on creep. However, the creep and
creep failure of components is a complex and difficult problem to fully
understand in a number of ways. Firstly, the study of the creep failure of plant
components is very difficult experimentally since under in-situ loadings and
temperatures failure typically requires a time-scale of decades. lLixperimental
testing has been carried out on typical components but the temperatures or
loadings had to be increased compared to in-situ conditions to achicve
relatively  short failure times; the failure lives were then extrapolated

backwards to estimate failure lives for in-situ conditions. Such results are



generally used cautiously due to the extrapolation procedure. Secondly. while
such experimental tests can be carried out for isolated geometry. material and
loading circumstances, it is certainly prohibitive to encompass the wide range
of geometry, loading and material combinations used within power plants.
Thus, the effects of the interaction of all three are still unclear for many
situations.  Thirdly and lastly, materials testing of tensile test pieces are
commonly used to obtain material creep properties for mathematical modelling
to extrapolate creep failure lives of components. However, the material
properties are idealised since tensile creep tests generally use uni-axial loading.
whereas, in reality, power plant components experience complex multi-axial
stress-states.  Multi-axial properties have been produced for multi-axial
modelling, giving improved life and creep predictions, [e.g. 10]. These are just
some of the complications involved in understanding creep behaviour and
failure of high-temperature plant components. Nevertheless, the problems
associated with the first and second points described can be reduced by the use
of computer software, such as finite element analyses, where by the geometry.
materials and loading effects of components can be varied more easily and
cheaply than equivalent experimental tests. However, the accuracy of
computational modelling is dependent on the third point described, i.e. the

requirement for accurate and representative mathematical models and material

properties.
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1.3 Branched pipes

1.3.1 General

Branched pipe connections (also known as tees or cylinder-cyvlinder
intersections) are commonly used within power plant systems to transfer steam
by either combining or splitting the flow. Branched pipes are used to collect
steam 1n the superheater and reheater sections of plant and can be found along
main pipe sections, or headers or other pressure vessel equipment. Figure 1.5
shows a typical superheater header with three parallel layers of small branches
and a larger branch on the end cap. The vast majority of branched pipes used
within power plant applications are constructed by welding of the adjoining
pipes. Although some forged branched pipe connections are used, they are not

considered within the present work as they are relatively rare.

Welded branched pipes are generally considered to be weaker than plain pipe
sections in terms of creep strength for two main reasons: (i) the presence of the
weld produces an inherent weakness due to material inhomogeneity in the heat-
affected zones which are generally weaker than the base matenal of the pipes.
thus producing a material mismatch and a common area of creep failure. and
(i) the inherent geometric stress concentrations associated with such

connections, e.g. discontinuities at weld toes and necks. and high stresses at

inner crotch corners.

However, quantitative knowledge of the weakening effect of such connections

was relatively poor when many plants were designed and constructed in the



1960s and 1970s. Design codes lacked incorporation of accurate creep
behaviour of branched pipes and the weakening effect of the weld. Design
codes such as BS 5500 [11] and BS 1113 [12] consider work which is based on
1960s and 1970s studies on the elastic strength and basic materials creep
strength of branched pipes. Creep life assessment procedures. such as the R3
[13] are commonly based on the reference stress technique which can be
applied to complex components, such as branched pipes, to give more accurate
creep lives. However, these lifing procedures can generally only be applied to
homogeneous components, so that there is no incorporation of the weakening
effect of the weld. The main reason for this lack of understanding about the
creep of welded branched pipes compared to other components, such as plain
pipes, is the complexity of the component, such as the geometry. the number of
variables, which includes the diameters of branch and main pipe, thicknesses of
branch and main pipe, weld size and angle and so on, and variation of material

properties due to the weld.

1.3.2 Connection types and geometry

There are many different types of branched pipes in service. As explained
earlier, the critical branched pipes that are affected by creep are situated in
superheater and reheater sections of plant. where the temperatures and
pressures of steam are typically around 550°C and 17MPa. respectively.
Thick-walled branched pipes are mainly used to collect steam from small
tubing pipes found in these sections via the use of inlet and outlet header tanks.
Figurc 1.5 and Figure 1.6 show typical examples of a superheater and a
reheater header used in plant, respectively. There are two main types of

8



connections used within headers and used in the majority of plants. The first
are rows of small branches positioned along the length of the header used to
combine heated steam from furnace tubing in the header. The second type are
larger branches, these are used mainly for transporting the collected steam from
the header to the turbine section of the plant, as shown in the reheater header of
Figure 1.6.  The sizes vary for these two types of connections with header
size, for UK fossil-fuelled plants, the smaller branch pipes are typically less
than 100mm outer diameter and around 10mm to 20mm wall thickness.
compared to the headers outer diameters of around 300mm to 500mm and wall
thicknesses of around 60mm. The larger branch pipes normally have
dimensions of around a third of the header outer diameter and wall thickness.
Hence, the work presented in this thesis will generally only consider branch

sizes within these ranges of sizes.

There are generally two types of welded branched pipes in use, dependent on
the way the connections are made, namely ‘set-in’ or ‘set-on’ connections.
‘Get-in’ connections have the branch pipe set into the main pipe and welded
from the outside surface. ‘Set-on> connections have the branch pipe set on the
top of the main pipe and welded from the outside surface. Both branch weld
types are shown in Figure 1.7. ‘Set-on’ branch connections are more common
in power plant since they are easier to construct and repair if cracking occurs in

the weld region. The present work therefore focuses on ‘set-on’ connections.

A common approach used to strengthen branched pipes and increase their

creep performance is to use reinforcement by increasing either the branch pipe



thickness, the main pipe thickness or both. A diagram displaying branched

pipe strengthening is shown in Figure 1.8.

Figure 1.9 shows the geometric notation used to describe simple welded

branched pipes. The basic dimensions used for the component are as follows:

1. Main pipe outside diameter D
2. Main pipe mean diameter D,,
3. Main pipe inside diameter D,
4. Branch pipe outside diameter d
5. Branch pipe mean diameter d,,
6. Branch pipe inside diameter d,

7. Main pipe wall thickness T

8. Branch pipe wall thickness ¢

The main non-dimensional parameter ratios used to define a particular

connection geometry are: d/D, D/T, d/t and t/T.

1.3.3 Creep failure

In-situ and branched pipe test components have indicated that creep failure
around the weld region can occur before other remote regions such as the
header or plain pipe sections [16]. Such failure can occur in different positions
depending on materials, loading and geometry. The most common creep
failure locations found within typical high temperature coal-fired branched
pipes are displayed in Figure 1.10 [19,20]. Failure within the weld itself is
common. Cracks on the outside of the weld surface at the weld foot and weld
toc are shown in Figures 1.10a and 1.10b. Creep crack growth on the inside

10



bore of the connection is also common, especially within the heat-affected zone

of the weld (Figure 1.10c) and near the inner crotch corner of the base metal

(Figure 1.104).

1.4 Motivation, objectives and scope of thesis

Extensive research on material creep behaviour and the creep of simple
components such as welded plain steam pipes has been carried out previously
[19-26] and substantial understanding has been gained about the effects of
materials, geometry and loading.  Including knowledge of the variation of
stress, strain and displacement distributions and their effect on failure life and
position within welded components has helped to improve plant safety and
validate life extension. However, experience within the power industry has
shown that although failure within welds of branched connections are common
and more premature than in welded plain pipes [17.18,27]. there is still a lack
of knowledge on the creep behaviour of such components. There is therefore a
requirement for improved understanding of the creep behaviour of branched
pipes. The effect of stress distributions on this creep behaviour is an important
aspect of improving understanding. The inherent complexity of these
components and their associated weld regions leads to experimental testing
being very time-consuming and expensive, closed-form analytical solutions not
existing and realistic numerical investigations using such tools as finite element
(FE) analysis being time consuming. Although creep analyses of branched
pipes using FE is intensive, the method 1s still drastically cheaper and less time
consuming than experimental testing. Standard FE packages. ¢.g. Abaqus [28].

commonly utilise popular mathematical creep models such as steady-state

11



power laws, e.g. Norton’s law, and corresponding material creep properties
obtained from experimental creep testing. e.g. uni-axial tests [29.30]. FE
packages typically allow user programming of more complex and accurate

mathematical models, such as the continuum damage mechanics (CDM)

approach [31,32,33].

The aim of this thesis is to investigate multi-material creep within welded
branched pipes across a range of material properties, geometries and
connection types. This will provide insight into the strength reduction and
failure behaviour effects caused by the weld and branch, which will in turn
permit assessment of present design and lifing methods with respect to such
failure. The work is entirely computational in nature, including FE analyses,

both steady-state and CDM. and the application of design and creep life codes.

Chapter Two of this thesis reviews the current literature on the creep of welds,
describing details of the mechanical and metallurgical characteristics of welds,
the failure behaviour and performance of welds and the methods currently used
in the study of the creep of welds. In the latter sections, a more detailed review
of the creep of welded branched pipes and welded plain pipes is presented, in

relation to experimental, analytical and numerical studies carried out.

Chapter Three assesses the steady-state creep stress distribution behaviour and
failure lives for typical UK fossil-fuelled isolated welded branched pipes using

a steady-state rupture approach [33.34]. Firstly. the effect of varying geometric



parameters on the steady-state stress vanation in the connection and peak

stresses within homogeneous branch connections are investigated.

Chapter Four assesses the effect of the presence of inhomogeneous weld
material properties on the steady-state stress distributions and failure behaviour
of typical welded branched pipe configurations. Comparisons are made with

homogeneous failure lives and positions to evaluate the importance of the weld

and its role in life prediction.

Chapter Five provides assessment and validation of the application of a general
formulation approach for steady-state stress prediction in a multi-material
component using FE analyses as proposed by Tang [35] to a typical three-
material isolated welded branched pipe. The method is used to conduct a
steady-state creep parametric analysis of the multi-material behaviour of the
stresses in the weld, allowing for the stress predictions to be assessed in a
compact and easy manageable way using a relatively small number of FE
calculations. The method is combined with a simple approximate rule based
on the linear behaviour of creep stresses with the inverse of the materials creep
exponent values, n, from Norton’s power law to reduce the number of required
FE calculations still further. The accuracy of the stress predictions produced
from the general formulation approach combined with the 1/n approximation.
are assessed by comparison with FE steady-state solutions for typical in-situ
materials. A detailed study of the stress variation with parent material. heat-
affected zones and weld metal material properties is presented at scveral

positions of interest around the weld region. The results are used to



demonstrate the accuracy and effectiveness of the combined gencral
formulation approach and modified Calladine approximation method [36] for
branched pipe weld assessment and design purposes, as well as to investigate

weld behaviour on stress distributions.

In Chapter Six a comparison of steady-state rupture and continuum damage
mechanics (CDM) failure predictions for realistic three-material isolated
welded branched pipes is presented. Comparing the failure lives and positions
of the two approaches for two different weldment material property sets
assesses the effect of ignoring the tertiary creep stage in steady-state
assessments. The CDM results provide a means of assessing the accuracy of

the less computationally intensive FE steady-state rupture predictions.

Chapter Seven provides a wide-ranging comparison of three popular creep life
assessment techniques for the purpose of addressing the relative accuracy of
each. The steady-state rupture approach, British Energy’s RS rupture reference
stress approach and the CDM approach are assessed for a wide range of single
and multi-material components. The components considered range from
relatively simple idealised structures, e.g. a beam in bending, to more realistic
applications, e.g. a multi-material welded branched connection. The aim is to
provide an assessment and guidance on the use of the RS approach for both

single and multi-material components.



Chapter Eight presents a general discussion and the main conclusions that can
be drawn from the work presented in the thesis. Finallyv. Chapter Nine

identifies future work required, based on the findings of the present study.
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1. Coal Stockpile, 2. Boiler Bunker and coal feeder, 3. Pulverisers, 4. Boiler, 5. Superheater,
6. Turbine, 7. Generator, 8. Generator transformer, 9. Cooling towers, 10. Condenser,
11. Electrostatic Precipitators, 12. Chimney, 13. High concentration slurry disposal

Figure 1.1. Diagram of the basic processes within a coal-fired power plant

(Energex plc [3]).
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Figure 1.2. Furnace wall tubing in a boiler section of a fossil-fuelled power

plant (PowerGen plc. [4]).
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Figure 1.3. Set-up of a boiler with reheat section (CEGB [5]).
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Figure 1.4. Cracks found in the heat-affected zone of a weld from a main steam

plain pipe (PowerGen plc. [4]).

Figure 1.5. Superheater header (Nippon Steel Corp. [14]).
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Figure 1.6. Reheat header (PowerGen plc. [4]).
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Figure 1.10a. Circumferential creep cracks at the weld foot on the outside

surface of the weld of a branched pipe (Sys [17]).
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Figure 1.10b. Gross circumferential and transverse creep cracks on the outside

surface of the weld of a branched pipe (Day et al [18]).
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Figure 1.10c. Parallel creep cracks within the weld at the inside bore of a

branched pipe (Sys [17]).

Figure 1.10d. View of a through-thickness creep crack near the inside crotch

corner of the weld at the inside bore of a branched pipe (Sys [17)).
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CHAPTER TWO

LITERATURE REVIEW

2.1 Introduction

Creep is defined as the time-dependent deformation of a material at an applied
stress less than the yield strength. At high temperatures, creep can produce
significant continuous viscoplastic strains within metallic components that
eventually lead to failure. The extent of creep and the time to failure depend
on the material, the operating temperature, the applied stress history and the

geometry of the component.

2.2 Microstructural and mechanical behaviour under creep in
metals

Although some metals such as lead, copper and mild steel can creep at room
temperatures, the phenomenon is normally associated with high temperatures,
typically greater than 40% of the absolute melting temperature of a metal [37].
On a microstructural level. there are two dominant creep mechanisms namely
dislocation creep and diffusional creep [37]. Diffusion occurs when vacancies
exist in the metal crystal lattice. An atom can move Into a neighbouring
vacancy when it has enough thermal (activation) energy. Dislocation creep 1s
related to dislocations within the crystal lattice of the metal overcoming the

natural stiffness of the crystal lattice structure or other obstacles such as
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precipitates to move through the lattice, giving rise to “slip’. Both mechanisms

produce creep deformation and dislocations also join together to produce

damage and form cracks.

Mechanisms of metallic creep on the macroscopic level start with the
accumulation of creep strain with time at a given stress and temperature. Creep
generally consists of three distinct stages, as shown in Figure 2.1 [38]. The
immediate effect of an applied load will introduce initial elastic strain.
Thereafter, a region of increasing creep strain at a decreasing creep strain rate
occurs, known as the primary creep stage. Following this stage, is a region of
constant creep strain rate, called the secondary creep stage or steady-state
creep stage. The third and final stage consists of a region of progressively
increasing strain rate, known as the tertiary creep stage, where the creep strain
rate increases rapidly. After some time, the material fails by creep fracture or

rupture [37,38]. The three main stages are described below in more detail:

Primary creep 1s a period of work-hardening in which the creep rate
decreases with time. As a result, the material becomes harder to deform

as the internal stress increases with the dislocation density.

Secondary creep (steady-state creep) is a period of balance between
work-hardening and thermal softening. The latter is a recovery process
activated by the energy from the dislocation structure. This results in a
region of constant creep rate and the matenal becomes neither harder

nor softer. This stage is normally used as the basis of cngineering



design and life assessment for creep, as it is commonly the dominant

region over the design life of components.

Tertiary creep results from necking. cracking and metallurgical
instability. It is characterised by an Increasing creep strain rate

culminating in fracture.

Differences in the creep response of a material may arise when one stage
dominates under a particular stress or temperature combination [39], the basic
shape of the creep curve remains unaltered. For instance. the CrMoV alloys
used for fossil-fuelled power plant steam piping systems, which usually
experience stresses lower than 100MPa and temperatures around 550°C,
generally have short primary creep stages, long secondary creep stages and
short fertiary creep stages. Typical creep behaviour for a /2Cr/2Mo'V alloy is
shown in Figure 2.2 [26] for an accelerated temperature of 640°C. Note that as
the stress is decreased the secondary creep rate reduces. while the failure life
increases. Each curve shows a negligible primary creep stage. while the
secondary creep stage dominates the creep curve and the tertiary creep stage is
substantial for all three stress levels, but reducing in prominence for lower
stresses.  The secondary creep stage dominates each creep curve by
constituting around 70% of the materials creep life. As the graph shows for
this material, at this acclerated temperature, for higher stresses the tertiary
creep stage becomes more prominent. Likewise. if creep tests were performed
at three different temperatures and at a constant stress level similar behaviour

would be found.




2.3 Mathematical modelling of creep

2.3.1 Introduction

Many simplified creep constitutive relations have been proposed to describe
the nature of the three different regions of the creep curve. As described
earlier, creep strain, £, is dependent on three main parameters: stress, time,
and temperature, denoted o, ¢ and T, respectively. A generalised creep strain

law can therefore be shown in the form of
& = L) (O (D) (2.1)
where f (o), f,(t) and f;(T) can be separated to give distinct relationships

for each of the three parameters on creep strain. Previous work has suggested

many forms for f,(o), f,(t) and f;(T) [38,39], as follows:

For the stress dependence, f,(o):

fi(c)=4Ac" Norton [40]
£,(c) = Csinh(éo) McVetty [41]
fi(o) = Eexp(yo) Do [42]
f.(o) = C[sinh({o)]* Garofalo [43]

where 4, C, E, £, v, {, e and n are material constants. Suggestions for the
time dependence. f,(f):
f1(1)=bt* Bailcy [44]

1H()y=E(l-e*)+Gt McVetty [41]




INOEDWIE Graham and Walles [45)

where E, G. ¢,. b, g, j, and ¢ are constants, which could depend on

temperature. Suggestions for the temperature dependence. fi(T):
f3(T)=texp(~AH | RT) Do [42]

where ¢ is time, AH is the activation energy. R is the Boltzmann constant and

T 1s the absolute temperature.

2.3.2 Steady-state creep modelling

One of the simplest and most commonly used creep law relating creep strain to
applied stress is Norton’s power law [40]

£ =Ao" (2.2)
where 4 and n are material creep properties, determined from creep test data. n
is generally called the creep exponent or creep index value. This relationship
describes the variation of minimum creep strain rate with applied constant
stress for the secondary (steady-state) creep stage for uniaxial stress behaviour.

f,() is assumed to equal unity. Temperature dependence is not explicitly

defined in this law: the equation is used for constant temperature conditions.
However, the effect of different temperatures can be captured through the
material constants 4 and n. For power plant applications, temperature and load
remain practically constant for prolonged periods of time and the steady-state
creep stage dominates the creep curve of the matenal, so that the use of

Norton's law is valid for such analyses [38.39].




Since true uniaxial states of stress are rare it is important to treat creep as a

multiaxial problem. The application of plasticity yield criteria to creep
behaviour for multi-axial stress states is widely accepted and modified versions
of uniaxial creep constitutive equations ~have been derived and used
successfully [38,39]. For steady-state creep, a commonly used law [46]
relating multiaxial stress and creep strain rate is the multiaxial generalisation of

the Norton law, as follows:

e 3 e
gij :EAo-eq‘Sij (2.3)

where 8; is the creep strain rate tensor, S is the deviatoric stress, defined as:

1

ij ij

where & is the Kronecker delta which is equal to 1 when i =j and 0 when i # .

The multiaxial creep stress state can be treated using the concept of equivalent

stress, o, , defined similar to that of the theory of plasticity [47-49] as:
o, = _\/1__[(0-" ~6,) +(0,-0.) +(0, -0,) +6(r"5 + 2 +10x)]'? (2.5)
2

where o, ,0,,0, are the Cartesian normal stress components acting in the x. y

and z planes, respectively, and 7, 7, 7_ are the shear stress components.

Similarly, an equivalent creep strain can be derived.

Stress redistribution and strain accumulation are important phenomena

associated with creep over time following initial elastic response [38,39.46].
An example of this behaviour is shown in Figure 2.3 [39]. which represents a

tvpical time history of deflection and stress at a position of interest for a
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constant load. The redistribution of stress due to the time-dependent
relationship between strain and stress and the spatial distributions of stress and
strain within a component are shown. For all but the simplest components
[35,39], numerical techniques such as finite element (FE) analysis are required
to quantify the redistributed, steady-state stresses. For multi-material, welded
branched pipe components this is specifically true: hence, the present work is
based on FE modelling. In addition, for such multi-material components as
welded pipes, with significant differences in creep properties between weld
zones, the determination of stress-redistribution and resulting steady-state

stresses 1s a complex process, e.g. [23,35].

An important relationship in steady-state creep of homogeneous components,
first proposed by Calladine [36], is the approximately linear relationship
between maximum steady-state creep stress in a component and inverse of
Norton creep exponent, n. Calladine showed that the maximum stress for six
components, as shown in Figure 2.4, under different stress states, an
approximately linear variation with 1/n, as shown in Figure 2.5, where m=1/n.
Calladine proposed that the relationship held generally for any component
experiencing power-law creep. The maximum steady-state stress in any
component can thus be found for any arbitrary value of Norton creep exponent
by interpolating between any two known stress values corresponding to two
different n values, say n=1 and n=10. The relationship has been incorporated
into creep life assessment procedures that use a maximum steady-state creep
stress to predict a rupture life, e.g. British Energy’s RS procedure [13]. which

is based on the reference stress method [39.50].

()
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2.3.3 Continuum damage mechanics modelling

Continuum damage mechanics (CDM) applied to creep problems can model
primary, secondary and tertiary creep in the form of damage accumulation
[39]. It is based on a time-dependent accumulation of creep damage within the
material at high temperature leading to failure or rupture. The interest here is
in damage accumulation during the tertiary creep stage. Other types of damage
at high temperature relate to corrosion, spalling, fatigue etc [37,38]. On a
macroscopic scale, damage due to creep generally represents the growth of
internal voids in and around the grains of a metallic structure at high
temperature, due to nucleating cracks and cavities, examples of which are
shown in Figure 2.6 [51]. Creep damage localisation has been observed in
both engineering practice and laboratory simulation [37,51]. Put simply.
growth of voids in a matenal will lead to an effective loss in material cross-
section. As a result, the stress acting over this cross-section for a constant
applied load and temperature will increase with time as damage increases.
Penny and Mariott [39] recommend the model proposed initially by Kachanov
[31] and the later modifications to this by Rabotnov [52] as the most robust of
models for creep damage growth. The finalised versions of the Kachanov and
Rabotnov models are based on a power law which incorporates a damage
parameter, denoted by @. As damage accumulates with time, the strain rate at

a point in the material also increases with time, resulting in continuous stress

redistribution. A CDM law for multiaxial creep strain rate, £ . [53] is as

follows




_ o, "S

r

where A'. n' and m are material creep properties determined from

experimental creep data, S, is the deviatoric stress and o, is the equivalent

stress of Equation 2.5. When creep initiates in the un-damaged material at time
equal to zero, the damage level is zero, ®=0. As creep time increases, the
damage and strain rate at a position will increase, and @ tends to unity and the
strain rate to infinity. The condition @ = 1 corresponds to material failure. A
second equation is coupled with Equation 2.6 to represent the evolution of

damage with time [52,53], as follows

: Mo} .
W= !
(1+¢)1-w)*

2.7)

where @ is the damage rate and M, ¢ and y are material constants, which can
be determined from experimental creep rupture data. The creep rupture stress

[10], o,, is based on the tri-axial creep behaviour of a matenial, and is
calculated using the equivalent stress, o, , and maximum principal stress, o,

as follows

o, =aoc, +(1-a)o, (2.8)
where o is a material constant, which ranges from 0, for cases where o,

dominates to 1, for cases where o, is dominant.

CDM analyses will produce a creep rupture life for a component when the
material across its section has reached @ = 1, i.e. failure, but only at the cost of

extensive computational time, since modelling of damage cvolution requires
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very small time increments due to the compatibility of strain and stress-
redistribution. An alternative approach is to use the steady-state stress with the

integrated form of Equation 2.7 with respect to time, giving

. 1+m ‘l/(l+m)
T M(o) 2

to predict a lower bound failure time. Where lower bound denotes that the
failure life will be more conservative than the equivalent failure time based on

the CDM prediction using Equations 2.6 and 2.7.

To predict rupture lives using the material rupture properties and the rupture
stress based on steady-state creep stresses, as shown in previous studies, e.g.
[23,34]. This latter approach has been shown to give reasonably conservative
estimates for the failure times of power plant weldments compared to the
alternative damage mechanics approach. Damage analysis has its limitations
because often the material constants required (i.e. 4', n', M, m, ¢, ¥ ) may not
be widely available and tend to be difficult to attain. Additionally, standard FE
packages such as Abaqus [28] and Ansys [54] do not offer “in-built” CDM
material constitutive equations, such as Equations 2.6 to 2.8, in their software
and sub-routines must be written to model CDM. However, CDM life
predictions can be used to benchmark simpler methods, such as lives estimated

using steady-state creep stresses [34].

(U8}
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2.3.4 The reference stress method

2.34.1 General

The idea of the reference stress method (RSM) was first proposed by
Soderberg [55] and later additions made were by MacKenzie [56]. Sim [50]
and others. The method is widely used for analysis and design of engineering
components under creep conditions [39,58-60]. The method has been used to
estimate creep deformation, creep stresses and rupture lives of components
[39,58-60]. The approach predicts relatively accurate results and because of its
simplified nature compared to other approaches it is therefore commonly used.
The R5 creep life assessment method for power plant components 1s based on

the use of reference stresses.

On initial loading of a component, instantaneous generalised deflection vector,

U. is obtained at a position of interest. This vector is a function of the

component dimensions and the elastic or elastic-plastic behaviour of the

material. A second, steady-state creep deformation occurs, which is time-

_ .. dU
dependent, namely, Ug. This deformation increases at a steady rate, —-—Zit—“~

A third deformation is due to creep during the stress redistribution phase, Ug .
These three sources of deformation are shown in Figure 2.7 to characterise the

general component behaviour [39]. Thus, the total deformation, Ur. at the

position will be accumulated as

U, =U +—2t+Uyg (2.10)
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For some simple components, y
/4

can be obtained. e.g. [61]. in the general

form of

dU
—E= finfydimde,," (2.11)

where f,(n) is a function of Norton stress exponent, n, f,(dim)is a function of

component dimensions and o,,, is a convenient nominal stress dependent on

the loading of the component.

Mackenzie [56] proposed the use of a scaling factor, a, in Equation 2.11 for
the purpose of simplifying the solution for finding the displacement rate using

a reference stress for the component, O > SO that Equation 2.11 becomes

P .1 1 dim)(ac,,, ) (2.12)
dt a”
When a=a,,(a constant reference factor), so that the function / (:1) 1S
a

Uss

independent of n and in Equation 2.12 becomes simplified, so that

= BA(O-ref)p (213)

n

— : n : :
where D is a reference multiplier, equal to f;( ) /,(dim) and A(amf)' is the

steady-state creep strain rate at the reference stress, o, , which is thus equal to

aref O—nom :




For a component with an analytical solution in the form of Equation 2.12. the

value of a,,, can be obtained by using trial and error with Equation 2.12 for

two values of n until a value of « is found for which is independent of

IAW)
o

n. The a value thus found 1s taken as the a,,, value, the o, and D values

can then also be determined.

For components without analytical solutions, which cover the vast majority of
structures, numerical methods have been suggested. Sim [50] proposed a

method based on approximate solutions using limit loads. This method

: : | dU /dt _
consists of plotting log ——ﬁ——n— for a range of a values against » to find
Alao,,, )
dUg /dr . . —
a,, , the value for which 2(__@__)"_ is independent of n, as shown in Figure
ao—nom

2.8. The y-axis intercept gives the log of the reference multiplier parameter,

D.

Sim [50] used the similarities between (i) the time-independent (static) elastic
and time-dependent creep »=1 solutions and the (i) time-independent elastic-
perfect-plastic (EPP) and time-dependent creep #=oo stress distributions to give
an approximate method for determining the reference stress and displacement

rate, as follows:

=0 (2.14)

and
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D~y—1 (2.15)

where P is the applied operating load, P, is the limit load of the component.
o, and E are yield stress and Young’s modulus, respectively. and U™ is the

initial elastic deflection of the component.

2.3.4.2 RS reference stress approach

The most common use of the R5 lifing technique [13] is for homogeneous
(single) material defect-free components under steady-load. The R5 approach
however is based on a modified version of Equation 2.14, which leads to more

accurate predictions of failure lives [60,62-64], as described below.

Equation 2.14 generally provides a lower bound on the actual reference stress
for rupture assessment purposes [60]. However, comparison of experimental
and rupture calculations for numerous structures made from creep ductile
materials (defined as rupture by gross creep deformation) indicate that
Equation 2.14 provides accurate predictions of life for materials with similar
shape rupture and deformation surfaces [62]. An extensive evaluation of
predicted rupture lives and experimental data for components in various stress-

states led to the generation of the R5 approach [13], which is summarised

below.

It has been shown [64] that the estimated time for a structure to fail by the

spread of creep rupture damage, ., is less than the estimated time to rupture
obtained from uniaxial stress rupture data at the reference stress, 7,(o, ). of

Equation 2.14. i.e.

1oy < t,(O’,(f,») (2.106)




RS argues that the difference between t., and t (o, ) is due to stress

concentration effects in the component [62,63]. A stress concentration factor.

A, 1s thus defined as

(2.17)

where &, ... is the maximum value of the elastically calculated equivalent

stress in the component. The equivalent stress is used to account for both uni-
axial and multi-axial states of stress within components. Calladine [36]
deduced that the maximum steady-state stress in a component varies
approximately linearly with the inverse of Norton creep exponent value. n.
The maximum steady-state stress at n = o is the reference stress and at n =1 is

the maximum elastic stress. This relationship gives rise to a rupture reference

stress, o ,’if , used within the RS approach defined as

Oy = (1 + l(z - 1))0,4 (2.18)
n

The rupture reference stress therefore augments the reference stress to account

for the effect of stress concentrations within a component.

Volume 7 of RS states that Equation 2.18 should be used for creep brittle
materials (defined as rupture by negligible creep deformation), where overall

creep rupture of a component may be assumed to occur when local rupture at

. . R o .
the stress concentration occurs, i.e.f., ~1 (o, ). However, 1t is argued that

for creep ductile materials (RS states ductile materials with n values less than
7) significant time is taken for damage to spread before fracture occurs after

damage initiation, so that Equation 2.18 is overly conservative. R5 thus

. . o . R
defines an improved empirical estimate of the rupture reference stress. o . as

follows:

ok =(1+0.13(A-D)o,, (2.19)
The component failure life, 1, . is then calculated using a life equation based on

the reference rupture stress, such as
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(O-refy

I, =—"— 2.20
v (2.20)

where M and y are material rupture properties, obtained from uniaxial rupture

test data.

Under creep and constant loading conditions, stresses in weldments redistribute
across the different material zones of a weld due to mis-match in creep
properties and the requirement for strain compatibility within the component.
This primarily occurs due to parallel loading to the weld direction. e.g a
pressurised butt-welded straight pipe [13]. Volume 7 of the R5 procedure
describes two approximate procedures for pfedicting the creep life of welded
components. The first procedure considers the stress redistribution for each
constituent zone by modifying the homogeneous reference stress (Equation
2.14) by multiplying with a zone-specific stress redistribution factors, &, and
then calculating the life using the usual procedure as for a homogeneous
component, as detailed above. The k factors are based on the stress
redistribution of parent material, weld metal, coarse HAZ and Type IV HAZ
material behaviour of straight welded pipes made of either /2Cr/4sMo'4V parent
material with a 2%4CrMo weld metal or with both 2%4CrMo parent and weld
metals. The approach firstly requires the knowledge whether the weld will fail
by hoop stress dominance or by axial stress dominance. Under the latter, the
axial stress would be significantly larger than the hoop stress and would
therefore control the weld failure. Since the HAZ and Type IV zones are very
thin, the amount of stress redistribution in the axial direction (transverse to the
weld) of a straight pipe weld would be very small, since redistribution is

limited to the matenial local to the weld zones interfaces. For this later case of
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transverse loading (transverse to the weld fusion line) dominance. the R3
allocates the k values for all weld zones as unity. i.e. no stress redistribution
within all zones. Under hoop stress control. the reverse is true and all zones
have a significant size in the radial direction and stress redistribution would
occur by weaker materials off-loading to stronger zones. In this case. k factors
with non-zero values are defined. For example, a %CrsMoY%V:2%CrMo
weldment has & values of 1, 0.7, 1 for the PM, WM and Type IV HAZ regions.
The second R5 multi-material method calculates reference stresses for each
weld zone using a mis-match limit load, which uses a separate rupture strength
stresses for each weld zone, dependent on the zones creep rupture strength.

The method is described in more detail later in Chapter 7. where 1t is evaluated.

The physical basis for use of the reference stress method with multi-material
components is less clear. Fundamental work by Yehia [65] applied the
reference stress method successfully to simple multi-material components to
predict reference stresses and displacements for materials with different Norton
A constants. However, the study did not apply different Norton exponents, n,
values in relation to each material, therefore its application to realistic multi-
material components, which often have materials with different n values. is
somewhat limited. Other published literature on the physical basis and the
successful application of the RSM to multi-material components has not been
found. A simplified method proposed by the Volume seven of the RS
procedure [13] for predicting reference stresses in multi-material components

is discussed in the next section.




2.4 Creep of welds

2.4.1 Introduction

Welds are of utmost importance in power plants and other installations. often
operating at high temperature under constant loading. Components used for
high temperature plant are mainly complex and large in nature, because of this.
connection of smaller components by welding is common practise. since
forging or casting is generally much more expensive. Hence, welded joints are
a frequent occurrence in every stage of plant operation. The high temperature
performance of power-generation components and plant is generally limited by
the creep life of the weldments, so that safe and reliable performance of all
welded components is essential for effective plant operation. However. the
creep behaviour of welded plant components is complex. due to the effects of

material inhomogeneity of the weld, component geometry and loading.

Welds are complex in structure with different creep property zones produced
by the welding process and are often weaker than that of the parent material of
the component. The difference in creep strength between these different weld
zones, known as weld mis-match, as well as the individual strengths of the
zones, control the strength of the weld. The effect of welds on the creep failure
lives of different power-plant components, such as straight pipe sections, pipe
bends, end caps. branched pipes etc., is still not fully understood. Conversely.
the effects of geometry, loading, creep properties and mathematical models on

weld design and life assessment are still needy areas of research.




Distinct problems relating to the creep of welded components. 1.e. the distinct
creep strength of each weldment matenal and the combined effect on creep
stress and strain distributions and failure behaviour. This has lead to extensive
research on this topic, including subjects such as the simulation of weldment
performance, e.g. {10,26,34,53,66]. residual life assessment, e.g. [34.58,60.67].
improving weld design methods, e.g. [35,64], the effects of weld repair. e.g.
[9,33,68] and others. The main approaches employed in creep of welds studies

are based on experimental, analytical and numerical methods.

The majority of research has concentrated on two main areas. Firstly, the creep
of uniaxial cross-weld test specimens used to provide indications of real
component behaviour and for the generation of material properties [39].
Secondly, the creep behaviour of straight pipe steam sections with
circumferential weldments has been extensively studied using experimental
and numerical techniques to understand material mis-match behaviour and
attain creep life predictions of the components, e.g. [33,34,69]. However. the
creep of other important welded components, such as welded branched steam
pipes, has had less attention. This is due to welded straight pipe sections being
the most common welded component in power plant and also having relatively
simple geometries. By comparison, welded branched pipes are less common

than straight pipes and have relatively complex geometries.

Previous work relevant to the creep of welds and welded branched pipes is now
described.  Firstly. general work on the creep of welds is reviewed in this

section and in Section 2.5; focusing on metallurgical and mechanical features
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of weldments, weld performance and failure and previous studies and
methodologies used to investigate creep of welds. Secondly. a review of the

literature relating to branched steam pipes is presented in Section 2.6.

2.4.2 Metallurgical and mechanical behaviour

The welding process involves the deposition of very hot weld metal (WM).
called a weld bead, onto the cooler parent material (PM) of the components to
be connected together. For large welded regions, many weld beads will be laid
to complete the weldment. The PM adjacent to the weld bead is subjected to
numerous heating and cooling cycles as each weld bead is laid down.
producing a different structured material compared to the PM away from the
weld.  This region is known as the heat-affected zone (HAZ) and its
microstructure is dependent on the welding temperature magnitude and time at
this temperature, number of heating cycles, the cooling rate, the material and
the metallurgical state. Figure 2.9 displays the different material zones, each
with varying grain size, in (a) a deposited single weld bead and (b) multiple
weld beads, due to a single weld heating cycle and multiple heating cycles,
respectively [70]. The number of material zones related to the single weld
bead is five; weld metal (WM), parent material (PM) and three different heat-
affected zones (HAZ)(Coarse, fine and intercritical grained). The multiple
bead welds have an additional three heat affected weld metal zones produced
from the heat-treating process from the deposition of an adjacent weld bead.
these are known as the coarse columnar. recrystallised coarse and fine zones.
Hence, a weldment is inherently inhomogeneous in structure and shows a
structured distribution of varying metallurgical structures. Each of these
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different microstructural zones has its own stress, strain and rupture behaviour.
The extent of which is dependent on the particular parent material. weld metal
and welding conditions used for the component. A typical example of the use
of multiple weld beads to produce a weldment along main steam pipe sections
for a fossil-fuelled power plant butt weld is shown by a cross-section of its

macrostructure in Figure 2.10 [4].

Differences in thermal properties, e.g. expansion coefficient, of the various
microstructural zones of the weld induce residual stresses across the weld
during the welding process. This can be unfavourable to weld performance if
the weld is left untreated in high stress and high temperature conditions, such
as power plant piping. Hence, post weld heat treatment (PWHT) is commonly
applied to the weld region to relieve, i.e. reduce, the residual stress state, to

decrease the general stress levels and also to temper the weld microstructure.

Since the microstructure varies significantly across the weld, the mechanical
properties of these distinct regions also change significantly. The ultimate
tensile stress (UTS), the yield stress and the ductility all vary substantially after
the welding process is complete [71]. The values of these properties often vary
at different locations within the weld, the PM, WM and HAZ are all affected
for typical engineering steel alloys [71]. These zones also commonly have
significantly different creep properties, for instance minimum creep strain rate,
rupture strength. For example, generally for low carbon steels the intercritical
HAZ region is the weakest in terms of creep and rupture strength and has a

higher ductility compared to the PM. The WM strength and ductility can vary
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compared to the PM depending on material choice. e.g. [30.72.73].
Additionally. creep crack growth rates within the different regions of the
weldment can vary significantly; it may be very high in the WM region.
producing a brittle mode of failure, while in regions such as the PM. crack

growth is generally slow and controlled by a ductile failure mode.

To effectively study creep failure of welds it is important that all of these

metallurgical and mechanical characteristics of weld behaviour are considered.

2.4.3 Creep performance and failure of welds

Low alloy steels are often used for power plant piping sections, since they offer
good creep performance at reasonable cost [71]. The alloys are based on
chromium and molybdenum mixtures and sometimes including usage of
vanadium to increase the creep strength of the alloy still further. For instance,
power plants in the UK often use 2Cr2Mo'V steels for high-temperature
piping. Power generation plants contain tens of thousands of welded
components within boiler, superheater, reheater and turbine sections, which are
usually designed for 100,000 to 200,000 hours of operation without failure [1].
Creep failures of weldments have been experienced in plant [74,75] and are
becoming more frequent for ageing power stations due to nearing or passing
the end of their design creep lives. The high temperature and pressure of the
steam, plus additional axial end loads acting on the pipes are the primary

causes of these failures.
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The formation of weld cracks is the primary failure mode for power plant
piping under normal operating conditions. Crack initiation can be attributed to
numerous cases, including poor welding practices, inadequate post weld heat
treatment (PWHT), ill-designed levels of material mis-match and the
accumulation of creep damage. Worldwide adoption of a classification for
weld cracking in power plant piping has been established [74,76]. Four main
types of crack are described. The classification of the locations and
orientations of weld cracking is shown in Figure 2.11 as illustrated by Schuller
et al [76]. Crack Types I, 1I and 1II are all related to inadequate welding
procedures, e.g. inadequate PWHT. These occur relatively early in plant
service and can be repaired by local welding or rewelding of the whole
weldment. Cracking Types I and II are found to initiate in the WM from the
interaction of residual stresses produced from welding with the low-ductility of
WM regions, thus producing circumferential ‘reheat’ and transverse WM
cracks in the WM (Type I) and through WM, HAZ and PM (Type II) regions.
The cause of Type Il cracking is similar to that of Type I and II, i.e. poor
PWHT through the interaction of residual stresses and brittle material regions
and can be detected and repaired after PWHT. However, Type III cracks are

located circumferentially in coarse grain regions of the HAZ.

Type 1V and Type Illa cracks are medium and long-term service crack growth
controlled by creep damage accumulation due to high temperatures and
loadings. The Central Electricity Generating Board (CEGB), adopted an
additional varicty of the Type I crack. denoted Tvpe Hla |74]. This

circumferential crack varicety is found in the fine-grained region of the HAZ.
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instead of the coarse grained region for Type III cracks (see Figures 2.9 and
2.11). Type IV cracks are located in the intercritical region of the HAZ on the
PM boundary and grow circumferentially around the weldment. Both Type
IIla and Type IV cracks occur as a result of the interaction of system stresses.
predominately axial and/or bending stresses, with the relatively high ductility
of the regions in the HAZ. Creep cavitation followed by macroscopic crack

growth is the known failure mechanism involved with these types of cracks

[74,77].

Creep failure of power plant piping made of ferritic steel alloys are most often
controlled by Type IV cracking in the weld, compared to Type IIla. Recent
experimental studies on full-scale butt-welded main pipes and test specimens
have generally concluded that the creep failure of welds using CrMoV
materials, e.g. [21,74,77-80], and the newer power plant materials using higher
content levels of chromium, e.g. P91, [79,80] is controlled by Type IV
cracking. An example of this fact is shown in Figure 2.12, which displays the
cumulative CrMoV butt-weld repairs made to the UK’s Innogy plc. (formerly
National Power plc.) plant piping due to Type Illa and IV cracking [74].
Around 85% of these repairs are related to Type IV cracking, compared to 15%

for Type Illa.

The introduction of a weld in a structure usually results in a decrease in creep
rupture life, compared to a homogeneous structure made of the same parent
material. The extent of the decrease in life is dependent on the performance of

the metallurgical and mechanical features of the weld. Weld creep failure

49




location does not always occur in the weaker material, since stress and strain

redistribution also controls the weldment strength [71].

2.4.4 Experimental methodologies and studies of weldments

A number of test methods are used for experimental creep testing of welds.
These include; cross weld tests, welded tube tests, model pipe weld tests and
full-scale component testing. They differ in complexity and this in the
accuracy with which they can model a real welded component. Since, under
normal operating temperatures and loads of say 568°C and 16.55MPa internal
pressure [81], respectively, steam pipes creep lives are expected to be around
20 to 25 years, experimental creep testing must take significantly shorter times.
Hence, testing is generally carried out under accelerated stress or temperature
conditions and the data is extrapolated to the other stress or temperature levels.
Two popular experimental creep testing techniques are now described, namely:

cross weld creep testing and full-scale component creep testing.

The expense and difficulties of experimental testing full-scale welded
components has lead to the wide use of simpler experimental techniques. such
as uniaxial cross weld rupture tests. This test uses welded specimens., which
normally are machined parallel across the weld or sometimes at an oblique
angle across the weld. An example of the geometry of a cross weld specimen
is shown in Figure 2.13 for two different cross weld angles [35]. The weld is
positioned at the centre of a uniaxial creep specimen and is loaded at constant
stress and constant temperature conditions. The tests are relatively easy to

perform, providing a certain level of understanding about rupture and creep
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behaviour of the weld, and have been used to obtain the material constants in
creep constitutive equations [30,72.81,82], e.g. Equations 2.2. 2.6 and 2.7. to
ald in the study of creep behaviour of in-situ welded components.
Additionally, they are used simply to determine the weakening effect of the
weld. This is normally achieved by producing failure life data over a range of
stresses and temperatures and comparing to homogeneous PM or WM uniaxial
creep test life data for the same range of stresses and temperatures e.g. [80. 83].
Attempts by Etienne and Heerings [83] to define life reduction factors for in-
situ weldments from cross-weld test data have been made. Hyde and Tang [84]
reviewed the current status of cross-weld creep test data and showed that cross
weld specimen life can be estimated from understanding of the constitutive
laws of the different weld zones. Additionally, the work [84] recommended
that the failure mode of the test specimen should be identical to that of the
component under assessment, for instance Type IV cracking in a
circumferential straight steam pipe weld with additional axial loading or
bending. However, due to the uniaxial nature of this test method the direct
application of such test data to in-situ components with multi-axial loading

must be accompanied by a certain amount of caution.

Full-scale component creep testing is a more realistic test method for welded
components. Such tests are generally carried out for the purpose of validating
design codes, remaining life rules and numerical analysis predictions. These
tests are complex, require purpose built facilities and are expensive. so that
only a limited number of tests have been carried out. The components are

commonly tested under in-service conditions replicating pressurised stcam




temperatures and loadings, e.g. internal pressure and, commonly. additional
axial or bending loads. The creep behaviour of the weld and component are
tested, monitoring strain accumulation, crack growth data and other important

information.

Previous full-scale steam plant component testing has been carried out by the
CEGB, reported by Coleman et al [21, 85], and Williams [86]. Coleman et a/
[21,85] described a number of CEGB testing programmes to ensure of the
integrity of welded pipework components. Non-defective (un-cracked) and
defective (cracked) welded components from fossil-fuelled plant were tested.
The main bulk of the work compared the experimental stress, strain and failure
behaviour of two full-size thick-walled 2Cr2Mo'V butt-welded pressure
vessels with uniaxial creep test predictions using four different weld metal
materials, each constituting two weldments for each vessel at a temperature of
565°C and an accelerated pressure of 455 bar. The four types of weld metals
considered, namely mild steel, ¥2Cr’2Mo%V, 1CrMo and 2CrMo were typical
of those used in UK power plant. The geometry of one of the vessels is shown
in Figure 2.14, displaying the weldment detail and strain and crack monitoring
positions [21]. It was found that the uniaxial life predictions based on uniaxial
creep properties and the mean diameter elastic hoop stress, were overly
conservative relative to the measured test lives. The experimental mild steel
pipe weld failed at around 24,000 hours compared to a uniaxial life prediction
of 100 hours. The 1CrMo and 2CrMo weldments developed axial creep
cracking in the weld metal at around 30,000 hours and still hadn’t failed after

45.000 hours compared to the uniaxial mean diamecter hoop stress life
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prediction of 3,000 hours and 34.000 hours, respectively. The 2Cr2Mo':V
weld metal didn’t failed either, nor initiated significant damage after 45.000
hours, the uniaxial data estimated the creep failure life of the weld to be 6.000
hours. The conservatism of the predicted creep life based on uniaxial data and
the mean diameter elastic hoop stress highlighted the inadequacy of this form
of life prediction and the importance of the inclusion of stress redistribution.
multi-axial stress states and material mis-match behaviour in creep design and
life assessment methods. Additionally, several experimental contingency creep
tests were carried out on ex-service fossil-fuelled pressure vessels with creep
cracks already present in the components at normal operating temperature and
pressure of 565°C and 159bar and at a downrated condition of 540°C and
159bar, respectively. The residual stresses present in the weld, including the
HAZ, of a new weld on one of the vessels were examined at various times over
the test period using a hole drilling technique. The main findings were that the
residual axial stresses present in the weld decayed from 130MPa to —~15MPa
after 16,000 hours of testing and that no creep crack growth or initiation was
observed in the vessel, leading to the conclusion that continued operation of
similar power plant components was supported. even with crack defects

present.

2.5 Numerical analysis of welded pipes

2.5.1 General

Due to the complexities of welded pipes, exact analytical creep solutions arc

not typically available. Hence numerical methods are commonly used for




specific matenal, geometry and loading combinations. Finite element (FF)
modelling is the most commonly used approach. in conjunction with
mathematical creep models, such as the ones described in Section 2.3. Before

accurate modelling can be performed, the material properties for each material

zone within the weld must be determined.

CDM constitutive equations have been presented in many forms for use with
modelling of damage accumulation in welds within straight pipe sections. The
generation of CDM constitutive laws by Hayhurst and co workers for FE
modelling [10,53,67,69,87] are the most widely used, the simplest of which
uses a one state variable as shown in Equations 2.6 and 2.7 [10,53]. This set of
coupled CDM equations have been applied extensively and successfully to
typical CrMoV welds of straight pipe sections, e.g. [20.26,34.88], as shown
for example in Figure 2.15 [89]. Damage levels. @, greater than 0.55 has
accumulated in the WM and HAZ regions along the HAZ/WM boundary.
peaking at the outside surface (right hand side), which agrees with full-scale

CEGB creep tests reported by Coleman et al [85].

As mentioned earlier. the so-called steady-state creep rupture approach [23,34]
and the reference stress approach are less time consuming than the CDM
approach and require less material data, although they are less accurate since
the tertiary creep stages is ignored. Nonetheless, they have been commonly
used for creep assessments of weldments in straight pipe sections of power

plant [c.g. 26.18,66.24,90-94].




For example, a popular steady-state creep law is Norton’s law, shown as
Equation 2.4 in Section 2.3.2, which is often included in creep modelling using
standard FE packages, e.g. [28,54]. An effective FE-based steady-state life
prediction technique which only requires four material properties for each weld
zone technique using Norton law and the integrated damage law, Equations 2.4
and 2.9, respectively, has been shown by Hyde and co-workers [26,30,33,34]
to be conservative compared to CDM predictions for a variety of typical
CrMoV weldment materials, for aged, as-new and repaired, different straight
pipe geometries. The predicted creep life is based on the use of a peak steady-
state rupture stress [10], o, , as defined in Equation 2.8, for each material weld
zone, using the distinct creep rupture properties for each zone and Equation
2.9. The component failure life and initiation position is then taken as the

lowest life over all weld zones and positions of peak rupture stress, .. The

component life predictions were generally found to be 40% conservative for
welded pipes relative to corresponding CDM predictions [33].  This
conservatism is attributed to CDM predictions including stress reduction at the
failure position of the pipe weld during the tertiary creep stage of stress

redistribution.

One of the first FE weld studies was conducted by Walters and Cockcroft [95]
in 1972 modelling two material zones, the PM and the WM. Later studies have
also included the HAZ, e.g. Coleman et a/ [85], Hall and Hayhurst [20] and
Sun [23]. More recent work uses four-material CDM models by Perrin and
Hayhurst [69] to improve understanding on Type IV cracking by including

coarse-grain and Type IV HAZ regions. A typical example of the pipe and
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weld geometry and FE three-material mesh used for a typical “%CrsMoYsV
parent material and 2%CrMo weld metal thick-walled straight pipe weldment
with closed end pressurised conditions used for such studies is shown in Figure
2.16 [33]. The Norton creep properties 4 and n, and 4" and n' of Equations
2.4 and 2.6, respectively, and for the PM and WM are obtained from
homogeneous uniaxial creep tests carried out at various levels of stress, which

provides the minimum creep strain rate, £, for each stress level, e.g. [23,51].
Plotting the log of the ¢, values against the log of the various stress range
values provides the n value, which is the gradient of the line and the A value
which is the inverse-log of the & -intercept. Similarly the M and y of
Equations 2.7 and 2.9 are obtained by plotting the log of the rupture life, ¢, , for
each test carried out at a different stress against the log of the stress value. The
gradient of the straight line is the y value of the material and the inverse-log
of the 7, -intercept of the line is the M value. The damage parameters. from
Equations 2.6 and 2.7, m and ¢ are found for each material by curve fitting of
the primary and tertiary creep stages from &, and time plots, respectively. The

creep rupture multiaxiality parameter, «, from Equation 2.8 is determined
from either notched or waisted cross-weld creep specimen tests for the HAZ
material or homogeneous specimens for the PM and WM and FE CDM
calculations [96,97]. It is very difficult to determine the creep and rupture

properties (4, n, M, y, m and ¢) for the different HAZ regions, due to their

small size (typically about 1.5mm in width) [71,82]. Some specialised
techniques have been developed to determine these properties such as the

impression creep test technique of Hyde er al [96]. which also makes use of the
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reference-stress method. The material properties for the steady-state law of
Equations 2.4 are obtained by indenting a small HAZ test piece under high
temperature and using the creep deformation-time record for several pressures
in conjunction with the RSM to find uniaxial-stress and uniaxial creep strain
rate and therefore constants 4 and n. The damage constants of Equations 2.6

and 2.7, 1i.e. M, y, m and ¢ are obtained in a similar manner as described

above for the PM and WM but a trial and error process of comparing
experimental failure times at different stresses for cross-weld creep tests of
notched and waisted specimens with the results of FE damage modelling using

estimated constants is used [96,97].

To simplify the modelling of the differences in creep strength and the stress
distribution within the different zones of weldments during creep, the RS

procedure [13,98] suggests that a factor k is used to modify the o, of

ref
Equation 2.14 for each zone. The material zones which deform relatively
slowly in creep, such as the coarse-grained HAZ, pick up stress from zones
which deform faster, whereas as the intercritical HAZ, Type IV HAZ zones
relatively to the PM offload stress. The k factors for a straight pipe weld are;

k=1 for the PM, Type IV HAZ and refined HAZ, 0.7 for the WM, and 1.4 for

the Coarse HAZ and around 1.3 for the mixed HAZ [98]. The modified o,

for each zone are then used to predict a G,Ref using Equations 2.18 or 2.19 for

each zone and then a failure life for each zone using a rupture life equation
based on each materials rupture properties, such as Equation 2.9. However, the
values of these k factors have only been described for straight pipe welds,

under hoop-stress control. and not other types of components [13]. This is due
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to the simple understanding of the stress distribution and redistribution
behaviour of each weld zone in the hoop and axial directions of the pipe
[85,99]. For more complex components, such as welded branched pipes, the
effects of geometry on the stress redistribution behaviour of each weld zone are
less well understood. Another method of assessing the relative creep strength

and stress-redistribution within the weldment zones is described in the RS [13].

this updates the o, value, from Equation 2.14, for each zone, using each

materials rupture strength. A limit analysis of the welded component using the

numerous o, values for each zone is then carried out and a resulting o,
value is calculated using the limit load and material o, value for each zone

type. The resulting O'if and ¢, are then calculated in the normal way, as for

homogeneous components, but each zone has its on predicted failure life using
its own rupture properties. The smallest life from all zone life predictions is
then taken as the component failure life. However, there are no publications

assessing the accuracy of this particular multi-material RS method.

2.5.2 Effect of material mis-match on stress

An important aspect of material mi-match relates the stress redistribution
effects between the different weld-related material regions, i.e. PM, WM and
HAZ. For a straight pipe stress redistribution gives lower stresses in weaker
material zones and higher stresses in stronger zones. Parametric studies on
varying strengths of weld materials and its effect on stress distributions across
the weld have been presented previously, e.g. [85,99,100]. Coleman et al [85]

studicd a V-welded thick-walled pressurised main steam pipe, modelling the
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PM, HAZ and WM. The Norton constant A for the WM zone was varied.
keeping the Norton exponents constant for all zones and all equal to 4.
Ay, | Ay, values of 1, 5, 14, 1688 were studied, representing typical weld
mismatch behaviour for 2CraMoYaV, 2%CrlMo, 1Cr2Mo and mild steel
WM, respectively, welded to a »2Cr’2Mo"V PM; while 4,,, / 4,,, was kept
constant at a value of 4. For all the 4,,,/4,,, values, the hoop stress was
significantly larger than the axial stress at all material positions considered.
For all 4,,,/A4,, weld situations the maximum hoop and equivalent stresses
were in the HAZ and these stresses increased slightly with increasing
Ay, ! Ap, - The peak axial stress was predicted in the HAZ for A4,,,/A4,,, <
800 and in the remote PM regions for 4, /A4,, > 800. Examples of these

‘results are shown in Figure 2.17. Similar observations were reported by Law

and Payten [99] and Browne et al [101]. Law and Payten [99] concluded that

for creep-hard weldments (e.g. 4,/ Ap, < 1) the highest stresses were found

in the WM. For creep-soft weldments (e.g. A4,,,/ 4p, > 1) the highest stresses

occur in the HAZ near the PM boundary on the outer surface.

To fully understand the effect of material mis-match with respect to creep
behaviour the weld zones Norton exponent, n, also needs to be varied. Initial
work on this aspect has been carried out by Tu ef al [66]. More recent work
has been carried out by Hyde and co-workers [35,100,102], who proposed a
general formulation procedure for parametric multi-material analyses for

steady-state creep conditions.
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The general formulation is obtained by an induction process, from analytical
solutions for stress and deformation of some simple two and three-material
structures, e.g. loaded two and three bar structures, two and three material
beams in pure bending and two and three-material thin and thick cylinders

under internal pressure [102]. Thus, for a component of p materials obeying
power law creep of the form &/¢, = (o/ o, ) ,and for an arbitrary position of
interest, e.g. material 2, for example, the stress, &, is given by the following

equation:
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nominal stress and a displacement rate dependent on the load level.
respectively. f,, f,, fi,..., f, and g, g,, g,...., g , are unknown functions
dependent on the Norton exponents #, and the non-dimensional functions of

dimensions, dim. The stress or displacement rate can be any component, e.g.
equivalent stress, maximum principal stress or radial displacement rate. For a

the &

given o, ol> €025 €935--5 &,, COnstants are obtained from the material

om 2

constants, 4,, suchthat £, = 40,," . Knowing the £, 7,, fi,..., f, and g,

8> 8.---» &, values for a particular set/combination of n,, n,, n,,.... n,

values allows the o, and #, values to be determined from the above two

equations. Hyde er al however have previously applied Equations 2.21 and
2.22 to simplify parametric analyses of welded components, a three-material
cross-weld uniaxial creep specimen [35,102] and a welded straight pressurised
steam pipe [102-104]. The procedure simplifies parametric analyses by
drastically reducing the number of FE calculations required to investigate the

effect of varying £ and n, values for each material zone.

Hyde et al [100,102,103] presented the variation of f,, f,, f; and g, &, &;
functions for a range of n, from 3 to 9, Figure 2.18 shows the f functions at a

HAZ Type IV position, Position A, in a three-material welded thick-wall

straight pipe [35,100]. The same smooth variation was obtained for the g,
g,, &, functions [103]. Hyde et al then proposed interpolation using curve-

fitting or surface-fitting of the known f,, f,, f; and g, g,, g, functions for

any combination of the materials properties. Complete parametric analyses tor

61




stress or displacement rate can thus be easily performed within the chosen
range of n, say 3 t0 9. A three-material analysis using this procedure to find
the stress and displacement rate would require eighty-one steady-state FE

calculations to interpolate for any combination of n, n,, n, or &,/é&,.

£, 1€, and £, /¢ ratios. The f|, f,, f; functions were then used by Hyde et
al [100] to investigate the mis-match effects of the three materials. 4 and »
values, on the steady-state creep stress in the pipe weld. The investigation was
aimed at studying Type IV cracking. The equivalent stress results showed a
strong dependence on weld mis-match. When the HAZ is creep ‘soft’. the
stresses in the HAZ were generally low, and when creep ‘hard’, the stresses
were generally high. This relationship agrees with findings by other
researchers, e.g. Coleman et al [85], Law and Payten [99]. The equivalent

stress is also significantly dependent on ¢,/¢,, £,,/€,;, n, and n,, but
practically independent of n,. Figures 2.19 and 2.20 show some typical results
[35,100]. The stress and displacement rate predictions using the obtained f,,
f,, f, functions were accurate to within 3% of separate FE results [35,100].

To fully exploit the results of the parametric capability of the procedure, Tang

[35] proposed the use of an electronic database with a computer program.

2.5.3 Effect of weldment geometry and loading on stress

Figure 2.16(a) displays a typical power plant V-shaped straight pipe weld
geometry, used to investigate weld parameters, such as the weld width, the
weld interface angle and the HAZ width. and system loadings such as internal

pressure and additional axial and moment loads [33]. Vazda [24], Hyde et al
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[90] and Law and Payten [99] have studied the effects of weld angle and
concluded no significant effect on peak stress levels for internal pressure only.
However, if additional axial end loading is present the peak stresses do

increase significantly [90]. For weld angles greater than 15° the peak stress

increased by over 20% for axial loads greater than 0.66 of 0,4 - lhe peak

stress position changed from the WM boundary to the PM boundary in the
HAZ, typical of Type IV creep cracking. This is attributed to the hoop stress
becoming less dominant compared to the axial stress as axial end load
increases [105,106]. The effect of weld width on peak steady-state stress was
also studied by Vazda [24] and Hyde et al [93]. Vazda [24] showed an
insignificant weld width effect on stresses, for weld widths between 2mm to
8mm. Similar findings were concluded by Hyde ef al [93] for welds between
8mm to 12mm wide. Vazda [24] also found that the effect of HAZ width on
peak creep stress was greater than that for the weld width, but less than the
effect of weld interface angle. It was found that smaller HAZ widths produce
slightly higher stresses and the influence is only of importance for pipe welds

with high axial end loads.

2.5.4 Failure behaviour of weldments

CDM has been used previously to predict failure lives and positions of straight
pipe welds [20,26,34,88], where component failure is normally defined as the
time when a high level of damage, i.e. @ > 0.9, has spread across the bulk of
the wall thickness [20,26]. These CDM studies have mainly considered
damage accumulation for typical pipe V-weldment geometries and CMV

materials with three-material zones, (i.e. PM, HAZ and WM).
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Hall and Hayhurst [20] were among the first to predict damage accumulation.
failure life and failure position for such pipe welds under an internal pressure
of 45.5 MPa. The CDM model in this case was used to replicate pipe weld test
failure as reported by Coleman et al [85]. CDM predicted component failure in
the WM on the HAZ boundary (i.e. fusion line), initiating near the outer
surface, which was in agreement with the test result. The CDM failure life was
27% lower than that of the test life, giving confidence in the constitutive laws
and material properties used for the CDM calculation. Perrin and Hayhurst
[69] also considered CDM pipe weld calculations using four material zones,
inclusive of a Type IV-intercritical HAZ region and, again, found similarities
with in-service Type IV failure location cracking in the intercritical HAZ

region, along the HAZ/PM boundary for additional axial loadings.

Extensive CDM parametric material studies by Storesund et al [88] and Wang
and Hayhurst [107] using eleven and forty different weldment material
combinations, respectively, both found that good WM and HAZ creep rupture
strength and ductility, relative to the PM, optimises weld creep life. Storesund
et al [88] also concluded that when creep ductility in the WM and/or HAZ is
relatively low compared to the PM increased axial stresses in the weld region
are predicted to occur for pressure-only pipe welds. Noting that this would

lead to Type IV cracking failure behaviour.

Hyde et al [94,106] showed that CDM failures were predicted to initiate near

the outer surface of the pipe in the HAZ. on the PM boundary, and spread to
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the inner surface for two typical thick-walled V-shape welds under an internal
pressure of 16.55 MPa and an operating temperature of 640 °C. The position
and damage accumulation behaviour in the HAZ replicated Type IV cracking.
which again agrees with in-situ failures [74,77] and numerical studies
[20,33,88]. It was also shown by Hyde er al [26,34,106] that significant
damage accumulation commences at around 80% to 90% of the CDM

component failure life of the plain pipe welds considered.

Steady-state creep life estimates for thick-walled welded steam pipes using
Equation 2.9, predict failure initiation sites identical to those of CDM [34,94].
Life underestimates of around 30% to 40% were obtained relative to the CDM
predictions, establishing the steady-state rupture approach as an alternative,
conservative approach [33]. RS creep life assessments, using Equation 2.19,
by Goodall and co-workers, e.g. [60,62-64], of components with a range of
stress-states, including typical power plant components gave conservative
estimates of rupture life compared to experimental and steady-state creep

estimates.

2.6 Creep of branched pipes

2.6.1 Introduction

As explained in Section 2.4.1, only a small amount of literature has been
published on the creep behaviour of branched pipes and there are several
reasons for this. Firstly, studies of creep in branched pipes differ from straight

pipe sections, since the effect of geometry on the stress-state behaviour is more
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complex. Experimental testing can be carried out using full-scale components
under either accelerated temperatures or pressures. This is expensive. hence
only a handful of full-scale branched pipe testing programmes have been
published [9,17,18,108,109]. Secondly, published literature on numerical
studies, e.g. finite elements, of the creep behaviour of branched pipes is rare.
This again is due to the complexity of the problem, branched pipe FE models
require large three-dimensional meshes with mesh refinement concentrated in
high stress concentration regions such as the weld region and the inside bore
[e.g. 108-110].  Such large FE meshes require extensive user and
computational time for studying branched pipe creep behaviour; computational
resources have not met the criteria for undertaking such studies, until only
recently [87]. Numerical creep studies of branched pipes using steady-state
creep laws, continuum damage mechanics and reference stress approaches are
required to understand the geometric, loading and material behaviour on creep
stresses, strains and failure, similar to the studies which have been carried out
for straight pipe sections, as detailed in Section 2.5.3. However, a lack of
literature covering these topics has been found, therefore addressing the need
for further understanding. An essential part of this work must consider the
effect of weldment properties, since weldments can reduce the strength of
components under creep conditions considerably [74-77]. The published
literature that concerns the creep of branched pipes, with concentration made
on the effect of the weld, is now described and discussed in two sections, (1)

experimental and in-situ studies and (ii) numerical methodologies and studies.
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2.6.2 In-service experience & experimental studies of branched pipes

Sys [17] presented the results of one of the first full-scale experimental test
programmes on the creep rupture of typical branched pipes from UK power
plant. The programme considered six thick-walled branched pipes made of
2Y4Cr1Mo parent and weld metal material, the geometry of two connections are
shown in Figure 2.21. All six connections had the same main pipe and branch
pipe dimensions. The creep tests were carried out until failure using a
temperature of 575°C and two pressure-only loadings of 15.3MPa and
13.1MPa, details of the test conditions, failure life and position are shown in
Table 1. The type of intersection described in Table 1 as “fig. 3” denotes pad
reinforced and “fig. 4” denotes thickness-reinforced, see Figures 2.21a and
2.21b, respectively, for the reinforced branched pipe geometries studied. For
four of the six branches, failure initiated in the weld at or just below the inside
surface, near the crotch corner (P1 in Figure 2.21), by numerous parallel cracks
and on the outside surface by a through crack, also on the crotch comer side
(P2 in Figure 2.21). Photographs of the cracks are shown in Figure 2.22. The
actual cracking location within the specific weld region was not described in
the study. However, it was stated that the cracking had initiated and confined
itself to the weld metal or fused zones, i.e. heat-affected zones (HAZ).
Additional circumferential cracking parallel to the weld was also found on the
outside surface at the weld toe, on the flank side, for both reinforced branch
pipe configurations (P3 in Figure 2.21). It was found that these cracks did not
significantly penetrate the wall thickness of the connection, (Figure 2.22¢).
The other two branched pipe cases, i.e. cases K4 and K5 of Table 1 failed by

extensive deformation in the main pipe section causing instability and hence
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cracking (Figure 2.23). Instability was caused by deformations causing a
decrease in wall-thickness and increase in radius therefore increasing hoop
stress, which lead to failure. However, cracking was found at the same
positions as the other four connections, i.e. near the crotch corner on the inside
bore surface in the weld and at the weld foot. Sys described these two large
deformation branched pipe failures as unrealistic with respect to in-situ creep
failure, since failures in-service occur at relatively low strain levels. However,
the other four failures, which occurred in the weld at the crotch corner, were
described as a likely in-service failure mode. Sys concluded that when failurc
occurs near the crotch corner, cracking is confined to the weld. However. the
use of relatively brittle weld metal compared to the more ductile parent
material does not affect the lifetime of the connection significantly.
Additionally, Sys [17] compared the failure lives of the tested branched pipes
with the creep rupture lives estimated from uniaxial cross-weld specimen tests
performed at the mean diameter hoop stress as the main pipe of the connections
and at the same temperature as the tests. The results showed that the branched

pipes failure lives were within + 25% of the uniaxial predicted failure lives.

Similar crack and failure sites were again found by Day et al [18] from full-
scale tests on an ex-service multiple 1Cr¥sMo thick-walled branched outlet
header. The test was carried out at the same in-service pressure and
temperature of 550°C for 3000hours, and then at 575°C until failure, i.e.
occurrence of steam leakage. The geometry and dimensions of the main
header body and the numerous branched pipes/stubs are shown in Figure 2.24.

The failure of the test vessel was 9170 hours and had occurred in the weld at
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the branch weld/body intersection. approximately in the axial direction of the
header in the crotch corner plane of the connection of. i.e. similar to branched
pipe failure found by Sys [17], of the largest branched pipe. at the centre of the
header, see Figure 2.24. This failure by weld cracking is shown in Figure 2.25
and was first detected after 8199 hours of testing and quickly propagated 1500
hours after this point, leading to failure. Additional circumferential and
transverse cracking were also found at numerous locations around the large
branch weld and stub welds, as shown for example in Figure 2.26 for the large
branch. A diagram showing the size and locations of these cracks over the
testing period found on the largest, central branched pipe is shown in Figure
2.27, including the crack that lead to component failure. No cracks had
extended between the stub penetrations on the header in the axial plane of the
header, showing the weakening on the header body region by multiple
penetrations was insignificant compared to the cracking modes associated with
the individual penetrations. Detailed findings of damage and crack initiation
sites within different weldment regions of the branched pipes was not reported
on, i.e. HAZ damage and cracks. However cracking was all confined to the
welded region, which includes weld metal and HAZ. As well as reporting
cracking history Day er al [18] reported on strain and branch ovality
measurements at various locations around the header. The measurements
showed that the vessel generally experienced steady-state creep conditions

throughout the test period.

Again, similar findings to Sys [17] and Day et al [18] of full-scale branched

pipe creep tests was reported on by Storesund er al [111]. In this case.
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microstructural examination of the weld region was reported on as well as
crack sites, including the effect of the HAZ on cracking and damage levels.
The creep tests considered six ex-service T-joint isolated and double joined
branched pipes made of 2%CrlMo and %Cr/sMo'4V steels. The branched
pipes had operated at 530°C and 13MPa pressure and were tested at 510°C and
at the same operating pressure. The geometries of the branched pipes diftered
somewhat from typical in-service and other tested components [e.g. 17.18]
since the weldments were located above the saddle position due to a flanged
and forged branch connection, as shown in Figure 2.28. The microstructural
examinations found that maximum damage and cracking sites were found in
the coarse-grained HAZ and the weld metal, perpendicularly along the fusion
line of the weldments at the crotch side of the weldment, deep through the wall
thickness, i.e. similar positions to [17,18]. It was explained that creep damage
was slightly lower in the intercritical HAZ (Type IV region) weldment crotch
position regions since the weldment was positioned above the saddle position,
due the flanged connection. It was noted and referenced [112] that if this was
not the case, higher damage and cracking is more likely to occur in the
intercritical HAZ (Type IV region). It was suggested that more detailed testing
and studies on the effect of weld materials on creep damage accumulation was
necessary to understand the failure behaviour and residual life of branched pipe
service-exposed weldments. More recent full-scale branched pipe creep testing
by van-Wortel and co-workers [9,113] concluded similar microstructural
examination findings that maximum damage was again confined to the HAZ
(Type 1V) and WM regions of the weld, at the weld toe and neck on the crotch

and saddle planes. A typical example of the thick-walled CMV branched pipe
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header geometry used is shown in Figure 2.29 [9] and typical cracks from the
tests at the weld foot are shown in Figure 2.30 [113]. Table 2.2 shows the
microstructural damage examination of one of the tested branched pipe weld
on the saddle and crotch plane within the different weld regions at times of
8000, 15000 and 21000 hours, in which the later was assumed to be the failure
life. The table provides damage level information according to the VGB-TW
507 Dutch code which ranges from 1 to 5, where the numbers denote the tvpe
of damage, i.e. 1 (no creep cavities), 2 (single creep cavities). 3 (coherent
cavities), 4 (micro creep cracks) and 5 (macro creep cracks). and the letter
denotes the degree of damage, i.e. A (small extent) and B (medium extent).
The table displays the repaired and unrepaired branched pipe damage

information, of which the latter is of interest in the present work.

Other full-scale branched pipe component creep tests have been carried out and
reported on previously., for example, Patel es al [108] creep tested thinner-
walled branched connections, which obey thin shell theory and is of less
interest to the present work, as thick-walled connections are the subject matter.
Other publications have highlighted that the weld is the common failure
position in in-service branched pipe of variable sizes, for example Mitchell and
Brett [68], described the main creep crack site and position of small branched
connections, e.g. stubs, to be in the intercritical HAZ /Type IV region at the

weld toe circumferentially around the branch.

In conclusion, for thick-walled branched pipes. the common creep failure and

cracking positions are confined to the weldment, this is due to the weak HAZ
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or WM related to the weld. The crack sites in the HAZ or WM were generally
found on the crotch and saddle planes of the connection; at the outside surface
(weld toe and neck) and near the inside surface and these can grow through the
wall thickness to produce failure by leakage. The tests have shown that for a
wide variety of materials used, i.e. from low chromium steels. e.g.
/2Cr/2Mo"aV, to high chromium steels, e.g. 13CrMo44, crack/failure positions
are common throughout. However, it has been shown that the choice of steel
used for the parent material and weld metal to construct the branched pipes is
important in relation to the component creep life, even though they share
common failure positions. The effects of weld geometry, mis-match and
loadings on creep life using experimental creep tests and in-situ experience is
still relatively unknown compared to straight welded pipes since only a few

connections have been tested and more understanding is required.

2.6.3 Numerical analysis of branched pipes

2.6.3.1 Homogeneous studies

Only a few homogeneous steady-state creep studies of branched pipes have
been reported on, which are relevant to the present work. The study reported
by Budden and Goodall [114] investigated creep stresses and failure lives in
thin-walled branched connections. Two typical branch connections were
considered, Vessels A and B, the dimensions of which are given in Table 2.3.
A graph showing a survey by the UK’s CEGB on in-service header R/T (radius
to thickness) ratios was shown in the work. see Figure 2.31. It is clear that the

majority of headers are thick-walled (i.c. R/T approximately less than 5) and
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therefore providing evidence that concentration should be made on this type of
geometry. As well as presenting stress and life predictions from homogeneous
steady-state creep calculations for the two vessels. FE limit load analvses were
conducted for use with the RS life assessment approach, and also stress and life
predictions based on the inverse use of British Standards BS5500 {11] and
BS1113 [12] as detailed by Booth [115]. All three life prediction approaches
were then compared to experimental full-scale component creep testing
reported on by Brown [116] for the same branch pipe components to assess the
accuracy and validity of the approaches. The steady-state creep analyses were
based on Norton’s law and typical power plant creep conditions of 550°C and
internal pressures of 17.58MPa and 13.79MPa for vessels A and B,
respectively. The vessels parent material was typical of power plant steel.
using ¥2Cr1Mo. The three-dimensional FE mesh used for Vessel B is shown in
Figure 2.32, it is clear that mesh refinement was used around the connection
region, a similar mesh was used for Vessel A. It is clear from Figures 2.33 and
2.34 that the highest steady-state stress concentrations were found at the weld
toes on both planes, while the inner crotch corner and inner surface flank
stresses were slightly lower, and weld neck stresses were relatively small.
Similar behaviour was shown for the creep strain concentrations for these two
planes for Vessel B. It was concluded that life predictions produced using peak
steady-state creep stresses at the weld toes on the crotch plane and flank plane
were relatively close to R5 and British Code predictions, and all were
conservative by around 40% to 60% compared to the experimental failure lives
reported by Brown [116]. these comparisons are shown in Tables 2.4a and

2.4b. It was also noted that FE elastic stress concentrations and stcady-state

73




strain rate results taken at the crotch and flank mid-wall positions agreed well
with measured values taken from the experimental full-scale creep tests by
Brown [116] for both vessels. This provides evidence that the steady-state
Norton creep law model gave good agreement with the real-life creep
behaviour of the component, as well as the failure behaviour of the vessels. It
was suggested that further investigation into the effect of weldment regions on

failure behaviour was required to improve predictions.

More recent branched pipe life assessments by Budden and co-workers using
the R5 approach concentrated on validating the approach [98,108] against
experimental full-scale creep tests. One such example [108]. which was very
similar to that of the investigation by Budden and Goodall [114], as previously
explained, except in this case the RS approach was assessed against

experimental creep lives for a typical welded thin-walled branched pipe using

the modification of predicting a rupture reference stress, O‘S,f, for each weld

zone, using a stress-distribution & factor [13,98], as explained in Section 2.5.1,
and then a rupture life for each zone using the representative rupture data for
each zone instead of just a homogeneous PM life as in [114]. It was assumed
that the stress distribution factor, &, for each weld zone, in this case PM, WM
and Type IV HAZ, was equal to unity as FE analysis showed that the

maximum principal stress was transverse to the weld fusion boundary and that
little stress distribution would occur in creep, therefore all zones o, value
were equal. The experimental failure of the welded connection was in the

Type IV HAZ weld region, due to a large through-wall crack. the 'E RS

approach predicted failure to occur in the Type 1V zone at a life which was
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20% lower than the test life. The R5 failure prediction was therefore relatively

accurate in both life and weld zone region.

Other research has been carried out on limit loads of branched pipes e.g.
[15,117-120], which can be used to predict the R5’s rupture reference stress
[13], with mainly thin-walled connections being considered. The work by
Moffat and co-workers, e.g. [15,117,118], has extensively investigated the
effects of geometric parameters and crack size and location on the effects of
limit pressures and moments for branched pipes using experimental and FE
analyses. The work was aimed at the prediction of plastic-collapse loads for
use with low-temperature fracture assessments, such as British Energy’s R6
procedure, as well as high-temperature creep crack growth assessments, such
as the methods described in British Energy’s R5 procedure [13], the work was

not however aimed at assessments of creep rupture.

Published work on the interaction effect on the creep behaviour of multiple-
branched pipes is very scarce. The CEGB [120] and the British Standards
BS5500 [11] and BS1113 [12] recommend that the axial and circumferential
distance between the branches be kept to a certain level, dependent on the
ligament efficiency and the limit pressure of the component, where these are
dependent on the space between the branches, the diameters and thickness’ of
the header/main pipe and branches and the loadings. The interaction between

branches, as defined by BS5500 [11]. becomes significant when the spacing, s,

is less than 24/ DT, where D and T are the header/main pipe diameter and

s—d

wall-thickness. respectively, and a lipament efficiency, 7. dcfined as
A
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where d is the branch diameter. is used to increase the operating stress of the
connection and therefore compensate for additional stresses produced by the
interaction. However, these recommendations are generalised and concluded
from mainly elastic-plastic behaviour of the thin-walled connections and not
the creep behaviour. Hence, further work is required to investigate the creep

behaviour of multiple branched pipes.

2632  Weldment studies

One of the earliest studies investigating the influence of the weldment
properties for thin-walled branched pipes was reported by Dhalla [121]. This
work considered the effect of HAZ, PM and WM material weldment zones on
stress and failure location using finite element analysis (FE) validated by
experimental full-scale component creep testing. Comparisons with the ASME
creep life prediction code were also made based on a homogeneous material
connection. The vessel geometry used is shown 1n Figure 2.35. HAZ creep
cracking was found on all experimentally tested branched pipes except the
hemi-spherical branched pipe (N-1), the locations were mainly parallel and
perpendicular to the weld in at the saddle positions on the outer surface, but not
at the right-angled positions, as shown in Figure 2.35. An example of the mesh
used is shown in Figure 2.36. The effects of primary and secondary creep were
considered in the FE analysis using a simplified polynomial creep law, as well
as the effect of residual stresses created by the welding process. which was
modelled by adding an initial high-temperature profile reflecting this. It was
concluded that the 3-material FE model predicted the correct cracking location
at the saddle positions in the HAZ using the uniaxial creep properties and that
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creep of the welds was of primary importance compared to the effect of the
residual stresses on the failure behaviour of the connection. Figures 2.37 and
2.38 show typical results of the effects of the inclusion of residual stresses and
multi-material creep properties in FE modelling, respectively. The work also
showed that the FE calculations of the weld residual stresses, within the weld.
relaxed rapidly during creep conditions and that the life prediction based on
multi-material weld creep behaviour was reasonable compared to ASME code

predicted lives and experimental full-scale failure lives.

——A-branched pipe-creeplife-assessment study reported-by L1-{122}-considered-a -
2-material weld FE model, of a service-exposed 10CrMo0910 parent material
and weld metal and new weld metal from a weld repair using either
10CrMo0910 or 10CrMo44 filler. This work is one of the most detailed in
describing the effect of weld mis-match and its effect on creep-rupture life.
The geometry of the thick-walled branched pipe and weld are shown in Figures
2.39 and 2.40. The loading condition used in the study was for a temperature
of 600°C and internal pressure of 19MPa. The two materials were modelled
using uniaxial data, with Norton creep law properties. Creep rupture data was
used to obtain material constants for the exposed material and new WM, to
predict rupture times. Figure 2.41 displays the FE mesh used and the
maximum principal elastic stress distribution. Figure 2.42 shows the steady-
state creep stress distribution, at the saddle position of the weld. From the
results. it was concluded that the choice of weld metal was very important in

increasing the creep life of the component. in this case an under-matched
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13CrMo44 without PWHT weld repair produced a longer-lasting weldment

than the matched 10CrMo0910 with PWHT.

Wortel and co-workers [9,123] used FE one- and two-material steady-state
creep studies based on Norton’s law to predict rupture initiation and therefore
failure life. The life predictions were based on several life assessment
approaches and compared with full-scale experimental rupture/crack growth
and failure life data. The FE model was three-dimensional and included parent
and weld metal material regions. For the majority of the components, it was
shown that steady-state creep was shown to be predominant over the operating
lives of the connections. One-material FE models used with rupture and
damage approximate prediction methods such as the Inverse British Code [115]
and simplified Kachanov CDM [31] methods significantly over-predicted the
failure lives compared to that of the life of the experimentally tested
component. Two-material FE failure life predictions were better than the one-
material predictions, however they still over-predicted the life. Other work by
Wortel [123] described the use of two-dimensional FE steady-state creep
results using three materials, inclusive of fine-grain HAZ material, PM and
WM. The results and details of the FE calculations were not given, but it was
shown that the failure location of the FE model was identical to that of the full-
scale tested branched pipe, i.e. the HAZ material on the saddle plane on the
connection. The effect of material mis-match was noted to be significant. but
only given in qualitative form; a creep under-matched weld gave longest life.

compared to creep matched and over-matched for the 2V4CrlMo parent

78




material connection. Additional FE investigations concluded that smooth weld

edge grinding lowered creep stresses and therefore increased lifetime.

Hayhurst and co-workers have modelled creep damage accumulation within a
thin-walled branched pipe [87,124]. The CDM constitutive laws used three
state variables to model primary and tertiary stage damage accumulation in the
micro-structure due to dislocations and cavitations produced by material
softening during service-aging. The welded branched pipe was made of
72Cr/2MoVsV parent material and 2%Cri1Mo weld metal and loaded by a
temperature of 590°C and a constant pressure of 4MPa. The materials, and
temperature used were typical of UK power plant, but the pressure and thin-
walled pipes were more representative of reheat boiler piping than that of main
steam pipework. The branched main steam pipe geometry was idealised as a
cylinder-sphere intersection to permit the use of the more simple axisymmetric
analysis. The model considered four material zones, the PM, WM, HAZ and
intercritical/Type IV HAZ, as shown in Figure 2.43. Figure 2.44 displays the
creep damage accumulation in the mesh after 14,759 hours, where the
maximum damage denoted by red regions is equal to 0.99 and is located in the
intercritical/Type IV HAZ weld regions. The high damage is concentrated
across the majority of the spherical vessel wall in the lower main pipe Type 1V
HAZ region. These results, though useful, are somewhat unrealistic for typical
power plant geometries, due to the axisymmetric cylinder-sphere intersection
assumption. As a branch pipe connected perpendicular to the header/main pipe
longitudinal axis will have a very different tri-axial stress state and is likely to

have different damage distributions and high damage sitcs and failure life.
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CDM calculations for a three-dimensional thick-walled perpendicular joining
branch connection to a header/main pipe’s longitudinal axis is therefore

required for more typical power plant life assessment purposes.

2.7 Conclusions

There remains a significant gap in understanding of the weakening effect due
to the connection geometry and inferior creep properties of the weldment zones
in respect to the creep of branched pipes. Welded branched pipe creep
investigations are therefore required, similar in style to the investigations
carried out for welded straight pipes (Section 2.5), as well as supplementary
studies. The gaps in knowledge surrounding the creep of branched pipes are

discussed below.

Firstly, studies based on investigating the effect of the presence of the
weldment are required, concentrating on the possible reduction in life caused
by the weaker materials and weld-mismatch and whether or not such analysis
detail is required. In addition, the effects of different weldment geometry and
filler materials require investigation. It is not fully understood how different
materials, which may have significantly different creep properties, affect the
stress distributions and load redistribution within different regions and how this
can affect the failure life and position of the weldment. Parametric material
analyses investigating the effect of different weldment properties are therefore
required to improve understanding. Previous research has matnly used the RS
procedure [13] for branched pipes. This approach, as well as the inverse use of

the British design codes [115]. are generally based on homogeneous material
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properties and exclude the effects of the strength reduction due to weldment
properties. These approaches may therefore be non-conservative in predicting
failure life for some cases. Validation of these homogeneous approaches is

therefore required against other approaches, such as multi-material steady-statc

and CDM predictions.

Secondly, the effects of geometric parameters (such as branch and main pipe
diameters, thicknesses, weld size etc.), additional loadings such as moment
loads, as well as the interaction of branches along multiple branched
headers/main pipes require consideration. Previous work has mainly
concentrated on thin-walled connections. The creep behaviour of thick-walled
connections is likely to be significantly different to that of thin-shell
connections.  Parametric analyses of geometric parameters for realistic
branched pipes are therefore required for greater understanding. Assessment of
the commonly used inverse use of the British Standard code method [115]
(BS5500 [11] and BS1113 [12]) and RS procedure [13] are also required to
understand whether they predict relatively accurate lives for varying geometric
parameters compared to other creep life assessment methods, such as steady-

state and CDM approaches.
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Table 2.1. Creep rupture test details performed on five welded branched pipes
(Sys [17]).

-smvan Typeof Diameter Temp. Internal Time to Location of the through crac
Lo intersection  ratio °c pressure leakage

kg/em?
K2 fig. 3 0.35 575 153 2760 crotch corner-weld material
K3 fig. 4 0.35 575 131 13128 crotch corner-weld material
K4 fig. 4 0.35 575 153 3529 side face — parent material
K5 fig. 4 0.35 575 153 2156 side face — parent material
K6 fig. 4 0.35 575 131 11127 crotch corner-weld material
K7 fig. 4 0.35 575 153 4682 crotch corner-weld material

Table 2.2. Damage evolution levels at the right-angled and saddle points of a
2v4Cr1Mo welded branched pipe (Rotvel et al [9]).

lReplica location: l Righ:angle, tensile si;e Saddle points

ozzle: I unrepaired | repaired | unrepaired | repaired
spection at (10°h)| 8 15|21 | 8 { 15|21} 8 |15]|21]| 8 |15 21
ase metal header {| 2A |2A |2A|2A} 2A|2A§2B |2B|2B|2A |24 |2A
[FGHAZ header |3A[3a(3B|24|2B|34]3a|3a|3B|24 |24 |28
GHAZ header |3A|3A|3a|24(2B|34)3A|3A|3B |24 |24 |28
——— [24}24]24 \ 24|24 |3A
MR Y
N ARV PN R
jsA 34|38 34| 34| 38]3a |34 B2 34 |34 | 3B
3A[3B 52 34 NEl -
2B |2B|2B|2B| 2B| 2B} 2B [2B |2B [ 2A | 2B | 2B
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Table 2.3. Dimensions of branched pipe test vessels (mm) (Budden & Goo il
[114]).

R T € /T r/R R/T ?(™Pa)
EN 97-.7 '9.5 5L.15 2.2 0.62 3.62 4.99 17.58
3 98.0 13.0 61.15 13.0 1.00 0.62 7.54 13.79
c 97.7 19.6 61.15 0.0 0.51 0.62 4.99 17.58

Table 2.4. Brahched pipe creep life estimates based on (a) experimental, BS
inverse codes rule and R5, and (b) steady-state creep analysis (Budden &

Goodall [114]).

(a) =axperiwmental and analytical (* with 1.2 sarecy factor)
Vessel A B C
stress (failure time)

Experimental 112 (8000) 131 (4310) 122 (5640)

(0)

inverse codes 38 (3439) 148 (2617) 151 (2462)
Limit load 135 (3794) 133 (3988) 152 (2374)

162 (1845)* 160 (1938)~* 182 (11695)=*
(b) based on finite—element analysis
Vessel A B
stress (failure time)

Crotch vessel g, 140 (3286) 170 (1525)
weld toe o, 153 (2313) 210 ( 662)
)
Flank vessel Co 139 (3380) 144 (2940)
weld toe 0 162 (1845) 173 (1423)
(P3)
Average stress g, 13t (4273) 135 (3794)
(S6) gy 145 (2860) 154 (2254)
Average stress g, 74 (40Q837) 98 (1345535)
(s3) o 67 (60481) 94 (158A4)
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TIME t

Figure 2.1. Typical creep curves for different constant load, L, and temperature
(Boyle & Spence [38]).
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Figure 2.2. Creep curves for three different stress levels for a 2Cr/2Mo'4V
alloy at 640°C (Hyde & Sun [26]).
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87




Figure 2.6. Typical microstructural high temperature creep damage associated
with tertiary creep by intergranular cracking and cavities (Evans and Wilshire

[51D).

-~

Figure 2.7. General shape of creep deflection during steady-state creep (Penny
& Marriott [39]).

88




o dU | di /
Aao,,,)" a=ua

a>a,ef

»
n

Figure 2.8. Illustration of the calculation of the reference stress by varying
parameters & and n to find «,,, .

Figure 2.9. Schematic diagram representing the variation of microstructure in
(a) a single weld bead and (b) multiple weld beads (Coleman [70]).
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Figure 2.10. Macrostructure of a typical butt weld for a main straight pipe
section in fossil-fuelled power plant (Powergen Plc. [4]).
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Figure 2.11. Classification of cracking in weldments (Schuller et al [76)).
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Figure 2.12. Crack incidences data for CrMoV circumferential butt-welded
steam pipes, 2.25Cr1Mo:ViMoV welds (Brett [74]).
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Figure 2.13. Typical cross weld creep test specimens (Tang [35]).
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Figure 2.14. Butt welded pressure vessel pipe showing weld details and

monitoring positions (Coleman and Fidler [21]).




Figure 2.15. CDM damage distribution in a butt-welded CrMoV straight pipe
section (Perrin et al [89]).
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straight pipe weld used for steady-state and CDM calculations (Sun et al [33}).
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stresses at Position A in the HAZ on the outer surface of the pipe, as shown
above (Hyde et al [100]).
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Figure 2.19. Vanations in the normalised equivalent stress at Position A in the
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Figure 2.20. The effect of n, on the normalised equivalent stress at Position A

in the HAZ Type IV region of outer surface of the pipe for a range of n, and
n, combinations (Hyde et al [100]).
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Figure 2.21. Detail of branch geometry and type of connection reinforcement
(a) pad-reinforced and (b) branch-thickening reinforced used by Sys [17] in
full-scale creep rupture tests.

100




Figure 2.22. Different cracking modes found by Sys [17] on experimentally
tested full-scale failed branched pipes; parallel cracks on the inside surface on
the crotch corner side (top), through crack on the outside surface on the crotch
corner side (middle) and cracks at the weld foot on the flank side. outer surface
(bottom).
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Figure 2.24. Details of branched header full-scale creep test vessel used by
Day et al [18]).

Figure 2.25. Failure location on the large, centre-length branch weld,
transverse weld metal cracking on the crotch corner plane, Day et al [18]).
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Figure 2.26. Additional cracking locations on the large, centre-length header
branch weld, circumferential and transverse weld metal cracks around the

weld, Day et al [18]).
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Figure 2.27. Cracking history of large, centre-length header branch weld, Day
et al [18]).
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Figure 2.28. Geometry of double-branched T-joint used by Storesund er a/
[111] for full-scale component creep testing.
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Figure 2.29. Geometry of T-branched branched header (top) and the double-
branched 24Cr1Mo T-branched test vessel (bottom) made from the header and
creep tested by Rotvel er al [9].
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Figure 2.30. Cross-section (top) and face on view (bottom) of creep cracks at
the weld foot saddle position of the 2%4CrlMo T-branched test vessel in the
fine-grained HAZ region of the weld (van Wortel and Arav [113]).
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Figure 2.31.  Typical power plant header geometries (Budden & Goodall
[114]).
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Figure 2.32.  Finite element mesh for branched pipe Vessel B (Budden &
Goodall [114]).
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Figure 2.33. Close up of the flank (left) and crotch (right) connection regions

of the finite element mesh of the branched pipe Vessel B (Budden & Goodall
[114]).
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Figure 2.34. Equivalent steady-state creep stress contour plots of the crotch
(left) and flank (right) planes of the branched pipe Vessel B (Budden &
Goodall [114]).
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Figure 2.35. Geometr—y of test vessel and HAZ creep crack locations for the
Type 304 stainless steel T-branched test vessel (Dhalla [121]).
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Figure 2.36. FE model of branched ;;ipe, including weldment material zoncs
for the Type 304 stainless steel T-branched test vessel (Dhalla [121]).
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Figure 2.37.  Comparison of FE longitudinal principal stresses with and
without residual stress weld effects at 3000 hours for the welded branched

pipe, including weldment material zones for the Type 304 stainless steel T-
branched test vessel (Dhalla [121]).
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Figure 2.38.  Comparison of FE longitudinal principal stresses with and
without weldment creep properties at 3000 hours for the welded branched pipe,
without residual stresses, for the Type 304 stainless steel T-branched test vessel
(Dhalla [121]).
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modelling of weld repair (Li [122]).
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Figure 2.40. Geometry of the weld repair in the 10CrMo910 T-branched pipe
vessel used for FE modelling of weld repair (Li [122]).
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Figure 2.41. Maximum principal elastic stress distribution for 10CrMo0910 T-
branched pipe vessel used for FE modelling of weld repair (Li [122]).
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Figure 2.42. Maximum principal steady-state creep stress distribution around
the weld repair at the saddle region for under-matched 10CrMo0910 T-branched
pipe vessel used for FE modelling of a 13CrMo44 weld repair (Li [122]).
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Figure 2.43. Finite element mesh and weldment geometry used by Hayhurst
[87] for CDM calculations of a sphere-branch idealised intersection of a branch
connection.
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Figure 2.44. FE damage distribution from a CDM calculation of a sphere-
branch idealised intersection of a branch connection (Hayhurst [87]).
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CHAPTER THREE

CREEP BEHAVIOUR OF HOMOGENEOUS BRANCHED

PIPES

3.1 General

Chapter Two describes how creep behaviour has been extensively researched
and a large amount of knowledge has been gained, the bulk of this knowledge
has been on a fundamental level, involving material property determination and
analysis/design methods generally within the context of fairly simplified
connection geometries. Section 2.6 identified that the understanding of the
creep behaviour of realistic thick-walled branched pipe connections, with
realistic material properties, is an area which needs additional research. This is
the context of the present work. The sizes of such branches can vary
significantly relative to that of the main steam pipe. The effect of specific
dimensions and materials on the creep behaviour of the connection requires
investigation using parametric studies, in particularly, the dimensions; branch
diameter, d, branch pipe thickness, , and the weld size, and the material
properties; steady-state Norton exponent, n, from Equation 2.3, and multi-axial
rupture property, «, from Equation 2.8. The effects of these parameters on
the steady-state creep stress distributions and peak stress values and positions
are an important element to understanding this creep behaviour, for the purposc

of improving creep life assessments. The understanding of thesc effects for
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homogeneous branched pipe connections are required before the assessment of

the inhomogeneous weldment is considered.

A large range of typical branched pipe geometries are considered within the
investigation, varying from small branches, i.e. &/D = 0.14, up to equal branch-
to-pipe diameter ratios, i.e. d/D = 1, for different branch thicknesses. . For this
study, the models assume a homogeneous material throughout, i.e. separate
weld and heat affected zone material properties are not modelled, but the weld
profile geometry is included and the effect of variations in the weld size is also
studied. A range of material creep properties, covering different Norton's
steady-state creep exponent value, n, from 3 to 9, and multi-axial rupture

behaviour constant o values, from 0 to 1 are studied.

Exact analytical solutions cannot generally be obtained for the stress
distributions within branched connections due to the complexity of the
problem. The finite element (FE) method is therefore often used to analyse the
behaviour of specific dimensions, loadings and materials of branched

connections under steady-state creep conditions.

British design codes BS5500 [11] and BS1113 [12] base their design operating

stresses for branched pipes on the elastic mean diameter hoop stress, o, . of

the main pipe, as given, for example, by the following expression for the

design operating stress, o, . of single, isolated branch connections:

o= pl|= 21)¢a) o5 (3.1)
= D, Ty
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with the addition of a branch modification factor. Ca,. which depends on the

branch and main pipe dimensions, p; is the applied internal pressure. D and 7
are the main pipe mean diameter and wall thickness, respectively, and y is a
constant which depends on system loading. However, the effects of specific
material properties on the internal stresses are not considered in the codes.
which could greatly affect the accuracy of the codes life predictions. Booth
[115] suggests the use of the inverse application of these codes to calculate
rupture stresses at such connections and then using these with relevant rupture
data to predict creep rupture lives. The term inverse use of the code is used
because the codes are normally used in design purposes by fixing a level of
stress within the branch which is acceptable for the material being used to
fabricate the connection. Using this chosen level of stress within the code, the
calculation of minimum thickness of the main and branch pipes is then made.
The inverse use is the reverse of this procedure. Where all dimensions are
known and a level of stress can then be predicted for the branched pipe. This
study makes comparisons between the peak steady-state creep stresses within
the components and the BS inverse code rupture stresses, as defined by Booth
[115] using Equation 3.1, for various geometries and materials, to gain

understanding of the conservatism of the BS codes.

The creep steady-state results are presented in the form of a normalised peak

rupture stress, &, . which is the maximum rupture stress within the connection

divided by the mean diameter hoop stress of the main pipe. o,,, . Where:

_p(D-T)

mdh — ~ T

3.2)

120




A normalised equivalent stress, &, , and maximum principal stress, o, . are

similarly obtained. Hence, for the main pipe dimensions used throughout this
study, i.e. D = 355 mm, 7 = 65 mm, with p; = 16.55 MPa. the mean diameter

hoop stress ,,, is 36.92 MPa. Such normalised forms of stress are instructive

for comparative purposes.

3.2 Background theory

As explained in Section 2.3.2, uniaxial steady-state creep behaviour is
commonly defined by Norton's law, which expresses the steady-state creep
strain rate as an exponential function of stress, as shown by Equation 2.2.
Where 4 and n are material constants and o is the applied uniaxial stress.
The present work is concerned with multiaxial stress-states and consequently
the multiaxial creep strain rate is obtained using the multiaxial generalisation
of Norton's creep law, which is shown by Equation 2.3. As proposed by Hyde
and co-workers [33,34], from the steady-state stress distributions, a peak value

of rupture stress within the component, o,, [10] can be calculated using

Equation 2.8 to model material and component failure using the o,

o, and
material property, . This steady-state rupture stress can then be used with a

rupture life equation, such as Equation 2.9 [33]., to predict the life of the

component.

Continuum damage mechanics methods have also been implemented within I'E|
codes for analyses of the creep rupture process, e.g. [20,30.88]. Howecever.

although this approach provides more dctailed results, there is a significant
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computational overhead associated with such damage simulations and often the

material constants required (i.e. M. m. ¢, ¥ ) may not be widely available.

Previous steady-state investigations, e.g. [23.33,34], have shown the steady -
state rupture approach to give reasonably conservative estimates of failure

times of welds compared to the alternative CDM approach.

3.3 Geometries and FE models

Figure 3.1 is a scatter plot of statistical data showing the relationship between
typical UK branch and main pipe radius to thickness ratios, as obtained from
the three main UK power generation companies, namely Powergen, British

Energy and Innogy [125-127]. The equal pressure line (r,/t = R_/T) (where
R, and r, are the mean radius of the main and branch pipe, respectively and 7

and ¢ are the main and branch pipe wall thickness, respectively) is shown on
the graph to facilitate comparison between the general design of the branches
with respect to pipe or branch strengthening, also. the data shows that the
connections are generally near the equal pressure line for all three companies,
the majority being above, showing a preference for branch strengthening. The

majority of the data is situated around the small pipe and small branch ratios,

i.e. R /T=2 and r, /=2, 1.e. thick-walled connections.

This strengthening is used within branched pipe design and will be used in this
investigation to reflect realistic connection geometries. The dimensions chosen

were used to base the geometry close to the average radius/thickness ratios in

Figure 3.1. Therefore the datum R /T and r, /1 value chosen was 2.23, which
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corresponds to an equal pressure configuration of a typical UK ferretic CrMoV
main steam pipe size of D=355mm and 7=65mm [125-127]. This main pipe
size was kept constant for all analyses. while the branch dimensions were

varied to give branch pressure-strengthened. i.e. R, /T > r /. and main pipe
pressure-strengthened, i.e. R,/T < r_/t, cases. The degree of strengthening
was chosen to be 33% of R, /T in both cases, ie. r_ /t = 1.5 for branch

strengthening and r,,/t = 2.96 for pipe strengthening. The branch thicknesses
chosen for investigation were: 12.5mm (which is practically the smallest
branch thickness used for this application), 20mm, 30mm, 40mm and 65mm

(for the equal diameter pipe to branch connection). Figure 3.2 shows the

geometry definition of the branched pipe configuration.

The size of the weld between the branch and the main pipe outer surfaces was

defined by the parameters b (width) and b (height), shown in Figure 3.2,

where these widths are maintained around the whole circumferences of branch

and main pipe. The base case weld dimensions were fixed at b = 25mm and

b,= 30mm and these were also varied to investigate the size effect of the weld

for different sizes of the branch. The weld dimensions chosen were typical for

their application to main steam power plant [125-127].
Table 3.1 contains a summary of the dimensions used for the analyses carried

out in the present investigation; the Norton material exponent, n, i1s also

included. As shown in Table 3.1, the investigation is divided into a number of
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different phases of analyses, each focussing on a different aspect. as described

in the following:

Phase 1: Simultaneous investigation of the effect of branch diameter. d. and
creep exponent, n, for a constant branch thickness of 12.5mm. including

cases of pipe strengthening, branch strengthening and equal strength

branches.

Phase 2: Same as Phase 1, but with a constant branch thickness of 20mm.
Phase 3: Investigation of weld size effect.

Phase 4: Same as Phase 1. but with a constant branch thickness of 30mm
and constant n value of 6.

Phase 5: Same as Phase 4, but with a constant branch thickness of 40mm.

Phase 6: Equal branch to main pipe dimensions with a constant » value of

6.

The FE models used 20-noded brick elements with reduced integration to
generate the required 3D branched pipe model. Global- and sub-modelling
techniques were used to gain an efficient balance between solution accuracy
and processing time. The sub-model incorporates the connection region with
additional mesh refinement compared to the global-model. Examples of a
global and sub-model are shown in Figures 3.3a and 3.3b, respectively.
Preliminary global and sub-model analyses were run and the sub-model
showed it was capable of producing reliable stress solutions at the highly
stressed connection region. Mesh convergence studies were also carried out on

various refined versions of the sub-model and a mesh that predicted accurate
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creep stress values was chosen. Appendix 1 provides some general guidelines

on how FE analysis can be utilized to effectively predict steadv-state stress

distributions.

For each of the geometries in Table 3.1 a global and a sub-model mesh were
generated, except for the larger d/D ratios. For these cases, a more refined
global model was used instead of the sub-model to reduce computational time,
whilst the level of solution accuracy was maintained by mesh convergence
studies of the new refined global mesh. The weld was modelled with the
inclusion of radii at the weld edges (weld foot and neck) to model typical
surface grinding, which is used to reduce high stress concentrations at this
position. These weld radii, denoted as r, and r; for the weld neck and toe,
respectively, are shown in Figure 3.2 and are fixed at 6mm for all geometry
cases. All meshes were generated using an automatic mesh generation
program developed by the author called GBRANCH and SBRANCH [128],
which generates FE meshes of branched pipes for a large range of dimensions

for the parameters defined in Figure 3.2.

The main and branch pipe were subjected to a typical internal pressure, p, . of

16.55MPa and a mean axial end load, &, given by

- 2 -
5 =p. l diameter J 1l (dzfzmeter J B ]:l (3.3)
‘ 2\ thickness | thickness

where the outside diameter to thickness ratio for the main pipe is defined as
D/T. and the branch ratio is d/t. This axial end load corresponds to a closed

end condition for the end of each pipe. The free ends of the main pipe and
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branch were constrained to have uniform displacements in the axial directions.
The analyses were performed using the ABAQUS FE code [28] and pre- and

post-processing was carried out using the FEMGV package [129].

3.4 Material properties

To investigate the effects of Norton creep exponent, n, on the peak stress
values and stress distributions within the homogeneous connections, n values
of 3, 6 and 9 were used, for a range of geometries, as shown in Table 3.1. This
range of n values is representative of materials commonly used for steam pipe
applications [35,84]. In this study, specific attention is paid to materials with
an n value of 6 as fossil-fuelled plants CrMoV materials typically have values

close to this [35].

To find representative rupture stresses, o, , using Equation 2.8 a full range of

the material constant & was used 1.e. from 0 to 1 for all geometry cases. These

peak o, were then plotted for different branch dimensions to establish the
effect of . The steady-state failure site was taken throughout to correspond

to the position of peak FE o, in the connection [26].

3.5 Results

FE analyses were performed giving steady-state creep stress distributions for

equivalent (von-Mises) stress, o, , maximum principal stress, o, . and rupture

stress, o,. The peak values of o, . 0,.and o, were obtained. the latter by a
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combination of &, and o, using Equation 2.8, dependent on the value of a,

for each geometry and material case shown in Table 3.1. The effects of
geometry and material properties were then investigated. The peak rupture
stresses were then compared to those predicted by the BS code [11,12] using
Booth’s [115] operating stresses for each geometry type, including the effect of
different material properties, to establish the conservatism of the code, relative
to the steady-state analyses. The BS system loading factof y, of Equation 3.1

was assumed to be unity throughout, as additional system loading was not

applied to the connections.

3.5.1 Stress distributions
Examples of typical o, (with a= 03), o, and o, steady-state stress

distributions within the sub-model connection are shown in Figures 3.4a, 3.4b
and 3.4c, respectively. The distributions relate to analysis number 5 of Table
3.1 for branch dimensions and material of &=68.3mm and /=12.5mm, and n=6,

respectively. It can be seen that the distributions are non-uniform in all cases.
The highest stress concentration region for o, and o,, are seen on the inside
surface of the branch, along the longitudinal plane of symmetry (crotch-plane)
and near to the inside bore of the main pipe (shown by point A in Figure 3.4b).

The peak o, value within the component was found on the same plane as the

peak o, and o, positions, but nearer the weld region and just inside from the

inner-surface of the branch. The minimumo,, . o, and o, stressed region was

located in the main pipe section of the connection, near the intersection region

on the plane of transverse symmetry (flank-plane), shown by point B in Figure
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3.4b. The rupture, equivalent and maximum principal stress distributions in the
weld region are relatively low compared to the high stress around point A.

However, the stresses do increase around the weld foot (e.g. for analvsis

number 5, up to 66% of the o, and o, values at point A). These higher

stresses are produced by the relatively sharp weld outer edges, especially at the
flank weld toe, represented by point C in Figure 3.4b. This emphasises how
important effective weld grinding is to reduce stress concentrations at the weld
toe. The effect of weld size on peak stress behaviour is dealt with in Section
3.5.4. Additionally, relatively high stresses were also found on the inside
branch bore on the crotch-plane across the weld region, shown by point D in
Figure 3.4b. Both of these high stress concentrations in the weld region are
produced by geometry effects. These relatively high stresses therefore may
dramatically affect the life and stress behaviour of the welded component when
combined with different weld creep properties, producing larger mis-matches
in stress across and along the weld. This is especially true when considering
the weaker properties of the heat-affected zones (HAZ) and its effects on
reducing creep life of the connection. Further study is therefore required in
investigating the effect of such properties on stress behaviour, material mis-
match and possible life reduction of the branched connection. These regions of
high stress concentrations were common among all geometry and material
ranges investigated within the study, therefore concluding that the weakest
regions of thick-walled connections with r/t less than 3 will generally be

located in these regions.



3.5.2 The effects of material properties

The eftects of material properties on the stress distributions and peak stresses
were investigated for several geometries (Phase 1 and 2 of Table 3.1): this

involved varying the creep exponent value, n, within a realistic range and the

vanation of the material’s ¢ value.

The effect of the creep exponent value, n, on the peak normalised rupture stress
within the component (with & = 0.3) is shown in Figure 3.5 for several cases of
different branch dimensions. The peak stresses were all found approximately

at Position A of Figure 3.4b. The graph shows a plot of this stress against the

i .1 :
reciprocal of creep exponent, i.e. —. The curves all follow a ‘near linear’
n

relationship described by Calladine [36]. The curves show that as the value of
creep exponent is increased from 3 to 9 the peak stress within the component
decreases by around 28% for the geometries considered. Calladine states that
this result does not contradict intuition and holds as a general behaviour for all

components [36].

The effect of the multi-axial rupture constant @ on the peak rupture stress was
investigated for varying branch diameters and thicknesses. Figures 3.6a and
3.6b show the variation of peak rupture stress over the full range of « (i.e.
from 0 to 1) for branch thicknesses of 12.5 mm and 20 mm, respectively. and
for different branch diameters with n=6. The rupture stress decreases
uniformly from a maximum value at & =0 to a minimum at approximately

a =0.5, but increases slightly as @ approaches 1. This trend is seen to be




independent of branch dimensions. Note that the peak equivalent stress in the
component (a = 0) is larger than the peak maximum principal stress (a =1)
due to the third principal stress being compressive in nature around the region
of Position A. This position dominates the peak stress value in the range of 0
< a < 0.5. The small increase in &, for @ > 0.5 is due to the peak rupture
stress position moving slightly closer to the weld connection region, i.e.
moving away slightly from Point A, nearer to Point D of Figure 3.4b, wherc
this position has a higher o, concentration than point A (see Figures 3.4b and

3.4¢).

3.5.3 The size effect of the branch

Within this investigation, the effect of varying two branch dimensions was

studied. Firstly, the branch diameter and secondly the branch thickness. The

ratio r/t was however maintained within a realistic range, i.e. r, /t=1.5, 2.23

and 2.96 [125-127]. For this investigation all cases had a creep exponent, n,

value of 6.

Calculations were performed for branch thicknesses =12.5mm, 20mm, 30mm.
40mm and 65mm. For all cases except =65mm (case 31 in Table 3.1), the
above values were considered for the three r_/t values. These are included in
Table 3.1, namely, cases 2. 5, 8, 10, 12, 15. 18. 7 and 26 to 31. Constant weld

dimensions of b =25mm and b,=30mm were used throughout.



In all cases the peak o,, o, and o, values within the components occurred

near point A, along the line y,. shown in Figure 3.4b. i.e. near the inside
surface of the main pipe on the crotch plane. The peak o,. o, and o, Stress

positions therefore did not deviate significantly for the geometry range

analysed. For example, the rupture and equivalent stress distributions along

the line y, are shown in Figure 3.7 for a small branch size (+=12.5mm.
d=50mm) and a large branch size (=40mm, ¢=160mm). Note that the line v,
starts from the inside crotch corner and at y, = 65mm is equivalent to the wall

thickness of the main pipe, this location is constant, as T = 65mm is used
throughout. The y, = 65mm position is shown on the graph to distinguish this
location for the two geometries. As the graph shows, despite the large
difference in branch size similar stress distributions were obtained for both

geometries and both types of stress. These plots show that the rupture and

equivalent stress distributions vary by less than 10% across the main pipe wall
thickness, along line y_, i.e. from y,= Omm to 65mm. Similarly, the peak
rupture and equivalent stress positions were found to remain effectively

unchanged along the line y, for all cases in Table 3.1. This position is
approximately 11mm from the inside bore of the main pipe along line y,. as

shown for example in Figure 3.7.

The effect of increasing branch diameter, in the form of d/D ratio, for constant
branch thickness and with n = 6 is shown in Figures 3.8a, 3.8b and 3.8c. Four

curves are shown for each. one for each branch thickness of 12.5mm, 20mm.

30mm and 40mm. Each curve consists of three points, corresponding to r,,/t
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values of 1.5, 2.23 and 2.96. In addition. the result for a &/D value of 1 with

1=65mm is shown.

Figure 3.8a covers the d/D range of 0.14 to 1. The graph clearly shows that as
d/D increases the peak equivalent stress also increases significantly.
irrespective of the branch thickness. The curves are all approximately linear
and as r/t increases with increasing ¢ the stress increases sharply. This
relationship is also evident in Figure 3.8b for the rupture stresses, using an «a
value of 0.3. The rupture stresses are always lower than the peak equivalent
stresses, due to the principal stresses being lower than the equivalent stresses in
the main pipe wall. The maximum principal stress variation is shown in Figure
3.8c, where the stresses are all lower than the equivalent stress by around 10%.
The other important point to note from Figures 3.8a, 3.8b and 3.8c is that
increasing ¢ for a constant d/D leads to stress reduction, as expected. For

example, changing ¢ from 12.5mm to 20mm for d/D=0.2, reduces the peak

equivalent stress from about 1.35¢5,,,, to about 1.250,,, .

The variation of peak normalised rupture stress (a= 0.3) versus branch

thickness for different r_/f values is shown in Figure 3.9. It is apparent that as
branch thickness decreases the difference in stress between the large r/t values
and the small r /t values decreases. This suggests that for small branch

diameters the choice of branch thickness is less important than for large branch
diameters. Thus, for example for =40mm there is a 35% difference between

the large and small r, /¢ values, whereas for /=12.5mm the difference is only

about 10%. In conclusion. as the branch diameter increases. the branch
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thickness also has to increase significantly to ensure a small r,, 1 value. which

results in a minimal increase in peak stress. This is simply a manifestation of

the effect of r,,/t on the hoop stress, which dominates the connection stresses.

3.5.4 The effect of weld size

Increasing weld size can be seen as an indirect way of strengthening the
branched connection, by reducing the stress concentration around the
connection region and thus reducing the peak rupture stress at the inside
surface of the pipe. Calculations were performed for the standard dimensions

of b, =25mm and b,=30mm (weld 2) as well as a smaller weld of b, =b =1

(weld 1) for =12.5mm and r=20mm cases. The variation of peak rupture
stress, o, , versus branch diameter for these two thicknesses is shown in Figure
3.10. As expected, the peak rupture stresses reduce with increasing weld size,
and this reduction becomes insignificant when the branch diameter is small.

The peak stresses occur along the line y, near Point A of Figure 3.4b. The

effect of increasing weld dimensions was more significant for the smaller
branch thickness, i.e. +=12.5mm, due to the greater degree of structural

strengthening for the smaller ¢ value.

3.5.5 Comparison with British Standards and Booth’s operating stresses

Comparing the predicted rupture, equivalent and maximum principal stresses to

the elastic o, value is important because BS codes [11.12] basc their

mdh

design/operating stresses on the latter. Note that branched pipe gcometry




factor, C'aq,, is used to modify the hoop stress for branched pipes within BS
codes (see Equation (3.1)) to obtain a operating/rupture stress. which is then
used for lower bound life prediction. It is this BS rupture stress which must be

compared to the FE rupture stresses to assess the accuracy and representative

nature of the BS codes and their use in creep life assessments.

The normalised o,, o, and o, stresses predicted for all geometry cases are

shown in Figures 3.8a, 3.8b, 3.8c and 3.9. It is clear from all four graphs that

the predicted stresses are always larger than the elastic o, value, calculated

using the main pipe dimensions. The normalised rupture stresses, with a = 0.3

and n = 6 of Figure 3.8b show that for small branches (i.e. d/D < 0.2) the

rupture stress is about 15% greater than o, , while for large branches. o, is
greater than 40 % of o,,. This shows that a branched pipe connection is

always more highly stressed than a plain pipe with the same main pipe
dimensions. Previous FE analyses by Hyde et al [26] of a homogeneous plain
pipe, using the same main pipe dimensions as this investigation, showed that
the peak rupture stress for a material with a creep exponent value of 6.1 and

of 0.3 was 30.4MPa. This is significantly less than both o, of the plain pipe

(18% lower) and o, for the smallest sized branched connection (28% lower).

A comparison between the FE predicted rupture stresses (with @ = 0.3 forn =
6) and BS/Booth’s rupture stresses [11,12.115] for the same connection
geometries is shown in Figure 3.11. It can be seen that the FE rupture stresses

are gencrally significantly higher than those of the BS code: difterences of up




to 15% are shown. Using these higher BS code stresses would therefore
predict non-conservative creep lives compared to the equivalent steady-state
lives if based on a homogeneous connection. The code stresses do however

follow the same trend as the peak FE steady-state rupture stresses, i.e. similar
slope gradients, indicating that the BS5500 Ca, factors [11] are representative

for predicting operating stresses within the range of branch sizes investigated.
Investigation into whether BS code stress predictions used with multi-material
weldment rupture data is conservative compared to the equivalent steady-state
multi-material life predictions as the difference may well reduce due to the off-
loading effects within the weld. This comparison is detailed in Chapter Four.
Another problem with the BS code method is that it predicts stresses for non-
specific material creep properties. As the creep exponent value decreases, the
peak steady-state rupture stresses will increase, making the difference with the

code estimates even larger. This trend is clearly shown in Figures 3.12a and

3.12b for a values of 0 (0,=0,,) and 1 (0,=0,) for cases 1 to 9 of Table

3.1. For the range of d/D investigated, as n decreases from 9 to 3 for the
steady-state analyses the BS code stress predictions change from being around
5% lower than the steady-state, a=0, prediction for n = 9, to around 10%
lower for the n = 6 cases and around 30% lower for the n = 3 cases. The
differences compared for the a =1 steady-state stresses are similar over the d/D
range considered. however differences of up to 20% lower stress predictions
are determined for the small d/D ratio case. Therefore, for materials with low n
values the inverse use of the BS code’s rupture stresses are generally non-
conservative compared to the steady-state predictions and could possibly be

inaccurate in predicting creep rupture lives for homogeneous connections. A
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30% lower BS code stress would significantly over-predict the creep life of the
branched pipe using typical rupture data in a life equation such as Equation 2.9.
A similar result would occur for materials with larger values of creep exponent.
but to a lesser extent, i.e. n > 6, e.g. for Case 22 of Table 1. where =9 and
the codes stress prediction is approximately 30% larger than the o, (a=0)

prediction.

3.6 Discussion and conclusions

FE steady-state analyses for a large range of branch sizes were performed
assuming a homogeneous material throughout. A range of creep exponent
values from Norton’s law was used (i.e. n = 3, 6 and 9) to assess peak rupture
stresses within the connection. The effect of the weld materials was ignored to
facilitate extensive geometrical investigations. For all of the geometries
investigated, the peak rupture, equivalent and maximum principal stresses were
located near to the main pipe inside surface, at the intersection region of the
branch and main pipe inside surfaces (i.e. up from the inside crotch corner).
The location of peak rupture stress, taken here to be the failure site, was

approximately 11lmm from the inside surface of the main pipe for all

geometries considered. For a larger r, /t value of 5. the peak rupture stress was

located at the inside surface of the branch, away from the connection region.
The magnitude of the associated rupture stress was very large compared to

corresponding stresses for the other r,/t values investigated (i.e. r,/t = 1.5,
2.23 and 2.96). suggesting that large r, /t values should be avoided for similar

operating pressures. It was found that the rupture stress distribution did not
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vary significantly for the range of branch sizes and material properties

considered, and common stress concentration regions were identified for all.

The effect of varying branch dimensions on the salient stresses was found to be
very significant. A set increase of 73% in branch diameter was more
significant on the increase in peak stress value for larger thicknesses, where for
a constant thickness the peak stresses varied from around 10% for the ¢ =
12.5mm cases, up to 35% for the 1 = 40mm cases resulted. Increasing branch
thickness resulted in a decreased peak stress value for constant branch
diameter; the effect was more significant for larger diameters. For small

branch diameters the effect of different branch thicknesses was comparatively

small, e.g. an increase in o, of around 7% was seen for a constant d/D value of

0.22 between the use of ¢ values 12.5mm and 20mm. which 1s an increase in

thickness of 60%. Similarly, a difference of around 15% in peak o, was

predicted for a constant d/D value of 0.55 between the t values of 30mm and
40mm, which is an increase in thickness of 33%. The vanation of peak stress
with branch diameter, for constant branch thickness, was found to be

approximately linear, so that interpolation could be used.

The peak rupture stress within the component was predicted to decrease by
around 28% with increasing n value from 3 to 9. while the position stayed
relatively constant. The variation of peak stress with the inverse of the creep
exponent was found to be approximately linear. thereby establishing vahdity of
the Calladine [36] 1/n interpolation technique for predicting the maximum

creep stress within a component. The effect of @ on peak rupture stress was
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found to be significant: as « increased from 0 to 0.5 the peak rupture stress
magnitude decreased by about 8% for all geometries investigated, while the
peak stress position stayed relatively unchanged. As « increased from 0.5 to 1
the peak rupture stress magnitude increased slightly due to the change in the

peak rupture stress position towards the weld region and away from the inside

bore of the main pipe.

Weld size was shown to have a significant effect on the peak rupture stress for

large diameters with relatively small thicknesses, i.e. large r /¢t ratios. In

addition, the weld profile was found to be an important factor in decreasing
stress concentrations around the weld foot, i.e. removing sharp weld edges,

helps avoid premature weld cracking.

Comparison of the FE peak rupture stresses with the BS code stresses
[11,12,115] have clearly shown that the code stresses are generally
significantly lower and perhaps too low for accurate rupture life predictions for
homogeneous branched pipes, such as forged and cast connections.
Additionally, the code predicted rupture stresses that were not material
specific, this could jeopardise estimated life spans of the connections by being
non-conservative for connection materials with Norton exponents within a

wide range of 3 to 9, and especially for materials with lower n values.

The results obtained have clearly shown the effects of various geometric and
material parameters for an isolated branched pipe under creep conditions. The

steady-state method used predicts creep stresses within the secondary creep




stage and ignores tertiary creep stress redistribution. Therefore, the
conservative nature of steady-state analyses can be seen as an attractive method
for calculating stresses and failure lives [26,33,39]. The investigation
incorporated a homogeneous material approach in order to investigate the
general stress distributions within the connections. It was identified by the
results that high stress concentrations existed in the weld region and this may
have a significant effect on the failure behaviour of the connection when
weaker weld materials are present. Further work considering more detailed
multi-material steady-state FE models incorporating weld material properties
(i.e. heat-affected zones (HAZ) and weld metal) are required to investigate and
fully understand the complex stress and failure behaviour of welded branched

connections. These aspects are dealt with in later chapters.
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Table 3.

1. Branch geometry analysis details, with constant main pipe

dimensions of D=355mm, 7=65mm and R, /T =2.23.

PHASE|Analysis| ¢ d \n|dD | VT | by | b, | r /t | Ratioof

No. r./t/ R T

1 11 12.5{ 50.0] 3] 0.14[0.192] 25 30] 1.50 0.67
21 12.5] 50.0{ 6] 0.14{0.192} 25 301 1.50 0.67

31 12.5] 50.0{ 9] 0.14]/0.192] 25 30 1.50 0.67

41 12.5| 68.3] 3| 0.19]0.192f 25 30{ 2.23 1.00

5/ 12.5] 683 6] 0.19/0.192] 25 30{ 2.23 1.00

6l 12.5| 683 9| 0.19{0.192{ 25 30 2.23 1.00

71 12.5] 86.5[ 3{ 0.24]0.192{ 25 30 2.96 1.33

81 12.5| 86.5| 6f 0.24)0.192] 25 30 2.96 1.33

9] 12.5] 86.5] 9] 0.24/0.192f 25 30] 2.96 1.33

10] 12.5| 138.5] 6/ 0.39{0.192] 25 30{ 4.74 2.13

2 11{ 20.0{ 80.0] 3} 0.225/0.308] 25 30 1.50 0.67
121 20.0] 80.0| 6] 0.225] 0.308] 25 30{ 1.50 0.67

131 20.0{ 80.0] 9]0.225/0.308] 25 30 1.50 0.67

14{ 20.0f 109.2| 3] 0.31{0.308] 25 30 2.23 1.00

151 20.0] 109.2] 6] 0.31{0.308] 25 30 2.23 1.00

16/ 20.0] 109.2] 9] 0.31{0.308] 25 30{ 2.23 1.00

17{ 20.0] 138.5] 3| 0.39{0.308{ 25 30] 2.96 1.33

18{ 20.0] 138.5] 6] 0.39{0.308] 25 30 2.96 1.33

19{ 20.0] 138.5] 9] 0.39{0.308] 25 30] 2.96 1.33

3 20| 12.5/ 50.0] 6] 0.14]0.192]12.5({]12.5(r)] 1.50 0.67
21| 12.5] 86.5] 6] 0.24] 0.192|12.5(]12.5(r)] 2.96 1.33

221 12.5| 138.5] 6] 0.39{0.192|12.5({12.5(r)] 4.74 2.13

23| 20.0f 50.0] 6] 0.14]0.308]20(¢)] 20(5)] 0.75 0.34

24| 20.0f 80.0] 6] 0.225] 0.308]20(¢){ 20(»)] 1.50 0.67

25 20.0] 138.5] 6] 0.39]0.308]|20(H| 20(5)] 2.96 1.33

4 26[ 30.0 120.0| 6] 0.34]0.462| 25 30 1.50 0.67
27{ 30.0{ 163.9] 6] 0.46]0.462| 25 30 2.23 1.00

28( 30.0] 207.7] 6] 0.585/0.462] 25 30f 2.96 1.33

5 29/ 40.0] 160.0] 6| 0.45{0.615] 25 30{ 1.50 0.67
30| 40.0{ 218.5] 6] 0.615{0.615] 25 30 2.23 1.00

311 40.0] 276.9] 6| 0.78/0.615] 25 30f 2.96 1.33

6 32| 65.0{ 355.0] 6] 1.00] 1.00] 25 30] 2.23 1.00
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Figure 3.4a. Rupture stress, o,, («=0.3) distribution for analysis number 5.
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Figure 3.5. Peak normalised rupture stress variation with 1/n for varying
branch dimensions, a =0.3. Peak denotes the highest value within the whole

component (around Position A of Figure.3.4b).
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CHAPTER FOUR

CREEP BEHAVIOUR OF HETEROGENEOUS WELDED

BRANCHED PIPES

4.1 Introduction

Chapter 3 identified that high stresses existed within the weld region of
branched pipes and this may have a significant effect on the life of the weld
when including in the effects of the weaker weld region of the HAZ, as well as
the weld-mismatch effect. This chapter therefore is concerned with the steady-
state, creep rupture behaviour of three different types of typical connections,
incorporating the effects of the heterogeneous weld-related material zones,
investigating the importance of the weld and its effect on the possible reduction
in creep lives of the connections. The features considered are (i) a branched
flat end cap, (il) a branched hemi-spherical end cap and (iii) an isolated main
pipe branch. The inclusion of PM, WM and HAZ weld steady-state and
rupture properties are included in the analyses to model the stress and failure
behaviour of the welded connections. Comparisons are made between the
predicted heterogeneous multi-material weld component lives and the
corresponding homogeneous connection predictions. The effect of varying
branch diameter is also investigated on the creep stress and failure behaviour of
the connections. The effect of material mis-match and how this affects failure
behaviour is investigated. Comparisons are made between the single and

multi-matenial steady-state failure lives and the inverse use of the BS codes
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[11.12,115]. The term inverse use of the code is used because the codes are
normally used in design purposes by fixing a level of stress within the branch
which is acceptable for the material being used to fabricate the connection.
Using this chosen level of stress within the code, the calculation of minimum
thickness of the main and branch pipes is then made. The inverse use is the
reverse of this procedure. Where all dimensions are known and a level of
stress can then be predicted for the branched pipe. The BS codes BS5500 and
BS1113 define an operating stress for different branch configurations. which is
assumed as homogeneous. This operating stress can then be used as a design
stress and also a stress to be used in creep life assessments. The importance of
the inclusion of weld properties for creep life assessment of branched pipes is

assessed.

Steady-state creep solutions, as described in Section 3.2, obtained using the
multi-axial Norton creep law of Equation 2.3 were used to obtain the stress
distributions within the connections and creep failure lives, #;, were predicted
using Equation 2.9, with steady-state peak rupture stresses, o;, defined by
Equation 2.8 [24], for critical positions, using the appropriate uniaxial creep
rupture material properties, e.g. Hyde et al [34,94]. The locations and values of
the peak steady-state rupture stresses within each material zone are identified
and the associated creep rupture lives are predicted using these peak values.
The minimum life over all material zones i1s then taken as the multi-material
component life and the corresponding location as the component’s failure

initiation site [94].
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4.2 Geometry and material properties

Figures 4.1. 4.2 and 4.3 define the geometrical parameters for the three
connection types studied. The values of D. T and ¢ employed are 355mm.
65mm and 12.5mm, respectively, while the branch diameter. d was varied
from 55mm to 80mm. These dimensions are typical of UK fossil power plant.
Figure 4.4 shows the assumed weld details for the three configurations. The
five different material zones modelled are the branch and end cap parent
material zones, designated PM® and PMP, respectively. the weld metal
designated WM, and the branch and end cap heat-affected zones, designated
HAZ® and HAZP, respectively. These regions are defined by a number of
geometrical parameters. The heat-affected zone widths, assumed to be equal,
are defined by the parameter 4. The angle 6 defines the inclination of HAZ® to
the horizontal, the angle £ defines the inclination of the weld outer surface to
the horizontal, the parameters r, and r, define the fillet radii created by weld
neck and toe grinding and the additional parameters a, b and b, complete the
geometry definition. The general shape of the weld i1s defined by the
parameters by and by, as shown in Figure 4.3. for the example of the isolated
branched pipe case. Table 4.1 defines the values of 6, S, a. b, b, h, r, and r,

used throughout, while b, was set equal to the branch thickness 1.

Table 4.2 shows the relevant material properties obtained from creep tests on
service exposed CrMoV pipe weldment material at 640°C [30]. Note that the
HAZ® and HAZ" properties are assumed the same and likewise for the PM" and
PMP zones. For this weldment the HAZ material is weaker than the PM and

the WM is stronger than the PM with respect to the minimum creep strain rates
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(le. &, > &, >&,, for any given stress level) and rupture strength (i.e.

thazr <1}y <1}, fora constant stresses below 70MPa) [30].

4.3 FE models

The flat and hemispherical end cap configurations can be analysed using
axisymmetric models whereas a three-dimensional model is required for an
isolated branched pipe. Quadratic elements with reduced integration were
employed in all cases. Typical axisymmetric meshes for the hemi-spherical and
flat end caps are shown in Figure 4.5 and 4.6, respectively. The sub-modelling
technique was employed for the detailed weld region of the isolated branched
pipe models to achieve the required high level of mesh refinement with
satisfactory run-times. Mesh convergence studies established good correlation
between the sub-model results and ‘converged’ fine mesh global model results:
the latter however were prohibitively time-consuming for the parametric
analyses. Figures 4.7(a) and 4.7(b) show the global-model and sub-model.
respectively, for a typical isolated branched main pipe. Detailed attention has
been given to ensuring compatible and uniform mesh design across the HAZ,
PM and WM material mismatch boundaries. Weld toe and neck radii are used
to eliminate sharp weld edges and therefore reduce unrealistic stress peaks.
Careful interpretation of the time-dependent nodal stresses was used to
ascertain when steady-state was achieved. The FE creep calculations were
carried out using ABAQUS [28] finite element software. The pipes were
loaded by an internal pressure of p; = 16.55MPa with an equivalent closed-end

axial load applied to the end of the main pipe and branch. The three-
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dimensional isolated branched main pipes were generated using an automatic
mesh generation program called GBRANCH and SBRANCH [128] developed
by the author. Appendix 1 provides some general guidelines on how FE

analysis can be utilized to effectively predict steady-state stress distributions.

4.4 Stress distributions and high stress regions

4.4.1 Branched flat end cap

Figures 4.8 to 4.13 show the different views of the steady-state o, 0, and

o, distributions within the d = 55mm branched flat end cap.

Figures 4.8a and 4.8b show the main pipe o, and o, distributions,

eq

respectively. High o, values occur on the inside surface of the main pipe,

while high o, values occur on the outside surface. High o, and o, stress

concentrations were also predicted at the right-angled corner on the inside
surface of the main pipe, due to the sharp change in the geometry, as shown in
Figure 4.9. In reality, such a sharp corner would typically be avoided using a
fillet so that these stress concentrations would generally not affect the
component failure behaviour. Consequently, these stresses are not included in
the lifing calculations. Figures 4.9a and 4.9b also show that the stresses along

the branch pipe. away from the weld, are relatively low. The most significant

o, concentration region, in terms of affecting failure behaviour is at the weld

on the inside surface of the branch, as shown in Figure 4.10a. High o, values



were also found at the weld toe and neck. The highest &, values in the weld

are found near the outside surface at the weld toe and neck. due to the sharp
change in geometry. It is clear from both contour plots that abrupt changes in
stress magnitudes occur at the weld-related zone interfaces due to stress
redistribution from the creep weak HAZ to the creep strong WM and PM

regions.

Figures 4.11 to 4.13 show the rupture stress distributions in the HAZ®? and
HAZP, WM and PM® and PMP zones, respectively, for the d = 55mm case.
where the different  values have been used for each particular weld related
zone to calculate the rupture stress. The high rupture stresses in the HAZ® and

HAZP were predicted to occur near to but away from the outside surface
(Figure 4.11). The HAZ® had a slightly higher peak o, values than the HAZP.
by around 7%, 11% and 16% for the 4= 55mm, 70mm and 80mm branch cases,
respectively, where similar peak stress positions were predicted for each case.
Figure 4.12 displays the WM o, distribution within the WM, corresponding to
an «a value of 0.264. The highest stress regions were found at the inside
surface, near the HAZ" boundary and also at the weld toe. The peak o, value
in the WM was found at the inside surface of the branch for the d= 55mm case.
The same peak WM stress position was also found for the 4= 70mm and 80mm
geometry cases. Similar contours for the PM o, distributions, corresponding
to an « value of 0.3, are shown in Figure 4.13 for the d=55mm case, at various
PM regions, i.e. (a) main pipe section. (b) end cap section, and (c) weld region.
High stresses occurred at various positions, as shown, however the peak PM

o, value was found in the main pipe section (i.e. PMP) for the d=55mm case.
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For the larger diameters. d= 70mm and 80mm, the peak PM o, values were

found at the same position in the PMP region. just below the HAZ". as shown in

Figure 4.13¢ by Position A.

4.4.2 Branched hemispherical end cap

The equivalent, maximum principal and rupture stress distributions for the

d=55mm branched hemispherical end cap configuration are shown in Figures

4.14 t0 4.19.

The o, and o, stress distributions away from the connection region were

predicted to be similar to those of the welded branched flat end cap, e.g. high

o, and o, regions occur along the main pipe and branch pipe inside and

outside surfaces, respectively. However, there are two important differences
found between the two configurations. The first is that there is no obvious
stress concentration at the joint between the end cap and the main pipe section
for the hemispherical case, as shown in Figures 4.14 and 4.15. This is due to
the fact that the hemispherical end cap has a significantly more gradual change
in section at this position, in contrast to the sharp transition of the flat end cap.
The second difference is that the hemispherical end cap weld regions have

lower stress concentrations than the flat end cap cases, as shown by comparing

Figure 4.16 to Figure 4.10. There is a o,, concentration at the inside surface

of the WM, similar to that of the flat end cap, but the &, and o, values at the

weld toe and neck are only about 20MPa and 15MPa. respectively. as

compared to around 32MPa and 35MPa for the flat end cap case. As for the
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flat end cap case, there is an abrupt change in stress across the PM/HAZ and
HAZ/WM interfaces due to the matertal mis-match causing creep stress
redistribution. However, the magnitude of stress difference is smaller in this

case due to the smaller or negligible stress concentrations.

Figure 4.17 shows the rupture stress distribution in the HAZ using the o value

of 0.49 for the &=55mm case. The maximum o, value in the HAZP is only
14.7MPa as compared to a value of 18.5MPa in the HAZ’. The latter is
situated at the outside surface (weld neck). Similar distributions and identical
peak o, positions were found for the 4=70mm and 80mm geometry cases.
Figure 4.18 shows the o, distributions for the WM region, using the «a value
of 0.26. A relatively high o, concentration of up to 20.7MPa occurred at the
weld neck, while the rest of the zone sees significantly lower stresses. Similar
distributions were found for all three diameters investigated, where the peak
o, value were found at the weld neck. Figure 4.19 shows the o, distribution
in the PM zones, using the a value of 0.3. High o, values, of around 25MPa

to 30MPa are predicted in the straight main pipe (PMP) and branch sections

(PMb) and the peak value of 30.8MPa was found in the PMP straight section,

approximately mid-thickness. The PM o, values were relatively low in the
weld region. Similar o, distributions and peak o, positions to that of the

d=50mm branch were again found for the larger d=70mm and 80mm cases.
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4.43 Isolated branched main pipe

The equivalent, maximum principal and rupture stress distributions for the
d=55mm connection region of the isolated branch configuration are shown in
Figures 4.20 to 4.25. The stress distributions are significantly different to those
of the branched end cap configurations. The stresses away from the connection

region are relatively low so that discussion is concentrated on the connection

region.

The o,, and o, distributions on the flank and crotch planes and on the inner
surface of the branch are shown in Figure 4.20. There are large o, and o,

concentrations on the crotch plane, at the inside surface of the branch opening,

up from the inner crotch corner. The maximum o, position is half-way across
the wall thickness of the main pipe, while the maximum o, is about a quarter
away across the main pipe wall. Comparatively lower o, values occurred on

the flank plane, apart from a concentration at the weld foot. Stresses were also

comparatively lower in the near-connection section, away from the weld.

Figures 4.21a and 4.21b display the weld-regions o, and o, distributions,

respectively, on the inside surface. The o, and o, stresses display

discontinuities of stress across the PM, HAZ and WM zone interfaces. due to

mis-match in the materials properties, i.e. the weaker HAZ off-loads stress to

the stronger PM and WM, especially at high stress regions. High o, regions

occur (i) at the weld toe on the flank plane and (ii) the inside surface on the

crotch plane across the weld. High o, values occurred (i) at the weld toe on
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the flank plane, (ii) at the outer surface of the weld on the flank plane and (iii)

across the weld at mid-branch thickness on the crotch plane. The outer surface

o, and o, distributions are shown in Figures 4.22a and 4.22b. For both

cases, stress concentrations occur circumferentially along the weld toe for
about 45° from the flank plane. In each case, the highest stresses being

predicted on the flank plane. The &=70mm and 80mm branch cases showed

very similar stress distributions to the ¢&=50mm case.

Rupture stress distributions for the HAZ® and HAZP. using the a value of 0.49.
are displayed in Figure 4.23. High o, values occur at (i) approximately across

a third of the branch wall thickness from the inside surface, on the crotch plane,
in both HAZs (Positions C and D in Figure 4.23a), (ii) in the HAZP at the weld
toe, on the flank plane (Position B in Figure 2.23a) and (iii) at approximately
30° from the flank plane on the outside surface of the HAZP (Position E in
Figure 2.23a). The peak o, position for the d&=55mm and 70mm branch
diameter cases are in the HAZP at the weld toe, on the flank plane at Position
B, while for the &=80mm case it 1s located in the HAZb, on the crotch plane at
Position D (Figure 4.23a). All three d values gave high HAZ o, values at the
same four positions just mentioned. The differences in values for each d were
small, i.e. less than 14%; therefore in practice multiple rupture sites at these
positions could occur. However, the most likely sites for rupture initiation. and
therefore crack initiation, leading to failure by steam leakage are the HAZP and
HAZ" positions C and D, on the crotch plane. due to the greater extent of high

o, values across the wall thickness. Creep damage i1s thercfore likely to grow
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more quickly at these positions compared to the other two high &, positions.

1.e. Positions B and E. since these two positions have just high local stresses.
Continuum damage mechanics (CDM) analyses can provide more insight into

the creep damage evolution at each of these sites.

Contour plots of the rupture stress for the WM, using the @ value of 0.26. are
shown in Figure 4.24. High stresses were found on the inner surface. crotch
plane (see Figure 4.24b), and at the weld toe extending from the flank plane
circumferentially along the outer surface to around 45° (Figure 4.24¢). The
peak WM o, position for all d values investigated was at the inner surface,
crotch plane, close to the HAZP. These two peak stress locations are localized,

with the rest of the WM experiencing significantly lower o, levels.

Figure 4.25 shows the rupture stress distributions for the PM regions, a value
of 0.3. The highest o, locations are in the PMP, approximately half main pipe
wall thickness above the inside crotch corner and in the PM”. on the inside
surface of the branch, just above the HAZ", also on the crotch plane. As shown
by all three contour plots, the rest of the PM regions have significantly lower
stress levels. Similar trends were predicted for the &=70mm and 80mm branch

diameter cases.

4.5 Stress and life predictions

Tables 4.3 to 4.5 show the predicted peak rupture stresses and lives for each

material zone for the three d values studied and for each branch configuration.
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Figures 4.26 to 4.28 show the effect of branch diameter on the predicted multi-
material peak rupture stresses graphically for the three configurations. The

predicted stresses are presented normalised with the mean diameter elastic

hoop stress, Oman, Of the main pipe, the resulting life predictions are also

normalised with respect to the failure life, t?dh , of the main plain pipe, based

on omdgn and PM rupture properties. Increasing the branch diameter from
S5mm to 80mm increases the peak stresses, approximately linearly, in all
material zones; the largest increase of 70% occurs in the PM® zone of the
hemispherical end cap case; the PMP zone is least affected in all cases.
Significant differences, of 40% to 107% of the lowest stress values. are
predicted between the different material zones of the three configurations. The
highest values of peak rupture stress generally occur in the weld metal zone:
the exception is the hemispherical end cap case, where the largest values occur
in the PMP, for low d values, and the PMb, for high d values. The lowest peak
stress values generally occur in the HAZP; the exception is isolated branched

pipes with d < 75mm, where the lowest values occur in the HAZ.

Figures 4.29 to 4.31 show the effect of branch diameter on predicted single and
multi-material failure lives for the three branch configurations. For the multi-
material cases. failure always occurs in the heat-affected zones, 1.e. over the
full range of d-values investigated in all three configurations. For the flat and
hemi-spherical end cap cases this is in the HAZ®, more specifically, near the
PM®/HAZ® boundary and at approximately mid-branch wall thickness. For the
isolated branch pipe. failure occurs on the crotch plane. i.e. x-y plane of

symmetry (Figure 4.3). on the inner surface HAZ®, near the PMYHAZ’
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boundary, for high d values, and in the HAZP, at approximately mid-branch

wall thickness, near the PMP/HAZP boundary for low d values.

The predicted failure life decreases significantly and monotonically with

increasing branch diameter for all three configurations. For the hemispherical
end-cap, the component’s failure life ratio, ¢ ! / t;'dh , decreases by 77% from

2.3 t0 0.54 as d increases from 55mm to 80mm in the HAZ®. For the flat end
cap and isolated branched pipe cases, the corresponding respective life ratio
decreases from 0.69 to 0.38 and from 0.34 to 0.19. i.c. by 45% in both cases.
Thus, for both the flat end cap and isolated branch pipe cases, the predicted life
1s always less than that of a corresponding plain pipe creep life based on the

elastic o, with PM properties. The hemispherical end cap is predicted to be

stronger than the plain pipe for low d-values but weaker for high d-values.
Also, Figures 4.29 to 4.31 show significant differences between the predicted
failure lives of the different material zones, particularly between the HAZs and
the other zones. For low d values, there can be an order of magnitude

difference, depending on branch configuration and zone material.

For all three branch configurations, and for all 4 values studied, the single
material predicted lives were greater (i.e. non-conservative) than the multi-
material predictions. The single material predicted failure sites for the flat and
hemispherical end cap cases are remote from the welded region. namely. in the
pipe, for low d values, and in the branch, for high d values; for the isolated
branch case the predicted failure site is near to the inside crotch comer. The

multi-materal lives range from about 25% of the single-material value to about
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45% with increasing branch diameter for the flat end cap case, around 81% to
65% with increasing branch diameter for the hemispherical end cap case and

approximately 80% to 74% with increasing d for the isolated branch case.

The comparative strength of each branch connection type, based on three-
material creep assessments, is shown in Figure 4.32 in terms of failure life over
the branch diameter range studied. The comparison clearly shows that there is
a significant difference in strength between the three configurations. The
weakest component is the isolated branched main pipe over all three branch
diameter sizes, then the branched flat end cap and finally the strongest
configuration is the branched hemispherical end cap. The isolated branch life
is predicted to be around 85% lower and 50% lower than that of the
hemispherical and flat end cap configurations lives, respectively, for the
smallest, ¢=55mm, branch diameter. The difference in life between the
isolated branched main pipe and the hemispherical case reduces with
increasing branch diameter, reaching around 65% lower life for the former with
d=80mm. However, the difference in creep life between the branched main

pipe and branched flat end cap stays approximately steady at 50% lower.

4.6 Comparison with British Standard code life predictions

The steady-state single and multi-material life predictions for the three
different configurations are compared to two different ways the British
Standard (BS) [11.12.115] stress can be used for the prediction of creep rupture
life. both based on the use of the inverse code method, as described by Booth

|115]. Firstly, BS lives are predicted using the operating stress with the
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weakest weldment material’s rupture properties, i.e. for this weldment. the
HAZ, as described by BS 7910 [131], this is denoted as BS Method A.
Secondly, the BS predicted operating stresses [115] are used to predict creep
rupture lives using the PM homogeneous rupture properties, this is denoted as
BS Method B. The aim of the comparison is to identify whether the BS code
Methods 4 and B life predictions are similar to the homogenous and multi-
material steady-state predictions, thereby partially validating their use for

branched pipe life assessments.

Results of the comparisons over the range of branch diameters are shown in
Figures 4.33, 4.34 and 4.35 for the three branch configurations. It is clear from
all three graphs that the use of BS Method 4 significantly under-predicts the
rupture lives of the multi-material component compared to the single and
multi-material steady-state predictions. For the cases of the flat and
hemispherical branched end caps, the level of conservatism of the BS method
A was very large, i.e. from about 10% to 35% that of the multi-material steady-
state predictions over the d range investigated. The predicted isolated branched
main pipe BS lives are improved compared to the end caps comparison, the
conservatism is lower at around 60% to 80% that of the multi-material steady-
state predictions. BS Method B life predictions, which is based on parent
material data, were around 165%, 215% and 242% longer than Method A's for
the flat, hemispherical and isolated configurations, respectively. However
these differences are small when compared with the differences with the single
material steady-state life predictions for the flat and hemispherical branch end

cap cases. When Method B life predictions for the end cap cases are compared
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with the multi-material steady-state life predictions the lives are conservative
for low values of branch diameter, d, but non-conservative for larger diameters.
Method B predictions for the isolated branched main pipe are always non-
conservative compared to the single material and multi-material steady-state
predictions, lives of up to 75%, longer are predicted compared to the single
material steady-state lives. As highlighted in Chapter 3, the BS code was
shown to be non-conservative compared to steady-state predictions for various
single material isolated branched main pipe cases. For all three configurations,
differences between the BS code predictions and single and multi-material

steady-state lives due to the variation of branch diameter are small.

4.7 Conclusions

e Stress distributions were shown for various regions within each
configuration.  Significant stress discontinuities were produced due to
material mis-match within the weldment for all cases. The highest stresses
in the weld region were generally found in the WM and the lowest in the
HAZs. Differences in equivalent stress of up to 30% to 40% between the
PM, HAZ and PM zones occurred locally within the weld. Similar
differences in maximum principal stress also occurred across the zones.

e Significant differences in equivalent and maximum principal stress
distribution were found in the components and numerous high stress
concentration regions were identified. These high stress regions were
identified at the weld neck, weld toe and inside bore across the weld for the
flat end cap cases. at the weld neck and inside bore for the hemispherical

end cap cascs and at the weld neck and toe on crotch and flank planes and
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at the inside crotch bore for the isolated main pipe cases. Stress
distribution trends were generally unaffected by change in branch diameter.
although the peak stress values in each material zone generally increased
with increasing branch diameter. For instance, for the failure dominant
HAZ regions the peak rupture stress increased by around 58%, 20% and
11% for the flat end-cap, hemispherical end-cap and isolated main pipe
configurations, respectively.

It has been shown that for the typical CrMoV material properties used and
the range of geometries investigated, the single-material steady-state life
predictions are significantly higher than the three-material predictions,
which include weld and heat affected zone properties, for three different
branch-pipe configurations. Single material steady-state life predictions for
the branched flat end-cap ranged from around 400% to 200% longer than
the equivalent multi-material lives, over the branch diameter range
investigated. For the hemispherical end-cap and isolated main pipe
configurations, differences were lower, ranging from around 25% to 50%
and 20% to 26%, respectively, over the diameter range. Concluding that
the effect of the weldment material properties on failure life is very
significant and the use of single material life assessments for welded
connections are non-conservative for these cases.

For all branch configurations and geometries considered, failure is
predicted to occur in the heat-affected zones of the three-material models.
Generally failure was predicted to initiate in the HAZ® near the weld neck
on the PM® boundary. at the weld foot in the HAZP on the WM boundary

for the flat end-cap cases and in the HAZP, either at the flank-plane weld
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foot on the WM boundary or crotch-plane inside surface on the PMP
boundary, for low branch diameters, or in the HAZ® at the crotch-plane
weld neck on the PM® boundary for larger branch diameters.

The failure stresses increased approximately linearly. and the
corresponding failure lives decreased significantly, with increasing branch
diameter, for the single- and multi-material cases of the three branch
configurations. For the geometries investigated, the flat end cap and
branched main pipe failure lives were shown to be lower than those of a
plain pipe based on oman. However, the hemi-spherical end cap life
predictions indicated a transition from stronger to weaker behaviour for
increasing branch diameter, compared with the plain pipe.

The inverse use of the BS codes predicted conservative life estimates based
on multi-material rupture properties compared to the single and multi-
material steady-state life predictions. All BS multi-material life (Method
A) predictions were lower by at least (i) 20% for the isolated branched main
pipe and (ii) 65% for the two branched end cap configurations compared to
the multi-material steady-state predictions. The BS life predictions based
on single material properties (Method B) were generally very conservative
compared to the single material steady-state lives for the branched flat and
hemispherical cases. However, significantly non-conservative BS single
material life predictions were predicted for the isolated branched main pipe
cases. From these results, it has been shown that the inverse use of the BS
codes based on multi-material rupture data is a conservative approach for
predicting the multi-material lives of the welded branched pipes. It is for

some casces however non-conservative to predict the creep rupture lives of
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muiti-material welded branched pipes using just single material BS life
predictions, especially for the isolated main branched pipe. It is suggested
that other creep life assessment methods are used for more accurate
predictions, such as a steady-state method, a continuum damage mechanics

approach or the RS procedure [13].
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Table 4.1. Values of weld geometrical parameters used

0 Jij a b b; h r, r
(°) (°) (mm) (mm) (mm) (mm) (mm) (mm)
45 45 2.5 3 3 1.5 6 6

Table 4.2. Material constants for the CrMoV weldment materials at 640° C

[30].

Material A n M )4 a

PM 6.5991 x 107'% | 6.1081 | 5.9981 x 10'* | 5.767 | 0.300

WM 9.7181 x 10" | 52082 | 8.1202x 10" | 4.850 | 0.264

HAZ 1.7083 x 1071 | 6.1081 | 2.5000 x 10° | 3.200 | 0.490

Note: [0] = MPa; [f] =h, [¢°min ] =h™".

170



Table 43. Magnitudes and positions of peak steady-state stresses in each
material zone and the rupture lives predicted obtained for the branched flat end

cap, for three different branch diameters.

Branch C.q (MPa) o; (MPa) o, (MPa) 1y (hours)
Case
Zone | Value Position Value Position Value Position
PMP | 34.0 IS 34.0 0S 30.8 0S 43403
HAZP/PMP HAZP/PMP HAZP/PMP
d=55 | PM® | 31.1 IS 30.7 0S 269 | MID-0OS 94757
HAZY/PM® | HAZ/PM® | HAZ’/pPM®
=125 | HAZ? | 26.6 IS 27.6 0S 25.2 0S 13109
HAZP/PMP HAZP/PMP HAZP/PMP
(mm) | HAZ® | 26.7 IS 35.6 0S 27.0 | MID-0OS 10512
HAZ/PMP HAZ/PM® HAZ /PMP
WM | 339 IS 37.4 OS near 34.4 IS 43619
| HAZP/WM HAZYWM HAZYWM
Oeq (MPa) o; (MPa) o, (MPa) t (h)
Zone | Value Position Value Position Value Position
PMP | 34.0 IS 34.0 oS 30.8 0S 43403
HAZP/PMP HAZP/PMP HAZP/PMP
d=70 | PM® | 353 IS [ 358 0S 32.8 | MID-OS 30196
HAZY/PM® | HAZ°/PMP HAZY/PM®
=125 [ HAZ? | 28.6 | IS 27.9 0S 26.5 0S 11160
| | HAZP/PMP HAZP/PMP HAZP/PMP
(mm) | HAZ° | 29.2 IS 36.3 oS 296 | MID-OS 7584
| HAZ PMP HAZY/PM® | HAZY/PM®
WM | 372 IS 45.5 OS near 38.8 IS 24333
HAZP/'WM HAZY/WM HAZYWM
Ceq (MPa) o, (MPa) o, (MPa) t, (h)
Zone | Value Position Value Position Value Position
PMP | 34.9 IS 34.0 0S 31.6 0S 37437
HAZP/PMP HAZP/PMP HAZP/PMP
d=80 | PM® | 41.0 IS 41.7 0S 37.9 MID-OS 13121
HAZYPM® | HAZ/PM® HAZY/PMP
=125 | HAZ? | 30.7 IS 28.3 0S 27.9 0S 9465
HAZP/PMP HAZP/PMP HAZP/PMP
(mm) | HAZ® | 320 IS 36.9 0S 32.5 | MID-OS 5808
HAZ /PM® HAZY/PM® HAZY/PMP
| WM | 402 IS 51.0 OSnear | 42.3 IS 16007
| HAZP/WM HAZYWM | HAZYWM

e.g. HAZ /WM
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Table 4.4. Magnitudes and positions of peak steady-state stresses in each

material zone and the rupture lives predicted obtained for the branched

hemispherical end cap, for three different branch diameters.

interface, e.g. HAZP/WM

172

Branch 0.q (MPa) o; (MPa) o, (MPa) | ¢ (hours)
Case
Zone | Value Position Value Position Value Position
PMP | 34.0 | ISstraight | 34.0 | OSstraight | 30.8 | OS straight | 43403
section section section
d=55 | PM" | 262 | ISremote | 25.0 | OSremote | 22.5 | OSremote | 265434
section section section
=12.5 | HAZP | 20.0 IS 13.7 MID 14.7 MID 73561
| HAZP/WM HAZP/WM HAZP/WM
(mm) | HAZ® | 203 | ISHAZ | 19.6 oS | 185 | OS 35246
pM® HAZY /WM HAZ /WM
WM 242 | IS 234 oS I 207 oS 512040
HAZYWM HAZYWM HAZYWM
Geq (MPa) o, (MPa) | o, (MPa) te (h)
Zone | Value Position Value Position Value Position
PMP 34.0 IS straight 34.0 | OS straight | 30.8 OS straight 43403
section section section
d=70 pPM° 35.1 IS remote 35.2 OS remote 31.9 OS remote 35451
section section section
=12.5 | HAZ? { 26.0 IS 19.5 MID | 20.6 MID I 24985
| HAZP/WM HAZP/WM | HAZP/WM |
(mm) | HAZ® | 26.5 IS 26.7 0S 35.1 | OSHAZY | 13277
| HAZY /WM HAZYWM pM®
WM 33.0 IS 29.0 OS 29.6 ON) 90396
HAZYWM HAZYWM HAZY WM
Ceq (MPa) o (MPa) o (MPa) t, (h)
Zone | Value Position Value Position Value Position
PMP | 34.0 | ISstraight | 34.0 | OSstraight | 30.8 [ OSstraight | 43403
section section section
d=80 | PM® | 409 | ISremote | 422 | OSremote | 382 | OSremote | 12538
section section section
=12.5 | HAZ? | 30.0 IS 22.8 MID 24.5 MID 14346
HAZP/WM HAZY/WM HAZ/WM
(mm) | HAZ" | 30.5 IS 312 0S 292 | OSHAZY | 8182
HAZYWM HAZYWM pM®
WM 39.0 IS 32.8 oS 35.1 oS 39559
HAZYWM HAZYWM HAZYWM
Note: OS = outer surface, IS = inner surface, MID = Center, Materials




Table 4.5.

Magnitudes and positions of peak steady-state stresses in each

material zone and the rupture lives predicted obtained for the branched main

pipe, for three different branch diameters.

Branch o4 (MPa) o; (MPa) o, (MPa) 17 (hours)
Case
| Zone | Value Position Value Position Valuei Position
| PMP | 463 IS pipe 45.5 Near IS 43.1 IS pipe 6251
MID pipe MID MID
thickness thickness thickness
CP CP CP
d=55 | PM° | 40.7 | 1S,HAZY | 365 MID 37.6 | 1S, HAZY | 13737
PM®, CP HAZY [ PM". CP
PM®, CP
=12.5 | HAZ? | 36.2 IS, 36.3 Position B | 36.1 Position B 4150
HAZP/PMP (Fig. 4.23) (Fig. 4.23)
,CP
(mm) | HAZ° | 355 | IS,HAZY | 322 MID 33.2 | Position D 5425
PM®, CP HAZY/ (Fig. 4.23)
PM®, CP
WM | 475 IS, 43.0 Weld toe, | 45.0 IS, 11858
HAZP/WM FP HAZP/WM
,CP | ,CP
Ceq (MPa) o, (MPa) o, (MPa) t; (h)
Zone | Value Position Value | Position Value Position
PMP | 488 IS pipe 47.7 Near IS 45.5 IS pipe 4573
MID | pipe MID MID
thickness thickness thickness
| CP CP CP
d=70 | PM" | 458 IS, CP, 45.0 MID 43.0 | IS, HAZ" 6336
HAZY/ HAZY PM®, CP
PM® PM®, CP
=12.5 | HAZP | 40.0 | IS, 39.8 MID, 37.9 | Position C 3552
HAZP/PMP HAZP/ | (Fig.4.23)
,CP PMP, CP
(mm) | HAZ® | 39.6 | IS,HAZ" | 403 [ OS,HAZ | 37.7 | Position D 3612
PM", CP WM, 45° (Fig. 4.23)
CPto FP
WM 53.7 IS, 51.5 Weld toe, 51.6 IS, 6107
| HAZP/WM FP HAZP/WM
,CP .CP
Note: OS = outer surface, IS = inner surface, MID = Center, Materials

interface, e.g. HAZP/WM, CP = crotch plane & FP = flank planc of the
connection
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Table 4.5. continued. ..

interface, e.g. HAZP/WM, CP =

connection

crotch plane & FP = flank plane of the

174

Geq (MPa) c; (MPa) o, (MPa) t, (h
Zone | Value Position Value Position Value Position
PMP | 50.7 IS pipe 49.0 Near IS 473 IS pipe 3656
MID pipe MID MID
thickness thickness thickness
CP CP CP
80 PM° 48.7 IS, CP, 50.1 MID 46.0 IS, HAZY/ 4294
HAZ"/ HAZ/ PM®, CP
PM" PMP, CP
=12.5 | HAZ? | 422 IS, 41.9 MID, 40.0 Position C 2989
HAZF/PMP HAZ/ (Fig. 4.23)
,CP PMP, CP
(mm) | HAZ" | 42.0 | IS,HAZ" | 452 | OS,HAZ% | 40.6 | PositionD | 2850
PM", CP WM, 45° (Fig. 4.23)
CP to FP
WM 574 IS, 56.5 Weld neck, | 55.3 IS, mid- 4365
HAZP/WM 45° CP to width, CP
, CP FP
Note: OS = outer surface, IS = inner surface, MID = Center, Materials
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Figure 4.1. A flat end cap with a centralised branch penetration.

Figure 4.2. A hemispherical end cap with a centralised branch penetration.
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Figure 4.3. A main pipe with an isolated T- branch

HAZ?

e e 8 et . > v e = —— — . —— . M R - A e = A o e % e Y Y = " o —

PMP ‘>J L

Figure 4.4. Definition of weld details
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Figure 4.6. Axisymmetric FE mesh (part) of the hemi-spherical end cap with

centralised branch penetration.

Figure 4.7. (a) Global model and (b) sub-model three-dimensional meshes for

a pipe with an isolated branch.
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Figure 4.8. Contour plots of the (a) equivalent (Von-Mises) stress (MPa) and
(b) maximum principal stress (MPa) within the 4=55mm branched flat end cap,

concentrating on the main pipe section.
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Figure 4.9. Contour plots of the (a) equivalent (Von-Mises) stress (MPa) and
(b) maximum principal stress (MPa) within the 4=55mm branched flat end cap.

concentrating on the end cap section.
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Figure 4.10. Contour plots of (a) equivalent (Von-Mises) stress (MPa) and (b)
maximum principal stress (MPa) within the d=55mm branched flat end cap,

concentrating on the weld region.
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Figure 4.11. Contour plot of the HAZ regions rupture stress, calculated using

the HAZ «a-value (@ =0.49), for the d=55mm branched flat end cap, stress in

MPa.
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Figure 4.12. Contour plot of the WM region rupture stress, calculated using
the WM « -value (a=0.26), for the &=55mm branched flat end cap, stress in

MPa.



Figure 4.13. Contour plots of the PM regions rupture stress (MPa), calculated
using the PM «a -value (@ =0.3), within the (a) main pipe section, (b) the end

cap section and (c¢) the weld region for the d=55mm branched flat end-cap.
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Figure 4.14. Contour plots of (a) equivalent (Von-Mises) stress (MPa) and (b)
maximum principal stress (MPa) within the 4&=55mm branched hemispherical

end cap, concentrating on the main pipe section.
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Figure 4.15. Contour plots of (a) equivalent (Von-Mises) stress (MPa) and (b)
maximum principal stress (MPa) within the d=55mm branched hemispherical

end cap, concentrating on the end cap section.
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Figure 4.16. Contour plots of (a) equivalent (Von-Mises) stress (MPa) and (b)
maximum principal stress (MPa) within the &=55mm branched hemispherical

end cap, concentrating on the weld region.
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Figure 4.17. Contour plot of the HAZ regions rupture stress, calculated using
the HAZ o« -value (a@=0.49), for the d=55mm branched hemi-spherical end

cap, stress in MPa.
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Figure 4.18. Contour plot of the WM region rupture stress, calculated using
the WM « -value (a =0.26), for the &=55mm branched hemi-spherical end cap.

stress 1in MPa.

187

N 5 s . o 67w 7 B aa




Figure 4.19. Contour plots of the PM regions rupture stress within the (a) main
pipe section, (b) the end cap section and (c) the weld region. calculated using
the PM a -value (a=0.3), for the &=55mm branched hemi-spherical end cap,

stress in MPa.

188




(]

g L OO
e L]

N |vv*

B
-
e
.

MW elln] B s

B N
T

L% O ) N O (5 [ .8

N N S G BN e e

Figure 4.20. Sub-model contour plots of (a) equivalent (Von-Mises) stress and
(b) maximum principal stress, (MPa), within the d=55mm branched isolated

main pipe main connection region.
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Figure 4.21. Sub-model contour plots of (a) equivalent (Von-Mises) stress and
(b) maximum principal stress, (MPa), within the d=55mm branched isolated

main pipe inside surface weld region.



Figure 4.22. Sub-model contour plots of (a) equivalent (Von-Mises) stress and

(b) maximum principal stress, (MPa), within the @&=55mm branched isolated

main pipe outer surface weld region.
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Figure 4.23. Sub-model contour plots of the HAZ" (top) and HAZP (bottom)
regions rupture stress distributions, calculated using the HAZ a-value
(a=0.49), at the (a) inside-bore top-surface view and (b) outside-bore bottom-

surface view for the &=55mm branched isolated main pipe.

192




)y ) I Y 00

R Gy OOt

Figure 4.24. Sub-model contour plots of the WM region rupture stress,
calculated using the WM « -value (a=0.26), at the (a) inside-bore top-surface

view and (b) outside-bore bottom-surface view for the d=55mm branched

isolated main pipe.
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Figure 4.25. Sub-model contour plots of the PM regions rupture stress,
calculated using the PM «a-value (a=0.3), within the (a) inside-bore surface

view and (b) outside-bore surface view for the d=55mm branched isolated

main pipe.
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Figure 4.26. Effect of d on peak rupture stress, o;°, in each zone for a branched

flat end cap, (opma = 36.9MPa).
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Figure 4.27. Effect of 4 on peak rupture stress, o/, in each zone for a branched

hemispherical end cap, (Gma = 36.9MPa).
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Figure 4.28. Effect of d on peak rupture stress, ¢,°, for an isolated branched

main pipe, (Gpnan = 36.9MPa).
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Figure 4.33. Comparison of BS code methods 4 and B rupture lives against
single and 3-material steady-state lives with varying of d for a branched flat

cnd cap, (7,.,= 15201 hours).
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CHAPTER FIVE

PARAMETRIC ANALYSIS OF STRESSES IN A WELDED

BRANCHED PIPE UNDER CREEP CONDITIONS

5.1 Introduction

Chapter Four investigated the effects of geometry for a typical CMV weldment
material set, at an operating temperature of 640°C, assessing the effects of
geometry and presence of the weldment on failure. However, to investigate the
effects of creep behaviour for different weldment materials (e.g. for assessing
parent and weld filler material) on the mis-match of stress and the failure
behaviour [8,24,26,69,99,132] within branched pipe weldments, parametric
material analyses are required in order to improve knowledge for design and
life assessment purposes. Under creep conditions, the stresses in a weld are
strongly related to material inhomogeneity, which directly affects the failure
life and position of the weld. Numerical analysis using the finite element (FE)
method is often adopted to investigate the influence of material mismatch on
the creep behaviour of welded components e.g. [26]. Analytical solutions can
be obtained for the steady-state creep stresses in a number of simple multi-
material components [104], e.g. beams in bending, multi-bar uniaxially loaded
structures and pressurised cylinders. Based on these solutions, by a process of
induction, a general formulation, based on Norton’s creep law. for the steady-
state stresses in multi-material structures has been proposed [35,102]. The

method can be utilised to reduce significantly the¢ number of calculations
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required to cover the range of material constants in FE-based parametric
analyses of welds. In addition, the method enables the results to be presented in
a compact and easily manageable way. The approach has been applied to
relatively simple welded components [100,102], but not to more complex

components, such as welded branched pipes.

This chapter considers the general formulation combined with the
approximately linear relationship between steady-state stress in a component
and inverse of Norton creep exponent, n, to further reduce the computational
overhead required in parametric multi-material studies. The latter
approximation, first proposed by Calladine [36] for the maximum creep stress
in a component, is well established for single material components and is
commonly used in reference stress life assessment techniques, such as the RS
approach [13], to linearly interpolate stress for arbitrary values of n from
known stresses corresponding to two other values of n. However, the
approximation has not been previously applied for use within multi-matenal
components to the author’s knowledge. The use of the Calladine method
presents an opportunity to significantly reduce the number of analyses
required. This chapter firstly assesses the validity of the Calladine stress
approximation for several positions of interest in a three-material welded
branched pipe, i.e. not necessarily just for the maximum component stress.
The applicability of the combined use of the Calladine approximation with the
general formulation for the multi-material steady-state stresses is then
investigated, followed by demonstration of the effect of variation of weldment

properties on stresses. failure lives and failure positions of the component.
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Then stress and life predictions obtained from the combined methods are
compared with FE steady-state predictions, using three typical CrMoV
weldment property sets and a steady-state creep rupture approach. Finally, the
chapter presents the results of a systematic parametric stress analysis of four
positions within common weld failure regions of the model in order to illustrate
the application of the method to general and more practical situations, as well
as providing practical information about the effect of branched pipe weld mis-

match.

5.2 General formulation for multi-material creep stresses

It has been proposed [35,102] that a general expression for the steady-state
creep stress at any given position within a multi-material component, for p
different material zones, behaving according to Norton’s law, 1s as follows:

L & L m
R £ \m o 7 L} X £ " o M
f;(n,,nz,nj,...,np,dlm) '_L‘ — +_[2(n1,n2:n3’-~-anp’dlm) J— : +
£ O &,y g

0l nom nom

AT EAC (5.1)
. E. ™ o |™
f3(n|,n2,n3,...,np,dlm)[‘_m] ( i j 4
6‘73 O-nom
- n
. 6" "P 0‘ "p
...+f,,(n,,n2,n3,...,np,d1m) ol [ i ) —1=0
gop Unom

where o; is the stress at a chosen position in material i, £,; and n; are the

Norton material constants for material i, o, = is a conveniently defined

hom
nominal stress and f, 5, f5se fp are unknown functions of Norton stress
exponents and component dimensions. In this form of Norton creep law the

material property £,; is related to the 4 property of the un-normalised form of

the Norton law of Equation 2.2, by £,=40,,," . Equation 5.1 was induced
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from the analytical solutions to a number of simple multi-material components

obeying Norton’s steady-state creep power law, in the form

.C n;
.i.:[ il J (5.2)

O nom

It can be seen that the effects of the material foi ratios are explicitly defined
Epi

j

within the general equation. Equation 5.1 can be utilised to parametrically
span a range of Norton material constants in multi-material parametric studies:
previous applications have been used for a three-material cross-weld specimen
[102] and a three-material welded main steam pipe [100]. The method is
applied here to predict equivalent, maximum principal and rupture stresses at a

series of critical positions in the significantly more challenging example of a

three-material welded branched pipe. The rupture stress, o,, and creep life,

t ., are predicted using Equations 2.8 and 2.9, respectively, based on a steady-

7o
state multi-axial rupture stress approach [10,33,34]. The locations and values
of the peak steady-state rupture stresses for various critical positions within
each material zone can be identified and the associated creep rupture lives can
then be predicted using these peak values. The minimum life over all material

zones is then taken as the multi-material component life and the corresponding

location as the component’s failure initiation site.

As mentioned above, a novel aspect of the present work is the adoption of the
(single-material) Calladine approach [36] for linear interpolation to a multi-

material context. Thus, with respect to material 1, for example, to obtain the

: : c A4 A
stress o corresponding to a three-matenal set (n] SNy ), from known
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stresses corresponding to three-material sets (nﬁ,n‘;.nf ) and (nlB nind )

the multi-material interpolation equation can be expressed as follows:

B A A A A A
, cr(n n.;.n: )—O'(n n,.n ) 1 1

C A A A A A ] 2782 5083 1 29783 ~
O‘(nI NN N ):o'(n] L5, N, )+ " n (5.3)

B p
n, n,

5.3 FE model of the welded branched pipe

A thick-walled, welded branched pipe, typical of fossil-fuel power plants was
chosen for the study: the general geometry of the connection is shown in
Figure 5.1, the assumed weld detail in Figure 5.2 and the corresponding
dimensions used in the study are defined in Table 5.1. The values of D, T, d
and ¢ employed are 355mm, 65mm, 114mm and 20.8mm, respectively. The
five different material zones modelled are the branch and main pipe parent
material zones, designated PM® and PMP, respectively, the weld metal,
designated WM, and the branch and main pipe heat-affected zones, designated
HAZ" and HAZP, respectively. The connection is a similar metal weld and
therefore the HAZ® and HAZP properties are assumed to be the same and
likewise for the PM® and PMP zones, thus giving a three-material model of the
connection. These regions are defined by a number of geometrical parameters.
The heat-affected zone widths, assumed to be equal. are defined by the
parameter h. The angle @ defines the inclination of HAZ" to the horizontal. the
angle S defines the inclination of the weld outer surface to the horizontal. the
parameters r, and ry define the fillet radii created by weld neck and toe
grinding and the additional paramcters a, b and b, complete the geometry

definition. The general shapc of the weld 1s defined by the parameters b, and
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by, as shown in Figure 1. where b, was set equal to the branch thickness. 7. The

loads applied to the model are an internal pressure. p,. and a uniform axial end
stress to the main pipe, o,. which corresponds to a closed-ended condition.

All three matenals, i.e. PM, HAZ and WM, are assumed to obey a Norton
power law of the form given in Equation 5.2. Similar to the models in Chapter
4, a symmetrical quarter of the branched connection was modelled using global
and sub-modelling techniques for the weld region, both using twenty-noded
quadratic three-dimensional brick elements with reduced integration as shown.
Figures 5.3 and 5.4 show the global and sub-model, respectively, for the typical
isolated branched pipe. The mesh chosen for the global and sub-mod.:
consisted of 4400 and 10500 elements, respectively. Detailed attention has
been given to ensuring compatible and uniform mesh design across the HAZ,
PM and WM material mismatch boundaries. Weld toe and neck radii are used
to eliminate sharp weld edges and therefore reduce unrealistic stress peaks.
Careful interpretation of the time-dependent nodal stresses was used to
ascertain when steady-state was achieved. Appendix 1 provides some general
guidelines on how FE analysis can be utilized to effectively predict steady-state
stress distributions. The analyses were carried out using ABAQUS finite

element software [28].

5.4 Analysis procedure

For a welded branched pipe consisting of three weldment materials (PM. HAZ

and WM). Equation 5.1 reduces to the following:
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n, 1 n,
P Aprg le} Apag f;‘“ 2y lo} P4z
ﬁ(nl'M’nIIAZ’nu’M )( — ) [ : ) + [ (Mppg - Mygaz- Py )[ — ] ( : j +
gul'M O-nom E«)H,4Z O—num ( 5 . 4 )
{

n
£ n e} Mg
Sy sny,, .0y, )( — ) ( : } =1
EI)W/W o-ni)m

where, for a given geometry, f,, f, and f, are unknown functions of the stress

exponents and o, 1s the stress measure of interest at any chosen position in

material i. Matenals 1, 2, 3 of Equation 5.1 correspond to the PM, HAZ and
WM, respectively, so that n,=n,,,, n,=n,,, n,=n,,,, €,=E,prs+ €92 = Eopaz
and £,=¢,,,. Once the f|, f» and f, functions are determined, this
equation can clearly be used to determine the steady-state stress for arbitrary
Norton material constants for the three-material component. The procedure
described by Hyde and co-workers, e.g [35,102,104]. required 81 steady-state

FE creep calculations using the multi-material model to determine the f}. f>
and f, functions for three material components with different £,; and n;

values. However, for complex geometries such as multi-material welded
branched connections, even this number of analyses i1s a significant
computational overhead. The use of the Calladine approximation can reduce

this number to 24 analyses, as described in the following steps:

I. Pick a suitable o which is dependent on load level, e.g. mean diameter

nom

hoop stress of the main pipe.
I[I. Choose a stress measure of interest, e.g. equivalent (von-Mises) stress.

[II. Choose a position of interest in one of the material zones, e.g. one of

positions A to [ on Figure 5.4 to0 5.6.
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IV.

VL

VIIL

VIIL.

IX.

XL

Choose two values of n corresponding to the extremes of the range to be

spanned, 1n this case, these values are 3 and 10.

Assign each of n,,,, n,,, and n,,6 one of the latter two values. i.ec.
either 3 or 10. Thus, for example, set (1, . 1y, . By, ) =(3.3.3).
Choose three different pairs of values for (¢ 4/ /€pys. 60147/ Eas )+ €-8-
(0.9, 0.95), (1, 1.05)_ and (1.1, 1.15), noting that &,/&,,= 1
(Fé,p47 ! € a7 - 1D this case).

Run steady-state FE analyses for each of the three

(oH4z ! EPM sEotinz | Ewn) DAITS, using the chosen (ng, . ng,,, ny,,)
values from Step V.

Using the three o, values from Step VII, the corresponding

]

(201147 1 € P > Eotiaz | €wny ) Values, the o, value and the n,,, n,,, and
n,,, values in Equation 5.4, obtain three simultaneous equations in
fs f2 and f;.

Solve the three simultaneous equations to obtain f;, f5» and f, for the
chosen (n,,, , Hy,; Ny, ) values, e.g. f,(3,3.3), f,(3.33) and f,(3.3,3).

in this case.

Go back to step V and choose another permutation of (n,,,, n,,,.n,, )

using the two extreme n-values of 3 and 10, e.g. (3, 3, 10). and follow

Steps VI to IX to find the f}, f> and f3 values for that combination. Do
this for all eight permutations of (n,,, . n,,,.n,,,) on 3 and 10.
Thus, the complete set of f;. /> and [, values for the cight

permutations of (n,,, . n,,,.n,,, ) over the values of 3 and 10 are known.
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XII.

XIII.

XIV.

e.g. see Table 5.2. These results can be used along with the Calladine

approximation to give the stress for arbitrary material constants by

following Steps XII and XIII.

The stresses corresponding to the eight ‘extreme” (n,,, . n,,,.n,,, ) value
cases of Table 5.2 are first obtained, using Equation 5.4 and the fi. />
and f3 values of Table 5.2 for arbitrary values of ¢ ,,,/¢,, and
E.uaz | €.my - Clearly, these stresses are not directly related to an arbitrary
Ny s Nz Ny, cOmbination.

Linear interpolation, using Equation 5.3, is then employed between the

stresses corresponding to these eight ‘extreme’ (1, . Ny, , Ny, ) Cases of
Table 5.2 to predict the stress for an arbitrary n,,, ., ng,,,"0;,
combination, €.g. (Rpy, » Ny 5 My, ) = (4.1. 6.2, 5.4).

Choose a different location or stress measure and repeat Steps V to XIII.

5.5 Results

5.5.1 Accuracy of the Calladine approximation

Figures 5.7 and 5.8 show the results of a series of FE calculations over the

range 3 < n,,,, < 10 to assess approximate linearity of equivalent and maximum

principal stresses with respect to 1/n,,, at three positions within the three-

material weld region of the component. The three positions considered are

positions A. B and C of Figure 5.6. A and B correspond to points in the branch

parent material and weld metal, respectively. on the intersection of the x-y

(crotch) plane and the inside branch bore. C corresponds to an adjacent HAZ.
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point about 3 mm through the branch wall thickness. also on the x-1 (crotch)
plane. The corresponding (x,y.7) coordinates are also shown. for Cartesian axes
centred on the intersection of branch and pipe central axes (see Figure 3.1).
Figures 5.7a, 5.7b and 5.7¢ show the equivalent (von-Mises) stress versus
1/n,,, at these positions for three different (£,,,, /€, -Eopriz ! €1y, ) MIS-
match pairs of (0.1, 0.01), (1, 1), and (0.1, 0.1). corresponding to different
degrees of weld-related material mis-match. The equivalent stress is
normalised via the mean diameter hoop stress of the main pipe. It is clear that

the equivalent stress varies approximately linearly with 1/n,,,, for all cases.

The dotted lines represent the linear interpolation lines between n,,,, values of
3 and 10. It is shown that the largest differences between the linear

approximation and the FE stress predictions occur at 1/n,,,, midway between
the two extremes of 0.1 and 0.33, i.e. at about 1/n,,,, =0.22 (n,,,=4.5). This

is due to the nature of the curve produced by the FE predications. The
differences between the linear approximation and FE stress predictions are
generally small for the PM and WM positions A and B, respectively. at less
than -2%. However, the largest difference associated with the HAZ Position C
is much greater at about +35%, which corresponds to the

(Eopiz | Eupps » €z | Eomns ) = (0.1, 0.01) case of Figure 5.7c. Figures 5.8a. 5.8b
and 5.8c show the corresponding variation of maximum principal stress with
1/n,,,: similar trends are displayed. The greatest difference in this case is
again about +35%, for the HAZ Position C corresponding to the

(&0 1 Eupns ~Euprir ! Eunny ) = (0.1, 0.01) case of Figure 5.8c. For Positions A

and B the effect of the material mis-match variation on the stress at these

210



positions is small and produced small differences between the linear

approximation and FE predictions. However, the effects of varving the

material mis-match, 1.e. increasing 1/n,,,, ., greatly increased the stress and the
differences between the two methods, e.g. the stress increased about seven fold

for the o, (£,407 / €opms »Eoniaz | €y ) = (0.1, 0.01) case and the differences

peak at around 35%. The results therefore suggest that it is valid to use the
Calladine approximation for equivalent or maximum principal stress at any
position for the present three-material case as long as the cases use a low level

of material mis-match between the three zones. Hence, caution must be taken

when choosing the ¢,/¢,p,, €,/é,, and £&,/&,,,, values in Steps VI

described in the analysis procedure section, as Figures 5.7¢ and 5.8c both show
that the errors may become larger with increasing material mis-match. This
may be due to the either the linear approximation relationship not holding or to
the ineffectiveness of the mesh refinement level, or both. This aspect is

discussed later in Section 5.5.2. Similar findings of an approximately linear

relationship in stress would be expected if the vanation of 1/n,,, or 1/ny,,

was analysed and plotted.

5.5.2 Accuracy of the parametric analysis using the combined method

In order to demonstrate the parametric analysis capability of the method as
described in Section 5.4, a selection of nine ‘critical” locations within the
multi-material. welded branched pipe have been chosen. These ‘critical’
points, labelled Positions A to I in Figures 5.4 to 5.6. correspond to regions

close to observed cx-service branch creep failure locations [9,17] caused by
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high stress and weak weld-related material, such as the HAZ Type IV region.

The parametric analysis covers the practical range 3 < n; < 10, where again i =

I, 2 and 3 correspond to PM. WM and HAZ regions, respectively. using a

typical internal pressure, p,. of 16.55MPa. To illustrate the process. Table 5.2

shows the calculated f), f, and f3 values corresponding to both the

equivalent and maximum principal stresses, which are required to carry out the
parametric analysis for Positions A to I of Figures 5.4 to 5.6. Throughout this
study, the nominal stress used is the mean diameter hoop stress of the main
pipe. Previous parametric analysis studies on a cross-weld creep specimen
model [102] and a welded plain pipe model [100], both with three materials.
using Equation 5.1, gave errors in stress of only about 2% compared to
independent FE results. The present parametric procedure is different, due to
the increased efficiency provided by the Calladine approximation and, equally
importantly, the application is to a significantly more complex and realistic
component. Validation of this enhanced procedure is again achieved via
independent FE analyses. Three realistic weldment material sets are employed,
as shown in Table 5.3. Set 1 1s a service-aged CrMoV weldment at 640°C
[30]. Set 2 is an as-new CrMoV weldment at 640°C [30] and Set 3 is an as-new

CrMoV weldment at 565°C [20,93]. Tables 5.4a, 5.4b and 5.4c show the

comparison between the maximum principal and equivalent stresses as
predicted by (i) the proposed new parametric procedure and (ii) independent
FE steady-state analyses. for all nine positions A to I and for the three matenal
sets of Table 5.3. The new parametric procedure accurately predicts
equivalent, maximum principal and rupture stresses to within 3%, 4% and

3.5%. respectively, of the independently predicted FE values. Rupture lives
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predicted using the rupture stresses are all within 8% of the independent i E-

based values.

Section 5.5.1 highlights that large differences between the linear approximation
and FE stress predictions resulted from cases of large material mis-matches.
e.g. up to a 35% difference for HAZ Position C. It was noted that this could be
due to either the linear approximation not holding or the ineffectiveness of the
FE mesh used. However, the differences in stress between the two methods are
much smaller (less than 4%) for the comparison of typical weldment properties
shown in Table 5.4, even though the f values used were calculated using
stresses obtained from large differences in n values of 3 and 10. It is thought
that the stresses remain accurate compared to the FE predictions because the
stresses used to calculate the f values were from FE analyses which used

carefully chosen ¢&,/¢ ,,,, £,/ €,,,, and €, /&,,,, values to balance the level

of material mis-match. Concluding that the linear approximation technique
holds over a wide range of n for multi-material applications with relatively low
levels of material mis-match, as seen for example in typical plant welds. It 1s
therefore thought that the large differences of up to 35% between the
approximation and the FE stress predictions for the HAZ Position C was due to

inadequate mesh refinement for the high mis-match cases of n,,,< 6 in

Figures 5.7c and 5.8c, since the mesh could not manage to predict accurate

stresses when the differences in stresses across the zones were very large.



3.5.3 Results of a parametric analysis of stresses
The results of a systematic parametric analysis of the equivalent stress, o, -

and maximum principal stress, o,, variation across the weld at critical
positions A (PMb), B (WM), D (HAZP) and F (WM) of Figure 5.5 and 5.6 are
presented and used to illustrate the variations in stress which occur due to the
difference in creep properties of the three weld materials. Detailed stress
results of the parametric investigation are presented for the four positions with
sample variation of material properties. The four positions are within regions
of high stress concentration and are likely positions of creep failure [9, 17]. e.g.
for instance see Table 5.4 and Chapter 4 where failure occurs in the HAZ at
Position D or at Position F in the WM, therefore the results are of practical

interest. The o,, and o, f|, f,,f; values calculated for the four positions for

the 8 different combinations of n,,, , n,,,, n,,,, using n, equal to 3 and 10 are

displayed in Table 5.2 for convenience. Positions A and D within the PM" and
HAZP, respectively, were chosen to illustrate the parametric study technique by
presenting and discussing the variations of equivalent stress with variation of
PM, HAZ and WM material properties. Similar graphical presentation of

results of parametric studies for the o, of Positions B and F and o, for all

four positions are shown in Appendix 1, however the results are not discussed.

5.5.3.1 Effectof £, ratios on o, for Position A

Figures 5.9a and 5.9b present the variations of normalised equivalent stress.

o lo

cq nom *

with £, /€, (0.001<g,,, /€., <1000) for a range of

Eony [ Eomne (0.001<E ., /€41, <1000) for (PMppg Py Mgp )= (3.10,10) and
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(10,3,3) at Position A (PM®). In general, the o, Vvalue at this position

decreases with increasing &, /€,,,, and £, /&, ratios. As £, /&,

increases the stress decreases more rapidly for both (n,, .n,,, n,, ) cases.
The eftect of £, /£, on stress is more significant when & ,,, /£,,,, 1S
small but rapidly reduces when ¢, /¢,,, is large. When £, /&, 1S
large, the o, values become very small and are almost independent of

Epu | €omny » €Xcept for the larger ¢ ,,, /€,,,, values. Deducing that when the
PM is much weaker than the HAZ, the stress becomes small and is almost
independent of the WM creep strength. The highest stresses occur for small

Eopns | Eopay ANA €y, | Eyn, values and when the npys value is smallest, 1.e. 3 in
the (n,,,n,,, ny,,)= (3.10,10) case, compared to the (10,3,3) case when npy

is 10. The effect of &, /£, and £, /€, values on stress are much

greater for the (3,10,10) case compared to the (10,3,3) case, where the largest

. : : o : . .
difference in stress is around 30% for £ ,,, /€ ;7 = Eoprs | Eouny = 0.001, where

o /o, = 1.7 and 1.28, respectively. This is due to the PM matenal being

eq nom
more ‘creep strong’ for the (3,10,10) case compared to the other two materials,

therefore a larger extent of stress redistribution will occur.

5.5.3.2 Effectof n, on o, for Position A

Figures 5.10a, 5.10b, 5.10c and 5.10d show the normalised equivalent stress,

o /o. . at Position A against nyy, for a group of npy and ny4z combinations

eq nom °

for four different (&,,, /€., »Eopps | €y ) combinations of (100,0.01).

(100,100). (0.01.100) and (0.01.0.01). respectively. Itis clear from the graphs
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that the equivalent stress generally decreases with increasing nyy,. the stress

vanation is less dependent on nyy, when the ¢ ,, /¢, ratio is small (i.e.
0.01). shown in Figures 5.10a and 5.10d, compared to the larger ¢ ., /¢, of
100.  The maximum stress variations over the n,,, range for the

(€, ps | Eopnz » Eoprs | Eouny )7(100,0.01) and (0.01,0.01) cases are 11% and 3%.

respectively, compared to 30% and 20% for the (100,100) and (0.01.100)
cases, respectively. All four graphs show that the maximum stress variation

over the ny,, range are found when n,, is small (i.e. 3 in this case).

Concluding that when the PM is ‘creep strong’ compared to the WM and/or

HAZ the stress is highly dependent on the n,,, value. Additionally, it is
shown in Figure 5.10 that n,,,, has a significant effect on the stress when n,,,

is large and n,,, small

Figures 5.11a, 5.11b and 5.11c display the variation of normalised equivalent

stress with the variation of npy, for a range of €,,,, / € 45, and nwa, wWith npyz =
6 and &,,,, / &,4,= 0.01, 1 and 100, respectively. The effects of npy and nyy
on stress are clearly shown. In general, the equivalent stress decreases as n,,,
is increased, except for the £, py /€447 Eoprs | Eomns » By case of 100. 100,10,

respectively, in Figure 5.11c. The highest stresses occur in all three cases

when &, /&, 1is smallest, i.e. 0.01, and for constant &, /&,,; .

3 ’ i i i A this
E,prs | Eomny and n,,6 values, the stress increases with decreasing ny. .. this

increase is greatest when npys and €, /€,,,,, are small. Comparing the three
figurcs shows that increasing £, / €,,, from 0.01 to 100 reduces the stress

216



insignificantly for all combinations of i | €,y - Npar and nyyy values, e.o. a

maximum stress reduction of around 10% was seen for the Eopy €40, =0.01

and npy, = 3 cases.

5.5.3.3 Effectof £, ratios on o, for Position D

Figures 5.12a and 5.12b present the variations of normalised equivalent stress.
O/ Crom> With &, 1€ (0.001<¢,,, /¢, <1000) for a range of
Eotinz | €y (0.001<E ., /£, <1000) for (Npys >Nz Ny )= (10,3.10) and
(3,10,3) at position D (HAZP). From these graphs, the effect of £, ratios can
be clearly identified. In general, the o, value at this position decreases with
Increasing €., / &,p, and £, /&, ratios. The effect of &,,,,/£,,,, on
stress is highly significant when & ,,,, / £ ,,, 