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Abstract

P91 steel is the modified form of Cr-Mo low alloy steel with enhanced creep strength at
elevated temperatures. It also possesses properties like low thermal expansion coefficient and
better thermal conductivity, high resistance to corrosion cracking & oxidation at high
temperature. Hence, it emerged as a superior replacement of 300 series low alloy steels to
increase the power plant's efficiency. Consequently, P91 steel is preferred to manufacture the
components like pipelines, pressure vessels and power plant elements such as boilers, steam
generators and breeders in nuclear power plants, subjected to high operating temperature at and
above 600 °C. Fabrication of most of these power unit components involves fusion welding
processes such as SMAW, GMAW, GTAW, SAW etc. Thick plates are typically welded
through multi-pass welding. However, conventional submerged arc welding (SAW), activated
TIG and laser welding are widely known for deep penetration, high current density, high
welding speed and metal deposition rate, which yield good quality weld even in a single or less
number of weld passes. Fusion welding offers good mechanical properties and joint efficiency
with flexibility in design and weight reduction. Nonetheless, the rapid heating and cooling
cycles of the welding process lead to welding induced residual stresses and distortion. Residual
stresses in weld components provoke failures below the design load whereas, distortions wreak
havoc on the dimensional accuracy of the fabricated structures. Moreover, the weld
components under high temperature and corrosive working environments encounter
catastrophic failure under the load, much below the material's yield strength. Hence, it is vital

to comprehend its state of proneness and the level of control it requires.

Therefore, the current study explores submerged arc square butt welding of P91 steel plate to
investigate the welding induced residual stresses and distortions. This is further extended to
finite element modelling and simulation of the submerged arc welding of P91 steel plate.
Subsequently, mitigation methods at different stages of welding are also proposed. The
submerged arc welding experiment is performed on 10 mm thick P91 steel plate to make square
butt single and double side single pass welded joints. Welding induced distortions are estimated
in terms of angular distortion and edge deflection using coordinate measuring machine. Deep
hole drilling and contour surface residual stress measurement techniques, are employed to
determine the residual stress across the thickness and spatial distribution across the weld,
respectively. Single side single pass welding resulted in the formation of compressive residual
stress distribution throughout the thickness in the fusion zone. However, double-sided single-
iX
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pass welded joint developed the tensile residual stress in the mid thickness region of fusion

Zone.

Finite Element (FE) analysis is also carried out for SAW square butt single and double side
single pass welded joints of P91 steel plate. The uncoupled thermal-structural FE analysis is
performed in ANSYS Mechanical APDL solver. Temperature-dependent material properties,
phase changes, solid-state phase transformation, heat source model and element death & birth
technique are considered for precise modelling of P91 steel weldments. Solid-state phase
transformation exhibited a significant role in accurate prediction and validation of distortion
and residual stress results. The quasi-static region of weld fusion zone unveiled compressive
longitudinal residual stress in square butt single side single pass welded joints. HAZ regions
observed tensile residual stress in both single and double side welded joints. Pre-process, in-
process, and post-process mitigation heat treatments are proposed to control welding induced
residual stresses and distortion. These mitigation heat treatments are FE modelled and
simulated. The combined transient side heating and heat sinking developed a crown shape
residual stress distribution with crest and trough of tensile and compressive residual stress of
lower magnitude compared to as-welded case. On the other hand, pre and post weld heat
treatments controlled the residual stresses and distortions significantly. Preheating effectively
reduced the edge deflection and angular distortion values by 41.7% and 54.1% respectively.
Post weld heat treatment narrowed down the abrupt change in residual stress distribution across

the weld and reduced their magnitude.

At last, microstructure, mechanical properties, chemical compositions and phases are ornately
inspected to check the impact of submerged arc welding and mitigation heat treatments on P91
steel welds. The studies revealed needle-shaped or acicular untempered martensite structure in
the fusion zone of as- welded weld joints, favouring high thermal gradient and fast cooling rate
in SAW process. Post weld heat treatment ensured the presence of carbide and nitride forming
elements (i.e. Cr, V) which formed the precipitates like Cr23Ce, VN, VC and enhance the creep
strength of the weld joint. Preheating reduced the hardness values of the FZ by 8.2% and 10.4%
for as-welded and post-weld heat-treated welds owing to decrease in austenitic grain size. Post
weld heat treatment reconstituted the tempered martensite, i.e. equiaxed fine-grained ferrite
with cementite particles, which softened the material and reduced the micro-hardness values in

FZ and HAZ of the weld equivalent to the base metal.
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CHAPTER 1

INTRODUCTION

1.1 Preface

Creep-Strength-Enhanced Ferritic steels are one of the most preferred steels in high
temperature and corrosive working environments like boilers, pipelines, nuclear power plants,
chemical industries etc. Additionally, its body-centred cubic structure ensures superior
qualities over austenitic steels, such as lower thermal expansion coefficient and better
conductivity [1]. For decades, such steels are being evolved and manufactured for different
chemical compositions (9-12% Cr, 1-1.5% Mo) and heat treatments. Welding processes like
TIG, MIG, GTAW, MMAW, SAW, EBW and LBW welding are practised to fabricate
different welded structures of CSEF steels. A conventional SAW process shows various
advantages over other welding processes like high current density, high heat input and high
deposition rate resulting in better bead quality. SAW process is a fully automatic welding
method with controlled parameters, highly suitable for continuous and long weld length [2].
Arc welding encourages non-uniform rapid heating and cooling, which induces residual
stresses and distortion. The magnitude of welding induced distortions and stresses depends on
the type of weld material, weld components' geometry, welding process parameters, clamping
and other welding conditions [3]-[5]. Weld induced residual stresses can cause premature
failure even before the maximum load condition. Residual stresses and distortion affect the
overall design strength and final dimensional structure of the weld components and may cause
catastrophic failure in elevated temperature and pressure working environments. Sometimes,
high tensile residual stresses also induce intergranular stress corrosion and hydrogen

embrittlement.

Hence, this thesis involves submerged arc welding of one of the CSEF steels to study welding
induced residual stresses and distortions. The DHD and contour residual stress measurement
experiments are conducted to measure the residual stress distribution through the thickness and
across the weld centreline of the weld joint. A three-dimensional transient elastic-plastic
thermal-mechanical analysis is carried out to predict the residual stresses and distortion using
the FEM method. Several pre-, in-, and post- process mitigation techniques are also proposed
and analysed for their mitigation effects. The heating and cooling cycles involved in welding
1
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and other heat treatments adversely affect the weld joints' microstructure, phase, composition,
and mechanical behaviour. Hence, microstructural and mechanical behaviours of SAW joints

of P91 steel plate are also discussed for the effect of welding and mitigation heat treatments.

1.2 Background and motivation

The escalation of the thermal power plant's efficiency has always been an endeavour in the
energy industries. It has been discovered that if the steam pressures in the power plant exceed
30-35 MPa, the service temperatures range of 570-630 °C can achieve efficiencies of 45-50%
[6]. The typical efficiency of a conventional fossil-fired plant ranges between 25-30% for
operating pressures and temperatures at ~17 MPa and 560 °C. If increased, the operating
temperature and pressure of thermal power plants can increase the efficiency and reduce the
emission of harmful gases like CO,, SO etc. [7], [8]. Hence, the components involved in this
must withstand high operating temperature and pressure, provide microstructural stability and
prevent creep, fatigue failure and hydrogen-induced cracking. It should also inhibit corrosion
and oxidation. The properties like low coefficient of thermal expansion, better thermal
conductivity, ductility and toughness, high resistance to stress corrosion cracking & oxidation
and high creep rupture strength make it superior over austenitic stainless steel [9], [10].
Therefore, CSEF steels are used for pipelines, power unit components being the parts of boiler
and steam generators, subjected to high operating temperature. Fabrication of these power unit
components involves the fusion welding process. Different welding techniques such as TIG,
MIG, GMAW and GTAW are considered to weld such low alloy steels of thick and thin plates
[11]-[15]. However, most of these welding techniques involve multi-pass welding for the
joining of thick plates. Similarly, welding techniques like EBW, LBW and activated TIG are
also considered as single-pass welding. On the other hand, the conventional submerged arc
welding (SAW) process exhibits various advantages over another arc welding, such as deep
penetration, high current density, high metal deposition rate and fully automated high-speed
welding [16]. Hence, the conventional SAW process can be effectively utilised in thick plate

welding of P91 steel for single or minimum passes.

The welding process's rapid heating and cooling cycles induce residual stresses throughout the

plate's thickness and across the weld centreline. The magnitude and distribution of residual

stresses are the key inputs for ensuring the product design, safe and economic operation of

components and structures over the service life. It becomes more critical in a high temperature

and pressure working environment [17]. However, many factors act together to control and
2
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govern the state of residual stresses, such as welding methods, welding operating parameters,
material properties, structural components (shape & size), and external welding conditions
(fixture, jigs). Therefore, residual stress development in the weld components is one of the
most critical research interests. Additionally, it has been discovered that steels in the group of
9-12% chromium are prone to Type 1V cracking or, say, catastrophic failure. Hence, awareness
and proper mitigation of the “as welded” residual stresses in P91 steel weldment are highly
significant fields of interest. Experimental and numerical or finite element methods are equally
applicable in determining residual stresses' distribution with their respective limitations.
Therefore, a combined experimental and numerical estimation of residual stresses furnishes a
detailed understanding of it. It facilitates deciding the appropriate mitigation practices

controlling the magnitude, nature and distribution of residual stresses.

The mitigation stages are widely known as pre-process, in-process and post-process mitigation.
All three phases of mitigations have a different level of alleviation on both micro and macro
residual stresses. Several methods have already been proposed in previous literature, such as
welding sequences, preheating, thermal and mechanical tensioning during welding and post-
weld heat treatments. P91 steel welds experience solid-state phase transformation, which leads
to exceptional residual stress distribution. Hence, the study of various levels of residual stresses
mitigation by an individual and combined ways is essential to reach the optimised level of
mitigation effect.

1.3 Creep strength enhanced ferritic steels

Cr-Mo low alloys steels are called CSEF steels with main alloying element 9-12% Cr. CSEF
steels have come to existence in the last few decades, as P9, T9, P91, T91, P92 etc. In the mid-
1960s, 12% of Cr-Mo-V steels were developed to manufacture power plants components. The
operating temperature for such components is around and above 560 °C. The creep strength of
12% steel is derived from the solid solution strengthening and precipitation strengthening. Most
of the 12% Cr steels failed in long-term creep exposure because of precipitation of Z-phase
(with alloying elements like Cr, V, Nb, N) [18]. It was recently discovered that the high
percentage of Cr content accelerates the Z-phase precipitation [19], [20]. As a result, the Cr
percentage was brought down to 9%, which enhanced the creep strength of 12% Cr steels. First
of all, the 9% Cr CSEF steel was developed by Oak Ridge National Laboratory. Over the years,
improvements were incorporated in CSEF steel by adding strong carbide and nitride forming
elements such as V and Nb with a controlled amount of N. Hence, the modified form of P9

3
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steel is designated as Grade 91 (i.e., 9Cr-1Mo-V-Nb) steel. Grade 91 steel is designated P91
for pipe, T91 for the tube, and ASTM A335 for the plate. The optimum alloy design of the P91
steel assures the 100% martensitic microstructure with no d-ferrite. Similarly, the appropriate
chemical compositions of P91 steel controls the microstructure stabilization during creep

exposure. The acceptable range of most of the elements in P91 steel is given in Table 1.1.

Table 1.1 Typical range of the chemical composition of P91 steel

Composition Composition Composition Composition
Element range Element range Element range Element range
(Wt.%0) (Wt.%) (Wt.%0) (W1t.%0)
C 0.08-0.12 Mo 0.8-1 P <0.02 Al <0.02
Si 0.2-0.5 \ 0.1-0.3 S <0.01 Ni <04
Mn 0.3-0.6 B <0.01 Cr 8.5-9 N 0.03-0.07
Zr <0.01 Ti <0.01 Fe Rest

The impact of different elements on the mechanical and physical properties as well as
microstructural behaviour of P91 steel are explained as follows-

a. Cr is the principal alloy element in P91 steel which works as the ferrite stabilizer. It
provides a solid solution strengthening with the addition of iron (Fe). Cr attributed the creep
strength to P91 steel by forming the Cr-rich M23Ce type carbides precipitates. M23Cs
enhances the creep strength of P91 steel by pinning the movement of sub-grain boundaries

and dislocations [21].

b. Mo and W also enhance the solid solution strengthening and work as ferrite stabilizers in
P91 steel. The amount of W and Mo must be limited to avoid the formation of 6 -ferrite. W
and Mo impede the motion of free dislocations by introducing the local strain within the
matrix. The W and Mo enhance the solid solution strengthening in increasing hardness and
creep strength value [22].

c. V and Nb form carbide, nitride and carbo-nitride of type MX (M: V, Nb; X: C, N) or [M
(C, N)] in P91 steel. Such MX type precipitates enhance precipitation strengthening and
help to impede the dislocation movement. It slows down the recovery rate of dislocation
structures [23]. Both V and Nb addition promote carbide precipitates that reduce the carbon
content in the matrix and enhance steel corrosion strength [10].
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d. Co, Ni and Mn ensure the 100% austenitic transformation during heating, which results in
100% martensitic transformation during cooling. Mn is a poor austenite stabilizer.
However, Ni and Co ensure good toughness. Ni and Mn also form an unwanted Mg (C, N)
phase, which causes a high coarsening rate and destabilizes the M23Ce during the creep

exposure [24].

e. Cand N are the carbide and carbo-nitride formers that cause precipitation hardening and

enhance creep strength. C and N are highly soluble in austenite compared to ferrite [10].

1.4 Welding induced residual stresses and distortions

Residual stresses in welded joints primarily develop due to differential weld thermal cycle
(heating, peak temperature and cooling at any moment during welding) experienced by the
weld metal and region closed to fusion boundary, i.e., heat-affected zone. The type and
magnitude of the residual stresses vary continuously during different welding stages, i.e.,
heating and cooling. During heating, the base metal region is heated for melting and leads to
thermal expansion. The surrounding base metal at comparatively low temperature restricts the
same and develops compressive residual stress under thermal expansion. After attaining a peak
value, compressive residual stress gradually decreases owing to softening of metal being
heated. Compressive residual stress near the faying surfaces eventually reduces to zero as soon
as melting starts, and a reverse trend is observed during the cooling stage of the welding. As
metal starts to shrink during cooling, tensile residual stresses develop (only if shrinkage is not
allowed either due to metallic continuity or constraint from job clamping). Their magnitude

keeps on increasing until room temperature is attained.

TH-2683_166103031



Temperature Residual stress

1-1'
Weld Elatf‘ AT = 0 Stress=0
| o>
|

j P —— |

t

| 2-2
| 1 t Tensile
I O ey

Compressive

3-3

Tensile

A

Compressive

4-4' Residual
AT 2 0 Stress

=

Figure 1.1 Development of residual stress in the welding heat cycle [25]

Figure 1.1 shows the development of residual stresses crosswise to a welded seam in an
analogy. This figure considers only shrinking residual stresses. Before applying the welding
heat, the seam area is stress-free (Section 1-1”). The welding cycle's highest temperature can
be found in (Section 2-2°), i.e., at the weld pool. At this point, there are no residual stresses
because molten metal cannot transmit forces at the weld pool. Areas close to the joint expand
through welding heat but are supported by areas, which are not so close to the seam. Thus,
areas close to the joint show compression stress, areas away from the joint experience tensile
stress. In sections 3-3°, the already solidified weld metal starts to shrink and is supported by
areas close to the seam. As a result, the weld seam shows tensile stresses, and the adjacent areas
show compression stresses. In sections 4-4, the tensile residual stress condition is recognised
in the weld region at room temperature, as shown in Figure 1.1. However, the phase change
and solid-state phase transformation during heating and cooling cycles may also affect weld
metal's thermal induced volumetric expansion and contraction. As a result, the final residual

stress in fusion and heat-affected weld regions may be of tensile or compressive nature.
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In arc welding, plastic thermal strain develops near the weld region because of the weldment
and nearby base metal regions. This plastic strain develops permanent distortion of the welded
structure, which is termed welding-induced distortion. The mode of welding-induced distortion
could show up as in-plane distortion such as stretching and out-of-plane distortion such as
bending, rotation or buckling. Hence, depending on the shrinkage pattern and the shape of the
welded structure, various distortions such as bending, buckling, and rotation occur. The
distortion found in the welded structures is caused by four fundamental dimension changes
during the welding process, shown in Figure 1.2.

I. Transverse shrinkage of butt joints: dimensional reduction in a direction perpendicular to
the welding line.

ii. Longitudinal shrinkage of butt joints: dimensional reduction in a direction parallel to the
welding line. The longitudinal shrinkage amount is smaller than the transverse shrinkage, about
1/1000 of the weld length as reported by several workers.

iii. Angular distortion of butt joints: Angular change due to a non-uniform thermal
contraction through the plate's thickness. The non-uniform thermal contraction originates from
the uneven heating through the thickness during welding.

iv. Angular distortion of fillet welds: Like the angular distortion of welds in butt joints, the
non-uniform thermal contraction through the flanges' thickness creates a moment M about the

neutral flange axes.

v. Buckling distortion: buckling distortion is caused by in-plane compressive stresses and is
therefore different from the other types of distortions. Buckling may occur in several modes.

vi. Bending distortion: produced by bending stresses induced by the welds' longitudinal

shrinkage forces not coinciding with the neutral axis of the weldment.
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Figure 1.2 Various forms of welding induced distortions

1.5 Scope of the thesis

The thesis aims to inspect the submerged arc welding process on P91 steel weld plate for
welding induced mechanical, metallurgical and microstructural changes. A conventional
submerged arc welding process is known for its high efficiency, high current density, deep
penetration, and automation. Consequently, submerged arc welding can afford good weld bead
quality even with a single pass in thick plate welds. Hence, submerged arc welding is performed
on a P91 steel 10 mm thick plate with single-pass welding to investigate welding induced
residual stress and distortion. The welding induced microstructural evolution and mechanical
properties of P91 steel weld are elaborately observed to assess the weld joint's quality. P91
steel is a modified form of Cr- Mo-alloy steel and holds austenitic- martensitic phase
transformation in solid-state during thermal cycles of welding. Hence, the study is further
extended to stake out this phenomenon in submerged arc welding of P91 steel plates. It leads
to finite element modelling and simulation of submerged arc welded P91 steel plate considering
temperature-dependent material properties of base and weld metal, phase changes at the solid-
state, solid to the liquid state and mushy zone to analyse welding induced residual stresses and

distortions.

Welding induced residual stresses and distortion adversely affect the welded components'

overall performance, especially in high temperature and pressure working conditions. And it

8
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must be controlled at the welding design stages. Hence, the remedial and corrective steps
known as mitigation techniques are also explored in this thesis. Therefore, these mitigation
techniques are proposed, FE modelled and simulated for different stages of welding, i.e. before,
during and after the submerged arc welding process on the P91 steel plate to assess and compare
their mitigation effects. Further, the thesis also includes the mitigation experiment based on the
predicted results of the proposed techniques. The thesis also explores the microstructural
evolution and mechanical behaviour of P91 steel weld after submerged arc welding and heat

treatments related to mitigation experiments.

1.6  Thesis objectives

The objectives of this thesis are as follows:

e Experimental investigations on welding induced distortions and residual stresses in
submerged arc square butt-welded joints of P91 steel.

e Thermo- mechanical elastic-plastic finite element modelling and simulation of
submerged arc square butt-welded joints of P91 steel by considering temperature-
dependent material properties, phase changes, austenitic- martensitic transformation or
the solid-state phase transformation effect etc. to analyse welding induced distortions
and residual stresses.

e Study different mitigation techniques, i.e. pre-process, in-process and post-process heat
treatments on SAW butt joints of P91 steel plate to analyse their mitigation effects on
welding induced distortions and residual stresses.

e Study of microstructural evolution and mechanical behaviour of P91 steel welds joints

before and after mitigation heat treatments.

1.7 Organization of thesis

The thesis is sub-divided into four major sections. The first section starts with a comprehensive
introduction and literature background in chapter 1 and chapter 2. The second section explains
the methodologies behind various experiments and finite element modelling methods to
achieve the thesis objectives, collectively included in chapter 3. The third section is about
results and discussion on welding induced residual stresses and distortions, mitigation of
residual stresses and distortions and microstructural and mechanical properties of P91 steel
welds, covering chapters 4 to 8. At last, the fourth section includes the conclusions and future
scopes of the thesis work, as explained in chapter 9.
9
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Following this introductory chapter 1, an inclusive literature survey focused on significant
areas related to P91 steel welds and thermo-mechanical modelling of arc welding process is

presented in chapter 2.

Chapter 3 provides a detailed description of the methodology for experiments and finite
element modelling. It explains suitable materials & process parameters for welding
experiments and discusses distortion and residual stress measurement techniques. Similarly,
the mathematical formulation and boundary conditions in FE modelling are elaborately

explained in this chapter.

Chapter 4 presents the results and its correlative discussion on submerged arc welding induced
temperature distribution, distortion and residual stresses. It discusses the comparative studies
on square butt single and double side single pass submerged arc welded joints of P91 steel

plate.

Chapter 5 discusses the FE simulation of submerged arc welding of P91 steel plate to predict
welding induced temperature distribution, distortion and residual stresses. The effects of phase
changes and solid-state phase transformation on the accuracy of predicted results are separately

discussed in this chapter.

Chapter 6 includes FE modelling and simulation of proposed pre, in and post welding
mitigation techniques to control distortion and residual stresses in SAW butt joints of P91 steel.
The predicted results are analysed and compared for their mitigation results.

Chapter 7 describes the mitigation results of heat treatment experiments to control distortion
and residual stresses in SAW butt joints of P91 steel. The mitigation effect is profoundly

analysed as individual and combined to compare the results.

Chapter 8 discusses the microstructural evolution and mechanical behaviour of submerged arc
welded butt joint of P91 steel to analyse the effect of welding and other mitigation related heat

treatment processes.

At last, the overall general conclusions of the thesis are presented in chapter 9. The future

scopes of the current thesis work are also explained in this chapter.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter provides the literature review on past investigations, which are pertinent to the
current thesis work. The literature survey is presented in four sections, excluding the
Introduction. The following section 2.2 gives a detailed review of research works on P91 steel
and its weldments. The prime focus is on studies of mechanical properties, microstructural

behaviour and residual stresses in P91 steel weld joints of different welding processes.

Further, section 2.3 thoroughly reviews finite element modelling and simulation of the
submerged arc welding process. The review is confined to mathematical formulation and
boundary conditions in thermal and structural FE modelling of welding process considering
material properties, process parameters, heat source model etc. It is widely known that P91
steel possesses solid-state phase transformation during the heating-cooling cycles of welding.
Hence, a brief review is also presented in section 2.4 on various aspects and strategies on the
formulation of solid-state phase transformation in FE modelling. The following section 2.5
discusses various proposed mitigation methods which control and moderate the welding
induced residual stresses and distortions. However, this section is more focused on thermal
load-based mitigation methods. Hence, the overall literature review is presented in four major

sections, as follows-

2.2 Studies on P91 steel weldment

From the last two decades, 9Cr- 1Mo- V steel grabbed the researchers' attention in replacing
the 2.25Cr- 1Mo steel and high strength 304 stainless steel for high creep strength, corrosion
resistance in a high-temperature work environment up to 625 °C. Polcik et al. analysed the
creep phenomenon in 9 Cr-Mo-V steel at 873 K. They found that the variation in sub-grain size
conforms to an exponential change in stress value [26]. Sireesa et al. [27], [28] investigated the
effect of three different filler materials: standard 9 Cr- 1 Mo steel, modified 9 Cr- 1 Mo, and
nickel-base alloy Inconel 182 on MMAW butt joints of P91 steel. They characterised the
microstructures and mechanical properties of those different joints within the fusion zones.
Inconel 182 weld showed the highest toughness with lowest tensile properties. Spigarelli and
12
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Quaderini investigated the creep response of P91 steel weld at 600 °C and found that the fine-
grained HAZ region exhibit the highest values of minimum strain rate. They also observed that
weld metal had the highest creep strength, while the parent metal exhibited an intermediate
level of strength [29]. Tabuchi and Takahashi [30] also discovered that the creep strength of
P91 steel weld is lower than the base metal that leads to Type-IV failure in HAZ, especially in
high temperatures. Yaghi et al. [31] [32] described two axis-symmetric butt P91 steel pipe
welds having 4 or 36 passes with a wall thickness of 7.1 or 40.0 mm, respectively. They
introduced a modified data for temperature-dependent material properties of P91 steel. They
incorporated it for effective P91 steel weld pipe modelling, leading to comparatively fair
prediction results for residual stress distribution. They conducted several FE modelling studies
on P91 steel for thick and thin plate multi-pass welding for GTAW, SMAW, MMAW [17],
[32]-[35]. They discovered that P91 steel welds develop M- shape residual stress distribution
across the weld centreline. The first time, they incorporated the concept of solid-state phase
transformation in P91 steel weld for FE modelling, which exhibited its effect on residual stress
distribution results [33]. Kumar et al. [36] investigated the residual stress distribution in laser-
welded 9mm thick Grade 91 steel plate. They found that the measured longitudinal and
transverse residual stress components show a bimodal distribution across the weld with a low
tensile or compressive trough at the weld bead centre. Kundu et al. [37] also characterised
residual stress distribution in electron beam welded 9 mm thick P91 steel plate and revealed a
compressive residual stress distribution in the fusion zone. Zubairuddin et al. [38] investigated
the residual stress and distortion in a 3 mm thin GTA welded butt joint of 9Cr-1Mo steel. They
also observed an M-shape distribution of residual stress across the weld. In recent years,
Pandey et al. have conducted various studies on GTAW, and TIG welded P91 steel plate/ pipes
for the effect of weld passes, groove design, heat treatments on mechanical properties,
microstructural stability, residual stresses, and creep behaviour [15], [39], [40] [41]. They
observed that pipe welding's groove designs (V and narrow grooves) do not affect the welds'
hardness and microstructure. They observed that post-weld re-austenitizing based tempering
increases the creep rupture life in the applied stress regime by shifting the rupture zone towards
the base metal from FGHAZ [42]. They discovered that the narrow groove develops less axial
and hoop stresses than conventional groove weld [43]. Maduraimuthu et al. [44] reported on
the single pass (i.e., Activated- TIG) and multi-pass (i.e., conventional TIG) welded 6mm and
10 mm thick P91 steel plates for mechanical properties and residual stresses. They revealed

that A-TI1G welding induces compressive residual stress and favourable mechanical properties
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compared to the multi-pass welded joint. The comprehensive studies on P91 steel of various

thicknesses, passes, and welding processes are collectively shown in Table 2.1

Table 2.1 P91 steel welds of different thicknesses and welding methods

Authors Plate Type of welding Type of Types of weld
thickness passes

Sireesha et al. [27], 12 mm MMAW Multi-pass V Butt weld

[28]

Spigarelli & 9.5 mm GTAW-SMAW Multi-pass Circumferential Pipe

Quaderini [29] weld

Yaghi et al. [32] 55 mm MMAW Multi-pass Circumferential Pipe
weld

Yaghi et al. [33] 50 mm GTAW- SMAW Multi-pass Circumferential Pipe
weld

Kumar et al. [36] 10 mm LBW Single-pass Square butt weld

Hossienzadeh and 25 mm GTAW-SAW Multi-pass Circumferential Pipe

Bouchard [45] weld

Kundu et al. [37] 10 mm EBW Single-pass Square butt weld

Zubairuddin et al. 3 mm GTAW Single-pass Square butt weld

[38]

Pandey et al. [41] 11 mm GTAW Multi-pass Circumferential Pipe
weld

Pandey et al. [45] 18 mm GTAW-SMAW Multi-pass Circumferential Pipe
weld

5 mm A-TIG Single-pass Square butt Weld
Pandey et al. [46] )
8 mm GTAW Multi-pass V butt Weld
Madurimuthu et al. 6 mm A-TIG Single-pass Square butt Weld
[44] 10 mm Conventional TIG ~ Multi- pass V butt Weld

Jones et al. introduced Submerged Arc Welding (SAW) process in 1935 [46], considering the
advantages of submerged molten weld metal pool during the welding process. The SAW
process is widely known for its numerous benefits: high deposition rate, deep weld penetration,
high speed, minimal welding fume and least edge preparation required compared to other arc
welding processes. Hence, a conventional submerged arc welding process may produce good
quality welds of thick plates with single-pass welding [47]. SAW process is suitable for
welding carbon steels, low alloy steels, stainless steels, Nickel-based alloys [48]. SAW welds
possess high strength and ductility with low hydrogen and nitrogen contents. Submerged arc
welding has been used to weld pressure vessels, pipes, shipbuilding, railroad tank cars,
14
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structural engineering, and storage tanks [48]. Many studies on submerged arc welding of Cr-
Mo-V group of steels have been conducted through the date. For the first time in 1995, a US
patent was filed for submerged arc welding of Cr- Mo-V steel to achieve ideal room
temperature and elevated temperature strength, toughness, creep strength, brittleness resistance
and crack resistance [49]. However, submerged arc welding was considered for P91 steel welds
in 2005 by the researchers in Jiangsu Suyuan Power Equipment Co. Ltd, China. They found
that SAW processed P91 steel welds are three times more manufacturing efficient than SMAW
[50]. Yu et al. [51] developed and compared the welding wire for submerged arc welding and
observed that it meets the high temper and strength at the same AWS and BSEN standards
level. Rao et al. [52] performed the complete experimental analysis on the submerged arc
welding of 11 mm thick Cr-Mo-V steel plate. The critical input process parameters were
welding current, voltage, welding speed, and wire feed. These input parameters were studied
on various responses related to weld bead geometry and few mechanical properties. Mohyla
and Foldynova [53] conducted submerged arc welding on a P92 steel plate (40 mm thick) to
study the effect of post-weld heat treatment on the mechanical properties of the weld. Zhang et
al. performed SAW on a P91 steel plate using three different fluxes to assess their effect on
microstructural behaviour and mechanical properties [54]. Roy et al. investigated the effect of
various compounds in the fluxes and discovered a particular flux composition, which improved
overall mechanical properties and microstructure stability [55], [56]. Nevertheless, studies on
residual stress and distortion in submerged arc welded P91 steel are rarely found, considering

the adverse effects of rapid heating and cooling in welding.

2.3 FE modelling of submerged arc welding for residual stresses and distortions

Welding induced distortions and residual stresses have been of continuous interest among the
researchers and fabrication industries to prevent them at the design stage before the actual
welding process. Therefore, an effective and precise finite element modelling and welding
process simulation is always a substantial research interest. The numerical simulation of arc
welding takes place in two main different ways. The first approach involves complex fluid and
thermal dynamics. The basic concepts of this approach are conservation of mass, conservation
of momentum, latent heat and surface tension boundary conditions which represent the physical
phenomena of the molten weld pool and HAZ's thermal behaviour. The second approach
considers solid mechanics to model the global thermo-mechanical behaviour of weld structure,

which mainly focuses on effectively modelling heat sources. A variety of simplified heat source
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models have been proposed in arc welding simulation [57], which accuracy relies on the
theoretical and empirical parameters, describing the weld pool size and shape. Submerged arc
welding has been simulated for several welding cases considering material properties, welding
process parameters, and metallurgical effects. Mahapatra et al. [58], [59] developed a 3D FEM
model of single-pass SAW square butt and fillet joints in ANSY'S for temperature distribution
and angular distortion. They applied the moving surface heat flux as a heat input model and
observed fair prediction results. Biswas et al. [60] also applied the moving surface heat flux
heat input model for filler deposition to simulate the submerged arc welding of C- Mn steel in
the ANSY'S FE software package and observed fair prediction results. Wen et al. [61] modelled
multi-wire SAW on mild steel pipes of 914 mm diameter and 38 mm thickness using ABAQUS
to investigate heat transfer characteristics in FZ and HAZ for 2D & 3D models. They applied
a volumetric heat source model for heat input. Ghosh et al. [62] developed an analytical
solution to predict transient temperature distribution on submerged arc welded 20 mm thick
structural steel plate. HAZ width was found similar to 3D transient thermal conduction and
predicted values agreed with the experimental results. Kiran et al. [63] developed a 3D
numerical heat transfer, and fluid model for three wires SAW process to analyse the
temperature distribution and molten pool behaviour. They used the fluid volume method to
track the shape of the free surface. Fanous et al. [64] compared the element death birth
technique with his newly developed technique called element movement technique to study the
residual stress produced in the welding process. This new technique supported an early thermal
interaction between the weld and base metals with less computation time. However, most of
the researchers suggested Gaussian’s distributed double ellipsoidal volumetric heat source
model for efficient modelling of submerged arc welding process [65]-[69]. They observed that
this volumetric heat source model provides precise nodal temperature and 3D distribution of

residual stresses irrespective of weld materials and process parameters.

The above works show that several studies have been performed in FE modelling of the SAW
process for single and multi-pass welding considering different heat source models, base metal
and other weld materials. However, literature on FE modelling and simulation of submerged

arc welding of P91 steel plate is rarely found.

2.4 Phase transformation effect in welding

FE modelling of welding involves weld parameters, welding methods, restraints, and welding

passes. On the other hand, weld metal molten pool phenomena, phase changes, and
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microstructure evolution also affect the finite element modelling results. The phase
transformation phenomenon is primarily considered in the pressure vessel and piping materials,
including austenitic stainless steel, ferritic/ martensitic steel and nickel-based super-alloys.
However, austenitic steel welds are well-understood and straightforward to model compared
to their ferritic steel counterparts. The reason for this discrepancy stems from the crystal
structure found in each material [70]. Austenitic steel possesses a face-centred cubic (FCC)
lattice, whereas ferritic steel is predominantly a body-centred cubic (BCC) structure. The iron
(Fe) atoms are more distantly in BCC steel relative to the FCC steel structure. Therefore,
Pearlite/ Ferrite from BCC (o) structure completely transforms into FCC (y) structure of
austenite and results in volumetric contraction during austenitization or heating up to Ac
temperature [71], [72]. Similarly, once the temperature reaches Ms temperature during cooling,
martensitic transformation takes place, which transforms austenite, i.e., FCC (y) to martensite,
i.e., BCT (a*) and causes volumetric expansion [71], [72]. P91 steel is one of the ferritic steels.
Aci is generally taken at 810-820 °C that reaches up to 920-930 °C (Acs) during austenitization
[12]. Similarly, Mf and Ms are the temperatures for martensitic transformation taken in the
range of 390-375 °C and 180 -200 °C for P91 steel, respectively. The schematic of volumetric

changes during solid-state phase transformation (SSPT) is shown in Figure 2.1.

Heating
Cooling

Austenitization

Martensitic
Transformation

Volume change

L IR,
&

M: M
Temperature (°C)

Figure 2.1 Schematic of volumetric change in P91 steel weldment during solid-state phase

transformation [73]

Moreover, the microstructural evolution and transformation plasticity effect during phase
transformation in solid-state also influence the overall mechanical modelling of heat treatment

processes on ferritic steels. Therefore, thermo-mechanical modelling of P91 steel weldment
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requires a complex metallurgical model considering all the aspects of phase change and solid-

state phase transformation effects.

A number of research articles are reviewed on modelling the phase transformation in the solid-
state and solid-liquid state during thermal welding cycles. Taljat et al. [74] studied the effect
of volumetric changes on welding induced residual stresses associated with the austenite-to-
martensite transformation. They found that volume changes tend to relieve high tensile stresses.
They also observed that volume changes on residual stresses are more significant than the effect
of higher yield strength caused by the phase transformation. However, the authors did not
consider the transformation plasticity contribution. Dai et al. [75] investigated the SA508 steel
GTAW joints for the effect of SSPT (bainitic- martensitic transformation) on residual stresses.
Both volumetric and transformation plasticity effects were deliberately considered in the FE
modelling. They discovered that avoiding SSPT in modelling leads to over prediction of tensile
residual stresses. Leblond et al. [76] stated that because there is always a preferred direction on
a macroscopic scale in 2D models (plane stress, plane strain or axially symmetric), strains are
equal in the three directions and identical to the theoretical value cannot be obtained. Hence,
reliable simulations considering metallurgical transformations must involve the full 3D model.
W. Piekarska modelled solid-state phase transformation in laser-welded butt joint of S460 steel.
Deng and Murakawa investigated the influence of solid-state phase transformation on the
evolution of residual stress distributions in butt joints of modified 9Cr—1Mo steel pipes [77].
Yaghi et al. numerically simulated welding and residual stresses in a P91 steel pipe
incorporating solid-state phase transformation [32], [73]. They observed an M- shape residual
stress distribution across the weld in the transverse direction. Farahani et al. [78] implemented
SSPT (austenite- martensite transformation) phenomenon in medium carbon (S45C) steel pipe
joints. They mentioned the empirical relations to calculate austenitic and martensitic
temperatures. However, they neglected the transformation induced plasticity effects. They also
observed that volumetric changes owing to SSPT improve the prediction results for residual
stresses and distortions. Hence, the SSPT phenomenon in the FE modelling of the welding
process shows a significant effect on simulating and predicting the welding-induced structural

results.

2.5 Miitigation techniques for welding induced residual stresses and distortions

Welding distortions adversely affect the dimensional accuracy of the welded structures. On the
other hand, residual stresses due to fusion welding are the significant contributors to crack

18

TH-2683_166103031



generation, sudden catastrophic failure, and impairing the structure's fatigue life [25]. Several
post welding steps based on thermal and mechanical loads like heat treatments (i.e.,
austenitizing, tempering, normalising), line heating, peening etc., are established for corrective
works on final weld structures [25]. Post welding heat treatment is considered one of the post
welding mitigation techniques, which involves heating and cooling in a particular rate and
soaking at a fixed temperature for a given time. PWHT was also widely performed to retrieve
mechanical properties and microstructure stability of the weld joints [41], [79]-[83]. However,
all the post welding steps are corrective techniques, not preventive techniques, which demands

additional time, effort and resources [84].

Consequently, pre-process and in-process active distortion and residual stress mitigation
techniques are more beneficial in improving product quality by eliminating or reducing the
welding induced distortions and residual stresses. Pre and in-process mitigation techniques can
also be categorised in two sections based on their thermal and mechanical effects. Thermal load
based pre and in- process mitigation techniques are primarily considered here for literature

review.

Preheating and inter-pass heating have been established as two thermal load-based pre- process
mitigation techniques. Inter-pass heating acts as preheating during multi- pass welding.
Researchers like: Armentani et al. [85], Zondi et al. [86], Peric et al. [87], Zhang et al. [88],
Lin et al. [89] observed a significant mitigation effect of preheating on welding induced
distortion and residual stresses irrespective of types of the welding process, base plate material,
welding process parameters etc. Preheating also exhibits a favourable effect like reducing
hydrogen inclusion, increasing penetration, and improving ductility, hardness, and tensile
strength of weld joint [90], [91]. Singh et al. [92] observed a similar effect on weld tensile
properties and hydrogen inclusion in square butt GTAW joint of 6 mm thick P91 steel.
Similarly, Zubairuddin et al. [14] observed a significant reduction in welding induced
distortion, and residual stress in square butt TIG welded 3mm thick P91 steel plate. However,

studies on the effect of preheating in SAW butt joints of P91 steel are rarely found.

The motto of most of the in-process techniques confines to generate a tensioning effect in the
longitudinal direction during welding. Deo and Michaleris [84] proposed transient thermal
tensioning to reduce buckling distortions, as shown in the schematic in Figure 2.2 (a). It was
observed that the buckling distortions could not be mitigated only with the use of mechanical

restraints. Using the side heating method, the introduction of tensile stresses in welding reduced
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the compressive residual stresses at the plate's free edges to a value below the critical buckling
stress. Yang & Dong [93] studied the effect of the in-process rolling and trailing heat sink
method on mitigating weld-induced buckling distortions. The pressurized liquid nitrogen was
employed as a cooling jet in the trailing heat sink method. The parameters, namely cooling
distance, liquid nitrogen flow rate, and cooling jet diameter, were selected for optimal
performance. A compressive effect in the through-thickness direction and a corresponding
tensile effect in the welding direction were generated using a rolling technique shown in Figure
2.2 (b). A rolling force of 5.5 kN was the minimum force required to eliminate the buckling
distortion. Li et al. [94] proposed and conducted an experimental and numerical analysis of a
dynamic heat sink (cooling water jet trailing the welding torch on the top surface) for a thin

sheet welding using GTAW, as shown in Figure 2.2 (b).
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Figure 2.2 Schematic of (a) transient thermal tensioning or side heating [84], (b) In process
trailing heat sink [93], [94], (c) DC-LSND or trailing cooling source technique [95], [96] (c)
heat sink model [97] (d) trailing heat sink [98]

Guan et al. [95] adopted a dynamically controlled-low stress no distortion (DC-LSND)
technique to control weld-induced buckling distortion. In their work, they employed CO, snow,
produced by compressed liquid CO- through nozzles, as a cooling media. It was seen that a
trailing cryogenic cooling device drastically reduced the welding distortions. The the DC-
LSND technique has substantial impacts on the longitudinal welding distortion and reduced it
by 81%. The optimum travel speed of the cooling device was found to be 600 mm/min. They
also discovered that microstructure, as produced by the DC-LSND technique, was almost the
same as that obtained by the conventional process. Camilleri et al. [96] conducted FE modelling
of butt and fillet joints to investigate and compare the effects of the CO2 cryogenic cooling
techniques for reducing out-of-plane distortions. They observed that the Trailing heat sink
model is less effective in reducing distortions in fillet weld joints. Bajpei et al. [97] proposed
three different heat sink models, employing thick backing plate and cooling fluids, as shown
in Figure 2.2 (c). They observed good conformity between experimental and numerical results.
They discovered that the heat sink model using a mixture of argon gas and water was the most
suitable scheme for mitigation. Guo et al. [98] proposed the same dynamic trailing heat sink
source on the bottom surface following the welding torch for a PLW thin sheet (0.5 mm) butt
joint. They conducted a rigorous study on cooling intensities and found that intense cooling
decreases the longitudinal deflection and reduces the residual stresses. Michaleris and Sun [99]
employed both finite element analysis and experimental techniques to study the effect of
thermal tensioning on the mitigation of weld-induced buckling distortions. Thermal tensioning

was done by simultaneous cooling the bottom of the weld zone by water spraying and heating
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the adjacent areas with resistive heating blankets. It was observed that a high-temperature
gradient had a detrimental effect on the weld-induced buckling distortions, and too low a value
of the same resulted in insufficient tensioning. It was also concluded that the cooling time
should be as low as possible to be effective and economical. Li et al. [100] proposed and
analysed hybrid transient thermal tensioning and trailing heat sinking on the MIG butt joint of
a 3 mm thick Al alloy plate. They employed two TIG heat sources for transient heating and a
cooling jet of dry ice particles as trailing cooling source. It is observed that the proposed hybrid
mitigation heat treatment reduced the tensile residual stress and distortion by 65% and 58%,

respectively.

Further, few mechanical load-based in-process mitigation techniques are also discussed to
review their mitigation effects. Price et al. [101] studied the impact of mechanical tensioning,
as shown in Figure 2.3 (a), on the out-of-plane distortions in FSW and T1G welding. The plates

were subjected to the various magnitudes of tensile stress along the weld line.
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Figure 2.3 Schematic of (a) Mechanical tensioning technique [101] (b) Rolling technique
[102] (c) Electromagnetic force tensioning technique [103]

It was reported that tensioning of the order 25-40% of yield eliminated the buckling distortions.

It was also noticed that the optimum value of tensioning depends on the welding parameters.
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The in-process rolling technique (also termed as in situ rolling as shown in Figure 2.3 (b) [102])
has also been suggested as one of the in-process mechanical tensioning methods. Coules et al.
[102] compared in situ rolling with post-weld rolling on welding induced residual stresses in
GMAW butt weld of structure steel. They discovered that in situ rolling is ineffective in
reducing the longitudinal tensile stress compared to post-weld rolling. In situ rolling's
ineffectiveness relates to the magnitude of the thermal contraction strain that occurs in the
material at the weld line during cooling. The value is much larger than any residual elastic
strain supplied by in situ rolling since the material's yield strain limits the latter. A significant
thermal contraction continues for a long time as the material cools. Therefore, any positive
strain supplied by in situ rolling is irrelevant, since this would be caused by yielding due to
thermal contraction during cooling. However, it was found effective for Aluminium alloys and
low carbon steels with lower vyield strength. Xu et al. [103] proposed non-contact
electromagnetic forces for controlling welding buckling distortion and residual stresses in
welded thin plates, the schematic of which is shown in Figure 2.3 (c). The electromagnetic
force, combined with residual welding stress, contributes to reducing longitudinal compressive
plastic strain in the local region near the weld. It also contributes to the formation of the tensile
plastic strain. Richards et al. [104] tried to control the generation of residual stress by
employing global mechanical tensioning. It was observed that by imposing a mechanical
tensioning of 40% of yield value, the magnitude of weld-induced residual stresses tends to a
value of zero. Quite a number of mechanical load-based mitigation techniques are discussed
here. However, it is observed that the required tensioning effect is much higher and sometimes
it reaches beyond the capacity for thick plate welds. Therefore, mechanical methods are

effective but least practical for industrial purposes.

All the in-process mitigation techniques are collectively shown in Table 2.2 considering the
type of steel, steel plates' thickness, welding methods and mitigation methods. The above
observations also show that almost all the in-process mitigation techniques were confined to
thin plate (i.e., thickness < 6 mm, can be observed in Table 2.2) weld joints only. On the other
hand, it is also observed that thick section welds experience high thermal gradient through the
thickness and across the weld line on both top and bottom surfaces of the weld plate. These
thermal gradients lead to irregular residual stress contour across the weld centreline in
transverse direction and throughout the thickness of the plate. However, researches related to
in-process mitigation of residual stresses and weld distortions in thick plate joints are hardly
found.
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Table 2.2 In process mitigation techniques for thin plate welds

Authors Mitigation method Welding Baseplate Thickness
type
Michaleris and Thermal tensioning FCAW AH 36 steel 4.76 mm
Sun[99]
Deo and Michaleris Transient thermal FCAW AH 36 steel 3.2mm
[84] tensioning
Yang and Dong [93] Transient thermal GMAW Low carbon steel 2.5 mm
tensioning
Yang and Dong [93] In situ rolling GMAW Low carbon steel 2.5 mm
Li et al. [94] Transient heat sink GTAW Titanium ally 2.5mm
Guan et al. [95] DC-LSND (Transient GTAW Stainless steel 1.6 mm
heat sink) Aluminium alloy 1.6 mm
Bajpei et al. [97] Heat sink (static and MIG AA5052-H32 3 mm
transient) Aluminium alloy
Guo et al. [98] Trailing heat sink PLW Hastelloy C-276 0.5 mm
alloy
Price et al. [101] Mechanical tensioning FSW AA2024 3.2 mm
TIG (Aluminium alloy) 6.3 mm
Richard et al. [104] Mechanical tensioning FSW AA2024 3 mm
FSW (Aluminium alloy) 12 mm
Coules et al. [102] In situ rolling GMAW S355JR structural 6 mm
steel

2.6  Summary

The above literature review provides a wide knowledge about researches in the field of P91
steel welds, submerged arc welding, FE modelling of welding for induced residual stress and
distortion and mitigation methods. It is found that welding-related researches on P91 steel are
mostly performed on conventional multi-pass GTAW, TIG, SMAW, MMAW processes,
though few studies are conducted on the EBW, LBW and A- TIG welding of P91 steel, which
considered square butt welding without any edge preparation. These studies suggest that arc
welding with high heat input, deep penetration and current density requires less number of weld
passes. It is also observed that the required root gap in single pass welding is comparatively
less. It is also observed that Gaussian distributed double ellipsoidal heat source model is
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adequate to effectively simulate the SAW process. Literatures revealed that implementing
phase transformation in FE modelling improves the prediction accuracy of FE results. At last,
literatures available on thermal load-based pre, in and post welding mitigation techniques
discovered that all the studies are confined to thin plates only.

2.7 Research gaps

Based on the understanding from literature review, the research gaps are as follows:

e Studies on submerged arc welding of P91 steel are very limited.

e Researches on SAW P91 steel welds are mostly focused on the microstructural and
mechanical behaviour of the weld joints considering process parameters, weld materials
and other similar conditions. However, studies are rarely found on welding induced
residual stresses and distortion in SAW P91 steel welds.

e Most experimental studies for weld induced residual stresses in P91 steel welds are
performed for multi-pass welding (such as TIG, GTAW, MIG). However, few studies
on single pass welding (A-TIG, EBW) are also found. Albeit, such studies are seldom
available for SAW welding of P91 steel.

e Thermo-mechanical modelling and simulation of SAW P91 steel welds is barely found,
which analyses the welding induced thermal history, distortion and residual stresses.

e Most of the in-process mitigation heat treatments are performed and explored on thin
sheet (i.e., thickness < 6 mm) weld joints. However, such studies on thick plate
(thickness > 6mm) welds are rarely found.

e Similarly, studies on thermal load-based mitigation of residual stresses and distortions
in SAW P91 steel welds are also hardly found in the literatures.
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2.8 Detailed thesis objectives

In the view of research gaps mentioned in section 2.7, the current thesis objectives are as

follows:

(@) Investigation of welding induced residual stresses and distortions in SAW butt

joints of P91 steel:

The submerged arc welding experiments on the P91 steel plate are carried out using proper
welding filler material and process parameters. The submerged arc welding induced distortion

and residual stress are estimated using appropriate experimental methods.

(b) Thermomechanical elastic-plastic modelling and analysis of SAW butt joints of
P91 steel:

Finite element modelling of SAW butt joints of P91 steel is performed and analysed
considering temperature-dependent material properties, phase changes, austenitic- martensitic
transformation, transformation plasticity, etc., to predict welding induced thermal history,

distortions, etc. residual stresses.

(c) Pre-process, in-process, and post-process mitigation heat treatments on SAW butt
joints of P91 steel:

Pre, in and post welding mitigation techniques are proposed for SAW butt joints of P91 steel

plate. FE modelling and simulation of these techniques are performed to analyse their

mitigation effect on welding induced residual stresses and distortions. Based on predicted

results, experiments of these mitigation techniques are also carried out.

(d) Microstructural and mechanical characterizations of SAW butt joints of P91 steel:

The microstructural changes in the P91 steel weld are carefully traced to understand the effect
of the SAW process and mitigation processes on P91 steel. The tensile properties like YS,
UTS, hardness and ductility of P91 steel welds are also assessed for the effect of SAW and

mitigation processes.
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CHAPTER 3

METHODOLOGY

3.1 Introduction

This chapter provides details about all the experiments, and finite element modelling performed
to accomplish the thesis objectives and sequentially explains each stage of methodologies
involved in the thesis work. The first section explains the stepwise procedure of the welding
experiment, from appropriate materials to successful submerged arc welding of P91 steel. The
next section describes the experimental methods to measure welding induced distortions and
residual stresses. The next sections describe thermomechanical elastic-plastic modelling of
SAW square butt joints of P91 steel. It clarifies all the assumptions, governing equations and
boundary conditions for both thermal and structural stages of FE modelling. It also explains

the implementation of solid-state phase transformation in FE modelling.

The following section elucidates the concepts and theories of pre-processing, in-process and
post-process mitigation techniques on welding induced distortions and residual stresses. It
analyses the mathematical formulations and assumptions for FE modelling of these mitigation
methods. At last, the section comprises different experimental setups for mechanical testing for
microstructural analysis, mechanical strength, XRD analysis, FESEM analysis and EDS
analysis to observe the effect of submerged arc welding and mitigation heat treatments on the
P91 steel plate.

3.2 Submerged arc welding of P91 steel plate

The conventional submerged arc welding experiment is performed to get good quality square
butt single and double side single pass weld joints of P91 steel without any edge preparation.
Several factors such as welding experiment set up, weld materials, base plate material, type of
flux and fixtures collectively affect the weld's overall quality. However, a set of favourable
process parameters is required to achieve an adequate weld bead shape, penetration and top &

bottom reinforcement. Hence, these factors and process parameters are explained as follows-
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3.2.1 SAW experiment setup

A fully automated submerged arc-welding machine (Make: ADOR FRONTECH) with a
capacity of 1250 Amp and 240- 260 V was employed to conduct the welding experiment. The
machine was equipped with IGBT inverter technology, mounting tractor head, flux hopper and
control box. Before starting the welding experiment, the SAW set-up needs to be assessed to
manage the input variables. The welding input variables are voltage, trolley speed (welding
speed), wire feed rate, and creep feed. Only one parameter is varied, keeping others constant
to calibrate the machine. The input voltage was not regulated as it can be set directly from the
transformer. The distance travelled by trolley concerning time determines the welding speed.

The amount of wire travel concerning time gave creep speed.

Similarly, the wire feed rate is measured as the length of wire consumed during welding at a
given time. A stopwatch and a scale are used for time and length, respectively. The SAW

experiment set-up is shown in Figure 3.1 below.

Figure 3.1 Experiment set up of SAW process
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3.2.2 Materials selection

The proper combination of base metal, electrode wire, and flux provide a desirable submerged
arc welded weld joint quality. Hence, it is essential to select these materials carefully, which is
explained as follows-

3.2.2.1 Selection of P91 steel base plate

ASME SA387 or ASTM A355 Gr. 91 Class 2 steel plate of thickness 10 mm is selected from
the group of Cr-Mo-V steels. The chemical composition of the material mentioned by the
manufacturer is as given in the following Table 3.1. The plate is normalised at temperature
1050 °C with a 1 min/mm soak time and cooled in still air. It is tempered at a temperature of
780 °C with a soak time of 30 mins and cooling in still air. The plate is free from radioactive
substances and does not exceed the cleaning limit value of 11 Bg/kg. The plate is ultrasonic
tested with the Pulse-Echo method.

Table 3.1 Chemical composition of base plate

Eterf@ht Composition Composition ER—— Composition Composition
range (Wt.%) (Wt.%0) range (W1t.%6) (W1t.%)
C 0.08-0.12 0.1 Mo 0.8-1 0.89
Si 0.2-0.5 0.29 Vv 0.1-0.3 0.22
Mn 0.3-0.6 0.46 B <0.01 0.001
P <0.02 0.016 N 0.03-0.07 0.039
S <0.01 0.001 Al <0.02 0.005
Cr 8.5-9 8.69 Ni <04 0.27
Ti <0.01 0.003 Zr <0.01 0.001
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3.2.2.2 Selection of electrode wire

A low-alloyed copper-coated wire, designed for submerged arc welding of a creep-resistant
Cr-Mo group of steels [92] of 3.1 mm diameter, is taken suitable for plate’s thickness and
nozzle diameter. The manufacturer code is OK AUTROD 13.20 (EB-3-21/4Cr1Mo) with
electrode classification as AWS A5.23 wire: EB3R [105], [106]. The chemical composition for

electrode material as given by the manufacturer is also shown in Table 3.2.

Table 3.2 Chemical composition of Electrode material

Element C Si Mn P S Cr Mo V Cu N Al Ni Sn
Composition 0.11 0.16 0.7 0.008 0.002 428 09 0.01 0.07 0.007 001 0.05 0.003
(W1t.%)

3.2.2.3 Selection of flux

A non-acidic or basic flux is preferred in submerged arc welding since other flux types will
burn out carbon and permit elevated oxygen and nitrogen levels, reducing the weld metal's
strength and toughness. The ESAB make agglomerated fluoride basic flux suitable for
submerged arc welding of Cr-Mo group of steels, and ideal for OK AUTROD 13.20 wire is
selected. The manufacturer code of this flux is OK FLUX 10.62 [105], [106]. The grain size of
the flux varies from 0.2 mm to 1.6 mm. The flux is preheated before conducting a welding
experiment to remove moisture for hydrogen control, which reduces defects. The chemical

composition of the flux material is also given in Table 3.3.

Table 3.3 Composition of Flux

Compounds AlOz+ MNnO  CaF: SiO2+ TiO2 CaO+ MgO
Composition (wt.) 18% 24% 13% 34%

3.2.3 Fixture and clamps

A fixture is fabricated to hold the samples properly during welding. The fixture is equipped
with adjustable clamps at four corners of the plate, can be adjusted for different plate
thicknesses, shapes and sizes. The fixture is provided with a recess to accommodate flux and
hold the molten weld metal for sound bottom reinforcement. The fixture is shown in Figure

3.2. The clamps are removed as soon as the welding process ends.
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Figure 3.2 Fixture with adjustable clamps

3.24 SAW experiment

First of all, some bead on plate experiments are carried out to determine the suitable range of
weld process parameters considering the heat input. However, it is observed that bead on plate
experiments are insufficient to determine optimum parameters for the thickness more than
5mm. Hence, welding experiments are performed for different root gaps and welding
parameters to achieve good weld bead qualities, i.e. top and bottom reinforcements, depth of
penetration, weld material deposition and bead shape & size. The range of the welding
parameters taken for trial square butt single and double side single pass submerged arc welding

of P91 steel are given in Table 3.4.

Table 3.4 Range of process parameters for trial welding experiments

Process parameters Single side single-pass  Double side single-pass
Current (A) 510-620 460-520
Voltage (V) 22-28 25-28
Welding speed (m/h) 16-24 18-26

Root gap (mm) 2-2.5 2-2.5

Length of stick-out (mm) 25 25

Few trial experiments samples are shown in Figure 3.3. Samples show improper bead length
and inadequate reinforcement because of inappropriate root opening, deposition rate and

selection of process parameters.
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Figure 3.3 Poor top and bottom reinforcement owing to (a) irregular root opening, (b)
extensive metal deposition, inadequate bottom reinforcement, (c) large root opening and
improper metal transfer

The possible reasons for unstable and improper weld beads are variations in weld power
(voltage and current). They need support from the bottom side to hold the molten weld material,
which provides it with a proper shape. Therefore, a backing strip or backing bar may be used
to get sufficient bottom reinforcement. Hence, a metal/ceramic slab is designed (called a
‘Backing bar’) and placed beneath the root gap. The backing bar consists of a deep semi-
circular groove filled with the same flux in the SAW experiment and forms the required bottom
reinforcement. The working principle of the backing bar can also be understood from Figure
3.4. The backing bar used in the present experiments is of Aluminium, which dimension is
shown in Figure 3.5. The backing bar is placed in the recess available in the fixture shown in

Figure 3.2.
Base metal Base metal Bisesietal Base metal
Weld metal Flux ~
bspread and results = ottom
in poor reinforcement = reinforcemen
& Backing bar
Welding without Backing bar Welding with Backing bar

Figure 3.4 Working principle of the backing bar
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Length of the bar= 35 cm

Figure 3.5 Dimensions of the backing bar

3.2.5 Temperature profile measurement

‘K’ type thermocouples are selected to record the thermal history of a point on the weld joint
surface. It is the most common thermocouple used for time-temperature applications. Their
measurement range varies from -200 °C to 1350 °C. The thermocouple must be calibrated
before the actual use for optimal results. The thermocouples are calibrated in the range of 10°C
- 90°C and vice-versa in a constant temperature bath to check their heating and cooling rates

accuracy.

The calibrated thermocouples are attached to the weld specimen at different locations away
from the weld centreline with the help of a spot-welding machine (Make: Dyna weld). The
target points are punched to make a small groove, which firmly holds the thermocouple wire
for proper connection. The other end of the thermocouple is connected to the multiplexer,
which in turn is connected to the data acquisition system (Make: Agilent) for recording the
thermal history of the welded sample during the welding experiments. The time interval for

capturing the temperature data is kept at 500 milliseconds.

3.3 Measurement of welding induced distortion

The basic principle of measuring welding induced distortion is to compare initial and final (i.e.
before welding and after welding in the cooled state) coordinates of the outer surface of any
welded structures. The initial shape of the structure may or may not be flat. Therefore, the
choice of the reference plane needs careful consideration before the measurement is performed.
The measurement of initial or final positions in a given coordinate system may be performed
using any instrumentation using physical contact or without physical contact for a point or a
field. The measurement may also be conducted in a transient state to track distortion progress
throughout the welding. The contact instrument is usually mechanical such as a dial gauge,
34

TH-2683_166103031



coordinate-measuring machine or linear variable-differential transformer (LVDT). The
noncontact method is typically optical, such as laser displacement sensors and digital image
correlation (DIC). Each dial gauge, LVDT or laser displacement sensor measures the distortion
at a point while the DIC is a full-field method. In the present case, angular distortion and edge
deflection of the base plate on both sides of the weld bead is measured to analyse welding
induced distortions. Hence, this local level small-scale distortion measurement is carried out
on a Coordinate measuring machine (CMM) (Make: Carl Zeiss). CMM consists of a spherical
stylus, a work bed, control joystick and a control system interfaced with U-soft software. The
workpiece under observation is placed on a V Block and positioned on the machine's horizontal

bed. The overall CMM set-up is shown in Figure 3.6 (a).

Figure 3.6 (a) CMM set up, (b) Control points for measurement, (c) Angular distortion angle

(6)

The control points and straight lines are scribed on the specimen’s top face using tri- square
and centre punch, respectively, as shown in Figure 3.6 (b). The points shown as a small circle
are the control points to measure edge deflection and angular distortion. Angular distortion can

also be assessed in terms of angular deformation angle across the weld [ i.e. & = sin_i[hfj)]

as shown in Figure 3.6 (c). It represents the slope of one side of the weld concerning the
horizontal surface. Since welding induced longitudinal and transverse residual stresses are
exceedingly investigated here, the longitudinal and transverse shrinkage are not considered in

the current study.
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3.4 Measurement of welding induced residual stresses

The destructive residual stress measurement experiments work on the principle of stress
relaxation. These are categorized based on the degree of destruction done to the specimen in
the strain relaxation process. The residual stress measurement techniques are classified as (i)
destructive and (ii) semi-destructive. Deep hole drilling (DHD) and contour techniques are
semi-destructive and destructive residual stress measurement techniques. DHD technique can
estimate through-thickness and pointwise biaxial residual stress values. Whereas, contour
technique provides a spatial residual stress field on the targeted surface [107]. Hence, DHD

and contour methods both are applied to measure residual stresses in the present study.

3.4.1 Deep Hole Drilling (DHD) measurement

FZ and HAZ of a weld joint are the most susceptible sections for welding induced residual
stresses. On the other hand, residual stresses may vary throughout the thickness of the plate,
especially in the thick weld sections. Therefore, the DHD technique is employed to determine
residual stresses in FZ and HAZ of the welded joint throughout its thickness [17], [108], [109].
The DHD technique works on the principle of stress/strain relaxation phenomenon. The change
in dimensions or strain determines the corresponding residual stress values. Hence, the
pointwise bi-axial equivalent stress components are obtained throughout the thickness based

on constitutive relations.

3.4.1.1 Experimental procedure

The DHD experiment is accomplished in four stages. The schematic diagram is shown in
Figure 3.7.

(@) Hole drilling- At first, the top and bottom crowns of the weld bead of the weld specimen
are removed in the area of interest. Two bushes of soft material are glued on both sides of
the plate surface on the targeted locations, which works as a reference for the hole
diameter. At last, a 3 mm diameter hole is drilled in targeted regions of FZ and HAZ.

(b) Deformation measurement: The hole diameters are measured for the respective
deformation at different depths and orientations (0°, 45° & 90°) throughout the plate
thickness with the help of an air probe. The deformation measurement is performed after

drilling and trepanning processes to trace the change in diameters at different depths and
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orientations. The strain corresponding to diametral changes evaluates the in-plane bi-axial

residual stress.

‘L-! STEP I STEP II

| Air probe

Bushes || Gun drill

Weld sample

| Weld zone

STEPF II1

EDM
Electrode

STEP IV

Figure 3.7 Schematic of steps involved in DHD technique

(c) Trepanning: The trepanning process is performed on a die-sinking electrical discharge
machine to remove a cylindrical volume concentric with a hole. The outer and inner
diameters of the cylindrical volume are 16 mm & 12 mm, taking the drilled hole as its
axis. It releases the residual stresses in the cylindrical volume, which the corresponding
deformation is measured in the inner surface of the hole.

The residual stresses are assumed to remain completely relaxed in an elastic manner

throughout the trepanned. The change in diameter after trepanning is given by Eq.(3.1).

Adg=d'(¢)-d(¢) (3.1)
Hence, the corresponding strain is obtained as in EQ.(3.2). Finally, the biaxial stress

components can be obtained based on the constitutive relations as given by Eq.(3.3) [110].

Ad (¢) (3.2)

£,(4,Y) :W
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b0y 0 Y) == [0, 1 B0 +0,0(6.) + 7.0 Y) -0, ]

8y 8.3) = [0, (0, + 7)) (3:3)

The Young’s modulus (E) is obtained for both base and weld metals by conducting a tensile

test. The values of f(¢,y), g(¢,y) and h(g, y) are given by-

f (¢, y) =a(@+bcos2¢), g(4,y)=a(l—bcos2¢) & h(g, y) = 4absin 2¢

The value of ‘@’ is taken as 1 as uniform expansion is assumed for the hole. Similarly, the

value of ‘b’ can be taken as 1 for the plate thickness = 10 mm [110]. The stress-strain

constitutive relation (Eq.(3.3)) in matrix form is given by Eq.(3.4) [111].

¥ - 3.4
s=-[M].o (34)
where é = [gml 1€y yy 16y, 1eeienenes gy 1 Eyy T , & = I:O'XX,O'W,TXy,GZZ]
| f (4.v) 9@, y) hid,y,) —v |
f(4,Y,) 9(4,.Y,) h(d.y,) -v
&[M]=|.. . . .
f(¢..v.) 9(4.v.) hg.y,) -v
= -v 0 1|
Finally, the stress vectors are obtained as Eq.(3.5) given below-
(3.5)

o=-[M] ¢
where [M ] (inverse pseudo matrix)= ([M ]T [M])'[M ]T
3.4.2 Contour measurement

The contour method effectively maps complex and spatially varying residual stress fields that
are difficult and slow to map using conventional pointwise measurement techniques [112].
Contour measurements are typically performed on metallic parts, which can be cut using a wire
EDM. It does not show any specific restriction on the specimen’s size and shape, as the FE

model can be performed for the given specimen and displacement boundary condition.
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Figure 3.8 illustrates a variation of Bueckner’s superposition principle [113], [114], which
states that a component under internal stresses if cut into two parts, release the trapped stresses
through the cut surface in terms of surface deformation. Once the deformation is pushed back,
it develops an internal stress distribution in the cut parts equivalent to residual stress

distribution on the cut surface.

.<~—Cut line

+
Residual stresy)
Distribution K a;
B
()

Cut surface forced back: ! g
to original shape to tracdy) ¥ / &
residual stress i

One of the
cut part

Deformation after
(b) stress release (C)

Figure 3.8 Bueckner’s superposition principle for residual stress distribution [113], [114]

Figure 3.8 (a) presents fundamental components of the internal residual stress distribution. The
component is cut into two parts along the plane at x = 0. Figure 3.8 (b) shows one-half of the
parts in the post-cut state with relaxed stresses. The surface contour is measured to calculate
surface deformation. A stress-free body of the same material and similar shape and size is taken
for analysis. One of the faces similar to the cut part's deformed surface is taken to push back
the distortion results (which is applied in the negative direction). Hence, the displacement load

results in residual stress on the surface, as shown in Figure 3.8 (c).

3.4.2.1 Experiment procedures

The contour measurement involves four significant steps, which includes cutting, surface
deformation measurement, deformation data analysis and finite element modelling. These steps

are elaborately explained as follows-
(a) Cutting of weld specimen

Wire Electric Discharge Machining (Wire EDM) is widely known for its delicate machining

process. It generates negligible plastic distortion, i.e. does not induce any residual stress [112].

The cutting is performed by an electrically charged wire which spark erosion removes the
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materials without any physical contact. The spark region is submerged in deionized water
throughout the cutting, diminishing its thermal effects. It also provides a precision of cutting
position in micrometre. Hence, wire EDM is preferred for cutting in the contour technique. The
schematic of the cutting process is shown in Figure 3.9 (a). The cutting speed, cutting feed and
other wire EDM cutting parameters are the key factors for a smooth cut surface with minimum

surface roughness.
(b) Surface deformation measurement

The surfaces after cutting operation need to be measured for surface deformation data. In
general, the peak-to-valley magnitude of the surface contours is found to be in the order of 10
pm to 100 um [112]. A coordinate measuring machine can trace the surface heights of this
level of precision. Hence, it can be used for accurate measurement. The cut surfaces are
exposed to the probe for physical contact, which will provide the exact coordinates of target
points. The schematic of the CMM set-up is shown in Figure 3.9 (b). The positioning of the
workpiece on the CMM bed also affects the distortion data reading for the exposed surface.

Hence, the raw deformation data must be rectified before the FE structural analysis.

‘Workpiece

Wire electrode

(a) Dilectric fluid
supply

‘Workpiece
clamping
. Spark region
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(b)

Probe stylus

Figure 3.9 Schematic of (a) wire EDM cutting set up, (b) CMM set up for distortion

measurement

(c) Surface deformation data conditioning

The non-uniformity in the cutting process and misalignment in the sample positioning on the
CMM bed cause erroneous surface deformation data of the cut surface. Therefore, the
following corrective steps are taken-
i)  Slope correction along x and y direction to align the target surface to a horizontal
surface.
i) Removal of surface roughness and noise error.

i) The pointwise surface deformation values are obtained as Z coordinate of CMM readings.
The slope correction of the cut surface is done by assuming all the extreme edges of the cut
surface along the X & Y directions at the same level. Accordingly, the Z coordinate values
for each data point are modified for the constant slope value. Egs. (3.6) & (3.7) give the

final and modified Z coordinates of each observation point.

Z,=Z,-mxX (3.6)
Z,=Z,—mxY (3.7)

Both the cut surfaces' average Z coordinate values are considered to avoid cutting process-

induced errors [115]. The averaging of contours of both the cut samples also remove shear

stresses due to cutting [115]. At last, the average point values must be smoothed for a surface

continuous at least up to its first derivative to be applied in finite element modelling [116].

Hence, the surface fitting extracts a form of smooth surface deformation. It was typically
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accomplished by fitting the data to a predefined 2D polynomial function using a fitting toolbox
in commercially available graphing and data analysis software (ORIGINPRO 9.1). Nonlinear
fitting aims to estimate the parameter values which best describe the data. The whole process

can be described in three crucial steps as follows-.

a) Generate an initial function curve from the initial values.
b) Iterate to adjust parameter values to make data points closer to the curve.

c¢) Stop when minimum distance reaches the stopping criteria to get the best fit

Levenberg- Marquardt (L-M) iteration algorithm is opted for surface fitting in view of the
explicit nature of distortion data. It is a standard nonlinear least square algorithm, which works
on the principle of multiple regression. This algorithm involves choosing the parameters that
would minimize the theoretical surface deviations from the data points. This method is also

called ¥? chi-square minimization, which expression is given by Eq.(3.8) [117].

Zzzi{zi—f(x;,ﬁ)}

i=1 Gi

_ _ (3.8)
=(Z; = 1(x.B)" .P.(Y, ~ T (X, 8))

Levenberg- Marquardt algorithm combines the Gauss-Newton method and the steepest descent

method. It starts with calculating 7°(b) for the given initial values “bi’. It introduces an

algorithmic parameter A (a non-negative damping factor) whose values decide the iteration
updates to smooth out the graph [118]. The parameters adaptively vary between the gradient
descent update and the Gauss-Newton update. Eq. (3.9) provides the expression for the L-M
algorithm, where the value A decides the parameter updates, i.e. smaller value of A results in
the Gaussian- Newton update while a larger value of A results in the Gradient descent update.
The two separate terms in the left-hand side of Eq. (3.9) represent the Gaussian- Newton and
Gradient descent algorithms.

42

TH-2683_166103031



Compute y*(b.) (bi=initial \'aluei

¥

Pick random value of ;
Let’s, A=10.001

Solve Levenberg- Marquardt function for 55|
Evaluate 7°(f+6b,)

If

If
7(B+6b)= 7' ()

'
L

!

I~ Decrease A by a factor of 10 Decrease A by a factor of
and update the 55, ! 10 and update the 55,

7" Values are sma

enough for two
consecutive iteration

l Yes

|' Stop the iteration for best fitting J

Figure 3.10 Flow chart for the Levenberg- Marquardt algorithm for the best curve or surface
fitting [118]

of (%, )

G stands for gradient operator a—B and ‘I’ represent the inverse of a positive scalar

quantity which determines the length of the step in the steepest descent direction, and p stands
for perturbation to update the parameters [118]
[G'PG+A1]p=G"P(Z, - f (x,/3)) (3.9)

The iteration conditions can also be understood from the flow chart [119], as shown in Figure
3.10.

(d) FE analysis (Static structural modelling)
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The one half of the cut weld specimen is modelled in an FE software package, ‘ANSYS’. The
cut surface's exact shape was traced on graph paper from the cut part. A fine uniform meshing
Is performed near the weld bead region and through the thickness of the plate. Whereas
comparatively coarser meshing is preferred along the length and width of the plate. A solid
3D hexagonal brick element (SOLID 185) is chosen for structural analysis. The distortion
values are applied as the nodal displacement load on each node of the targeted surface. The
distortion values are taken in the opposite direction of the measured values. The
corresponding static structural analysis results generate stress values similar to the welding
induced residual stress distribution. Zero displacement loads are applied to the nodes at the

corners to prevent rigid body motion.

3.5 Thermo-mechanical elastic-plastic FE modelling of SAW butt joints of P91 steel

Thermo-mechanical elastic-plastic finite element modelling of the welding process is a well-
established numerical method to analyse welding induced thermal history, distortion and
residual stresses. Hence, the submerged arc welding process is modelled and simulated here in
two major stages of uncoupled thermal and structural loads using Ansys Parametric Design
Language (APDL) in ANSYS Mechanical FE solver. On the other hand, P91 steel is ferritic-
martensitic steel and possesses solid-state phase transformation, which is also prudently
considered in FE modelling. Hence, the whole procedures are sequentially explained in the
following sub-sections.

3.5.1 Modelling and meshing

The SAW square butt joints are modelled considering the exact weld bead shape and size,
including top and bottom caps similar to the welded plate. An eight-node three-dimensional
solid element with only one degree of freedom, i.e., SOLID 70 is selected for thermal FE
modelling. Similarly, an eight nodes 3D solid element with three degrees of freedom, SOLID
185, is applied for structural FE analysis. The mesh sensitivity analysis is performed to
optimize the number of nodes, elements size, the spacing ratio etc., considering the
convergence criterion for most minor computational data and time for accurate FE results.
Once the convergence value reaches the order of (10, the meshing is assumed optimized. An
utter fine meshing is done in the welding region and its nearby high-temperature gradient
regions. The element size becomes coarser for the regions away from the weld bead region,

which reduces the overall computational data and time. The square butt single and double side
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single pass joint models with their appropriate meshing are shown in Figure 3.11. In the
meshing attributes, the base and weld metals are assigned their respective material properties
differentiated with colours in Figure 3.11. The single and double-side square butt joint models
consist of 41264 nodes & 32450 brick elements, and 59343 nodes & 50100 brick elements.
The elements within the welding region represent the weld metal added during the welding.
The element birth-death technique capably replicates a weld metal molten pool in the root gap
throughout the welding process. First of all, all the elements present in the weld region are
killed, i.e. all the assigned properties to those elements become zero.

V‘\;eld bead Weld bead

Single side single
pass weld

Double side single
pass weld

Figure 3.11 Drafted and meshed models of square butt single and double-side single pass

weld joints

The application of a moving heat source within the weld region reactivates the deactivated or
killed elements. It retrieves all the relevant elements' properties at associated temperature,

which symbolizes the inclusion of a molten weld pool similar to the actual welding process.

3.5.2 Thermal modelling

It is strained to accommodate the actual welding condition as far as possible to develop the

thermal model. The assumptions for the thermal model are as follows-

a) All the thermal properties are considered as the function of temperature.
b) No forced convection is considered.
c) Phase changes are also considered.
d) Linear Newtonian convection cooling is considered on all the surfaces except the weld
zone.
e) Radiation loss being small, the same is neglected.
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f) Arc efficiency is incorporated to account for other losses.

3.5.2.1 Formulation of finite element heat transfer model in arc welding

The governing differential equation of heat conduction for homogeneous and isotropic material

is given by the Eq. (3.10) in the rectangular coordinate system (X, y, z) as below:

o|, 0T | o|,0T| of,dl oT
—|Kk—= |+ | kK= |+—|k—|=pC, = (3.10)
OX| ox | oy| oy | ox| ox ot
Eq. (3.10) can also be written as follows:
oT
PCy == —{L} {q} (3.11)

(L' T} =VTand {L} {g} =V g

According to Fourier’s law, the heat flux vector in terms of the thermal gradient is given by

Eq. (3.12).
{a}=-[DJ{L}T (3.12)
where
k 00 i
[D]=]0 k 0|(Conductive matrix) and ()7 / (Vector operator).
0 0 k 4

/
(32

pe, S = (L (OIT {L (3.13)

3.5.2.2 Boundary conditions for thermal analysis

The thermal analysis involves following boundary conditions to model thermal changes during

the welding process.

I. Initial Condition
A specified temperature that covers the entire elements of the specimen at room temperature

(To) before the welding starts is given by Eq. (3.14).
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T=T,att=0 (3.14)

I1.  Boundary Condition

To develop the second and third boundary conditions, we consider the energy balance at the

work surface as:
Heat supply = Heat loss

a) A specific heat flow in the weld bead region

oT
Qn = _qupp or, Q, = _k%

or, Qu =~k VT8 =~k (L AT 1, T 1,97/

b) Heat loss due to convection from the surface except for the weld bead region (Newton’s

(3.15)

law of cooling)

Qconv = hf (T _To) (3.16)

Therefore, considering the energy balance finally the equation will be as

oT
Qn = _Qconv Or, —k—= hf (T _TO) (3.17)
on
VT = 7T/ L30T/ LkoT/ = i
where VT (| AXWL j ijL k éz) Temperature  gradient  vector,
n=1il+jl, +kl,=Unit outward normal vector.

It is essential to take care that heat flux qupp and convection loss anv should not occur on the

exact boundary surface, i.e. if heat loss by convection exists, heat gain qupp cannot or vice
versa.

Finally, the integral form of the heat flow equation can be obtained by combining the
differential equation of the heat flow and the boundary conditions. A virtual change in the
temperature is assumed as T. Taking the virtual change in the temperature in both the volume

integral of the conduction differential equation and the respective surface integrals for the

different boundary conditions yield the integral form equation as below:
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J(pCéT (%)+{L}T (5T)([D]{L}T)jd(vol)

vol

= [6TQ,,d(s)+ [ ST (T,~T)d(s,)
S Sz

(3.18)

3.5.2.3 Finite element formulation in matrix form

The temperature T is the function of time as well as the coordinate system so, Eq. (3.19) gives

the matrix of T as:

T={NY'{T.} (3.19)
where T=T (X, Y, z,t)and N=N (x, y, z, 1)
Thus, the time derivative of the Eq. (3.19) is as below:

f:%:{N}T {Te*(t)} (3.20)

Here, 6T has the same form as T and so 6T can further be written as in the Eq. (3.21)

5T ={sT,\" {N} (3.21)
The combination of {L} T can be given as {L} T-[B] Te where

[B]={L}{N)’ (322)
Hence, the Eqg. (3.19), along with the combination of Egs. (3.18)-(3.22) yields as

J e (6T} {N}{N}" d@ol) + [ (57,)"[] [D][B]{fe}.d(vm)

vol vol

= [{6T.}' (N} 0,05, + [ {OT.} N} (T, (N} {T,})s,

S S

(3.23)

T

The density remains constant, and specific heat ¢ varies over the element. Temperatures in

terms of {T,} {4T,}and {Te} vary as the nodal values. Now, since all quantities seem to be pre-

multiplied {5Te}, so it can be declined. Thus, Eq. (3.23) finally marked down in the form of
Eq. (3.24) as follows:
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p [ c{N}{N} d(vol){T} [[B] d(vol){ }

vol vol

= [{N} 008, + [Ty {N}hydS, - [ {N}{N} {T,}as,

S S, Sy

(3.24)

Hence, the integral form is written in matrix form as follows,

et (e Tk = (e o) )

where [C;]:_[C{N}{N}T d(vol)= Element specific heat matrix, [Kgb]:

vol

I[B]T[D][B].d(vol)= Element conductive matrix, [Kf]: J.{N}qsupdsl = Element
S

convective matrix, Q, = _[hf {N}{N}T dS, = Element heat flow, Q = ITO {N}h,dSs,=
S, Sz

Element heat flow vector.

3.5.3 Formulation of heat transfer model

For an arc welding process, heat deposition may be characterized as Gaussian distribution of
heat flux [120], [121]. Moreover, previous researches on FE modelling of the SAW process
endorse the double ellipsoidal heat source model as one of the best suitable heat source models
[120], [122], [123]. Hence, assuming the heat from the welding arc applied at any given instant
of time, as a Gaussian distributed double ellipsoidal volumetric heat source model as shown

in Figure 3.12, then, the rate of heat generation is given by the Eqg. (3.26):

Welding'
Z direction
Z

Figure 3.12 Schematic of the double ellipsoidal heat source model
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Q; (X, y,Z,t)=Mexp -3 (fj J{XJ L z+v(r-)
: abCf,rH a b Ci, (3.26)

Q=VI

The value ff,, can be calculated from the following relations.

fi = % (3.27)
C, +C,
2c
f,=—" (3.28)
C, +C,

The value of constant parameters (a, b, ¢; and ¢,) can directly be measured for the considered

weld joint sample [124].

3.5.4 Structural modelling

The thermal analysis is carried out first to find out the nodal temperature values as a function
of time. Therefore, the structural or elastic-plastic analysis is performed to predict welding
induced distortion and residual stresses. It can be done by applying the nodal temperature loads

for the time steps and sub-steps similar to thermal analysis.

In this analysis, the quasi-static equation of force equilibrium has been applied, given by Eqg.

(3.29).
Vo+F =0 (3.29)
And, the stress-strain relationship or constitutive relationship is defined as follows
{o}=[D]{e.} (3.30)

Moreover, the elastic strain is obtained by excluding plastic strain, thermal strain and strain
induced by phase changes and solid-state phase transformation in P91 steel as given by the Eq.
(3.31) as follows:

E,=—&y — &, (&4 +&

e vol phase

+ Eup) (3.31)

Therefore, the stress-strain relationship is now given by Eqg. (3.32) as follow:
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{o} =[D]({e} ~{£n} ~{en} ~ {80}~ {Eorase} — {50 }) (3.32)

The six degrees of freedom of the weld joint model are constrained to prevent the plate's rigid
body motion. Zero displacement loads are applied on the nodes at the corner of the weld joint

model, as shown in Figure 3.13.

=0

Uy=0

Figure 3.13 Structural boundary conditions to prevent rigid body motion of the weld joint

model

The effect of solid-state phase transformation is incorporated in the structural modelling stage.
It considers mechanical effect in terms of thermal expansion coefficient change and yield
strength value within the temperature range of austenitic- martensitic transformation. The
solid-state phase transformation and its effect are elaborately explained in the following
subsection, i.e. 3.5.5.

3.5.5 Modelling SSPT phenomenon

The metallurgical changes associated with solid-state phase transformation during welding
heating and cooling cycles are analysed using various phase transformation laws. When the
nodal temperature reaches appropriate temperatures of austenitization during heating,
Pearlite/Ferrite from BCC (a) structure completely transforms into austenite, i.e. FCC (y)
structure, which results in volumetric contraction. The rate of austenitic transformation depends
upon nucleation rate and growth speed of the edge length of pearlite colonies and their true
interlamellar spacing [125]. Johnson Mehl Avrami Kolmogorov theory provides the
temperature-dependent austenite fraction [18], which is given by Eq. (3.33).
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f,(T)= [1—exp[—% IG%“HVA(T) (3.33)
It quantitatively designates the ferrite-austenite transformation during heating. Similarly, once
the nodal temperature reaches the martensitic transformation temperature range during cooling,
austenite (FCC structure) transforms into martensite (BCT structure, a*), promoting
volumetric expansion. The martensite fraction at real-time temperature (T) is defined by
Koistenen-Marburger law [77] expressed as Eq. (3.34).

f,(T) =[1—exp(-0.011(M, - T)) | (3.34)
The change in the martensitic fraction during cooling from Ms (375 °C) to Ms (200 °C) in

differential form is given by Eqg. (3.35).
Af (T) =[-0.011exp(-0.011(M, —T)) |AT (M <T<M,) (3.35)

The corresponding total volumetric strain for P91 steel weld is obtained as 3.75x107 [32].

Hence, the corresponding volumetric strain for the instantaneous martensitic fraction is given

in Eq. (3.36), within the temperature range (M ; <T < M,).

Ag,

o marensiic = 3-/0X10°Af (M <T <M)) (3.36)

The corresponding volumetric strain for complete austenitic transformation for P91 steel weld
is obtained as -2.228x1072 [31], [126], [127]. A linear volumetric strain variation due to
austenitic transformation is considered in the FE modelling for volumetric contraction [128].
The expression for volumetric strain during austenitic transformation is the linear relationship

with the temperature range given by Eq. (3.37).

—2.288x10°AT
A‘S‘vol_austenitic = A% _ A: (A\:S ST S Acl) (337)
3 1

These volumetric changes owing to the SSPT phenomenon are considered by including

additional components of the volumetric strain in total strain calculation. Hence, the strain
associated with martensitic and austenitic transformation owing to both volumetric change and

thermal load is given by Eq. (3.38) and Eqg. (3.39), respectively.

Ae+Ag =(a.AT ) +-4.825%107° exp[0.011(T —375)]AT (3.38)

vol _martensitic
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A&+ A& =a.AT —2.288x10° AT (3.39)

vol _austenitic
From Egs. (3.38) & (3.39), the effect of volumetric changes in terms of volumetric strains is
instigated by modifying the thermal expansion coefficient values in the transformation
temperature range of base and weld metals. The mechanical properties in the austenitic
transformation temperature range are mostly weaker. Hence, martensitic transformation is

more significant than austenitic transformation for residual stresses results.

Thermal stresses in welding and other heat treatments entail permanent distortion or plastic
distortion during solid-state phase transformation, termed as transformation-induced plasticity
[129], [130]. The effect of transformation plasticity is generally modelled for two
contributions: Greenwod- Johnson model considers plastic contribution [131], and the Magee
model considers the shear component of martensitic variants during transformation. Magee
effect has negligible influence on residual stress modelling [131]. Hence, Inoue, Leblond and
Fischer derive an expression from calculating transformation plasticity induced plastic strain
component [132], which is given by Eq.(3.40) below:

Ag, =3C,, (1- f, )Af, o (3.40)

rp
The value C, is calculated experimentally and is of the order of 10° MPa [132]. Few

researchers recommended that yield strength reduces by 30 MPa in the martensitic temperature
range to consider the transformation induced plasticity in FE modelling of P 91 steel weld [77],
[133].

Phase transformations also correlate with the microstructural changes during the thermal
cycles. The yield strength of the material in its different microstructural phases replicates the
mechanical strength of that phase [73], [77]. Hence, microstructural phase changes due to solid-
state martensitic-austenitic transformation in P91 steel also influence the yield strength of the
material. Eq. (3.41) determine the variation in yield strength value for microstructural changes

during austenite- martensite transformation as follows[130]:

Oys = fA(T)'O-YS|A+ fy (T)'O-YS|M (MPa) (3.41)

The yield strength values for both the base plate and weld material during the austenitic phase
change are set to the base plate's values to implement its effect in FE modelling. Similarly, the
weld material's yield strength is taken for both weld material and the base plate during the

martensitic transformation [13], [32].
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3.5.6 Materials properties

The material properties are taken varying with temperature and are shown in Figure 3.14.

o
o

i —m— Elastic Modulus (E) (1x10° MPa)
g —e— Poisson’s ratio(y)
E4 5 —&— Thermal conductivity (A) (10 W/mk)
- —w— Heat capacity (C) (kJ/kgk)
g —&— Density (p) (1x10* kg/m®)
o
G
3.0
(2]
o
o
1
=]
L
8154
=
[
D
o
o
1
o
0.0

u T u T u T g
0 500 1000 1500 2000
Temperature (°C)

Figure 3.14 Material properties for base and weld materials [34], [134]

Based on the relations mentioned in Egs. (3.38)-(3.39), the thermal expansion coefficients
dramatically changed within the martensitic-austenitic temperature range and are shown in
Figure 3.15 (a). The plot for temperature-dependent yield strength and hardening modulus
values for both base and weld metal is also shown in Figure 3.15 (b).

Enthalpy of both base and weld material is substantial to consider phase change during
austenitic- martensitic transformation and solid to mushy zone, mushy zone to liquid phase
transformations. The corresponding enthalpy values are calculated at their respective

temperature ranges based on the dissipated latent heat energy.
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Figure 3.15 (a) Modified thermal expansion coefficient for the base plate and weld metal (b)

YS and hardening modulus for base and weld metal [34], [134]

Enthalpy values are calculated for four stages of phase changes w.r.to their temperature ranges.

Eq.(3.42) shows the expression for calculating enthalpy value at temperatures below solidus

temperature [135].

H= p.C*.[T —TO], (Below solidus temperature)

(3.42)

where C" =C_, +/(|.L_.|.S),CanJ = VA

Once the temperature crosses the solidus temperature, the same expression with different heat

capacity and temperature range is given by Eq. (3.43) [135].

TH-2683_166103031
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H, =H,+pC"[T,-T,], (At solidus temperature) (3.43)
Eq.(3.44) gives the expression which includes the enthalpy value at solidus temperature and
the enthalpy value obtained for the temperature difference of solidus liquidus temperatures in
the temperature range between solidus to liquidus, i.e. in the transition state. The solidus and
liquidus temperatures for P91 steel are 1500 °C and 1420 °C, respectively [32]. And, the latent
heat value for P91 steel is obtained as 260 kJ/kg [32]. Egs. (3.45)- (3.46) give the expressions
for enthalpy at the liquidus state temperature [135].

Hs =H, +pC.[T,~T,], Enthalpy solidus-liquidus temperature (3.44)
H =H, +,0.C*.[TL —Ts], Enthalpy at the liquidus temperature (3.45)

H, =H, +p.CL.[T —TL] , Enthalpy over liquidus temperature (3.46)

The enthalpy values are calculated at different temperatures in their respective phase change
conditions, given in Table 3.5 below.

Table 3.5 Temperature-dependent Enthalpy of P91 steel

Temperature (°C) 100 250 375 500 820 920 1200 1420 1500
Enthalpy (MJ/m?) 574 1436 2154 2873 4711 5286 6895 8054 8514

3.6 Miitigation techniques

The heating and cooling cycles in the welding process are controlled and modified to manage
the temperature distribution and thermal gradient across the weld region and plate thickness.
The thermal cycles can be altered at three different stages, i.e., before, during and after the
welding process. Heat treatments based pre, in and post welding mitigation techniques are
elaborately discussed in section 2.5. Hence, these pre, in and post welding heat treatments are

FE modelled and analysed for SAW butt joints of P91 steel, which are explained as follows-

3.6.1 FE modelling of preheating

The planning and preparation of the weld joint plates, selection of consumables, mounting of
weld specimen onto the jigs and selection of weld parameters should be considered to ensure
the intended quality of weld joint. These conditions have already been considered here and

explained in section 3.2. Similarly, preheating, prudent selection of weld passes and sequences
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are also crucial in reducing the welding distortions and residual stresses [85]. As the present
study involves square butt single side and double side single pass welding, preheating must

show a significant role as a pre-process mitigation.

Preheating is defined as raising the base plate's temperature to a specific desired temperature
termed as preheating temperature from the room temperature. Preheating is mainly carried out
in the region besides the root gap. Preheating reduces shrinkage stresses in the weld, prevents
excessive hardening, and slows down cooling [136]. Preheating temperature depends on factors
like welding heat (Q), the chemical composition in base metal (CET), hydrogen diffusion (HD)
and plate thickness (t), which is expressed as Eq. (3.47) [137]. Preheating temperature for P91
steel welds lies between 200-300 °C [10], [138].

T, =697xCET +160x tanh 14} +62x HD** +(53x CET -32)xQ-328 ~ (347)

A disk shape surface heat flux model has been imposed on both sides of the weld zone to FE
model the preheating process. The expression for the surface heat flux elliptical model is given
in Eq. (3.48).

X2 +(z-vpt)?
2[———1]
Q== [e : ] (3.48)

3.6.2 FE modelling of in-process mitigation

As disused in previous section 2.5, most of the in-process mitigation thermal load based
techniques work on the principle of developing a tensioning effect during the welding [139].
Hence, various thermal load based in-process mitigation methods are discussed here to analyse
its mitigation effect on SAW butt joints of P91 steel.

3.6.2.1 Transient parallel side heating

According to Well's model of residual stress induction, the reduction in thermal gradient
decreases the equilibrium temperature of the thermal/stress cycle [140]. It can be achieved by
heating both sides of the root gap in a specific region at a particular temperature to maintain

the required thermal gradient.

Transient parallel side heating process is performed using a heating torch (TIG/MIG,

oxyacetylene torch). The deciding factors for the mitigation effect of transient side heating are
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the heating locations away from the weld region, speed of heating torch, and intensity of
heating. In the present case, the speed of the heating torch is kept the same as welding speed,
and the heating temperature and torch locations are varied for the comparative study. Hence,
an FE simulation of this transient side heating is carried out to examine the effect of changing
the heating locations and intensities. The schematic of the transient thermal tensioning or side

heating is shown in Figure 3.16.

Welding torch

Weld plate

/

Backing plate

Heating torch

Figure 3.16 Schematic of transient parallel side heating

The weld joint, similar to the SAW butt joint of the P91 steel specimen, is modelled with actual
weld bead shape and size. The model resembles a genuine weld bead, and heat is applied with
the volumetric heat source double ellipsoidal bead shape model. A 10 mm wide region is
selected as a side heating region on both sides of the weld line. Fine meshing or comparative
more refined elements are taken in the weld fusion zone and side heating zone. The overall

model and meshing are shown in Figure 3.17.

Side heating region -

Figure 3.17 Model and meshing of transient side heating model
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SSPT is also considered to examine its effect separately. The welding parameters are taken the

same as the welding experiment, so that effect of mitigation can be arbitrated.

A disc shape surface heat flux model has been adopted to model the transient side heating
process, which applies the heat on the targeted surface area moving at the speed of the welding

torch. The expression for surface heat flux is given as in Eq. (3.49).

_2[x2+(z;vmt)2]
Q = %[e ' (3.49)

r

3.6.2.2 Heat sinking

A cooling source beneath the root gap and its vicinity used for intense cooling effect is a heat
sink. It cools the metal rapidly from high temperatures and thereby produces a tensile action in
the weld. The proposed heat sink can be applied by using the cooling media of running water
through a macro-sized water channel touching the bottom region in the vicinity of the root gap
of the weld plate. The schematic diagram shown in the Figure 3.18 presents the heat sink
arrangement. It consists of a water inlet pipe supplying water to the channel kept below the
weld plate. This arrangement provides a high value of heat transfer coefficient representing an

intense cooling effect.

Welding torch

Weld plate

/

Water inlet pipez

Water channel

Backing plate

Figure 3.18 Schematic of heat sink setup
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The intense cooling effect of the heat sink is simulated as the heat transfer between the
specimen and the cooling media (water flow parallel to plate length considering laminar flow)
described by forced convection cooling [141] given by Eq. (3.50). Eq. (3.50) determines the
average heat transfer coefficient, which is applied as the convective boundary condition on the

targeted surface throughout the length of the weld specimen.

h =(0.664xRe V*xPr’*)xk /L (3.50)

C
Re, = V=P & pr=t"0
)7
In the present case, the convective heat transfer coefficient values are arbitrarily chosen for the

comparative study for their cooling effect in mitigation.

3.6.2.3 Combined transient side heating and heat sink

Many literatures are found on the mitigation effect of either side heating or heat sink processes
as thermal tensioning techniques. However, few pieces of research have conducted the thermal
tensioning mitigation technique with combined side heating and heat sink methods [100],

[142]. Though, all the studies have been performed on thin sheet weld joints.

The combined hybrid side heating and heat sink mitigation processes consist of heating sources
on both sides of the weld line and a cooling source just beneath the root gap and both of its
sides for submerged arc butt welding of thick plate. The schematic of the experiment set-up is

shown in Figure 3.19.

Welding torch
Weld plate

Backing plate ' i /

Water channel

> |

Heating torch
Water inlet pipe

Figure 3.19 Schematic of hybrid combined side heating and heat sink mitigation

60

TH-2683_166103031



The FE modelling of these three combined processes, i.e., welding, side heating and heat sink
cooling is performed, based on the formulations explained in the earlier sections 3.6.2.1 and
3.6.2.2.

3.6.3 FE modelling of post-weld heat treatment

As far as CSEF steel welds are concerned, post welding heat treatments (tempering,
normalising etc.) are highly recommended [10], [90] to recover microstructural stability and
mechanical properties of the weld joint. On the other hand, PWHT also causes stress relaxation
in welded joints. The heating rate, soaking temperature and time, and cooling rate are the
deciding factors for the effect of PWHT on the welded specimens. AWS recommended the
minimum PWHT temperature of 730 °C for one hour [27], [143]. Similarly, the ASME Code
for boiler and pressure vessel also recommended a similar temperature range of 730-760 °C for
one hour to improve the hardness, UTS, YS and toughness values and proper stress relief.
Hollomon-Jaffe parameter Hp is introduced to estimate the correct range of heating temperature
and heating & cooling rates for the heat treatment on weld specimens [144]. The Hp (Hollomon-
Jaffe parameter or Larson-Miller parameter) is given by Eq. (3.51) [27].

H, =T,(C, + Logt,) (3.51)

A higher Cnp = 30 is employed for such low alloyed steel, i.e. P91 steel [145]. The suggested
minimum required temperature of PWHT is 760 °C for a holding time of 2 h to improve the
microstructure and mechanical properties of the P91 steel weld. Hence, the same heat treatment
parameters are considered for stress relaxation to understand its mitigation effect. The heating
is carried out at 100-150 °C/min until the temperature is below 760 °C. Then, the sample is
soaked at 760 °C for 2 h (recommended to improve microstructure stability and mechanical
properties) for annealing. Finally, the cooling process occurs at the rate of 150 oC/min,
followed by cooling in the air until room temperature to recover the weld zone's martensitic
structure [146].

3.6.3.1 Creep phenomenon in FE modelling of PWHT

Stress relaxation during PWHT involves primary and secondary stages of the creep
phenomenon. Hence, the creep phenomenon must be considered in modelling PWHT. The

creep effect is modelled using an implicit creep equation that provides the creep environment
61

TH-2683_166103031



with temperature-dependent constants data. The heating cycle and soaking time & temperature
may play essential roles in defining their stress relaxation effects during PWHT. Several creep

laws or implicit equations are available to consider the three stages of the creep phenomenon.

Nevertheless, creep occurs in its primary and secondary phases for stress relaxation cases
during PWHT. In the secondary stage, the creep induced strain almost remains constant for
corresponding stress distribution in the given time duration. One of the best suitable creep laws

to consider such stress relaxation effect is Norton’s creep law. Its most generalized form is

given by Eq. (3.52) [147].

k| C;
Ecreep = Cldcz e % (352)

The value A, and nc can be obtained by conducting a stress relaxation test on the base or weld

metal. The stress relaxation test was carried out on the welding wire, and the values obtained

for A, and n. were considered the same for both weld and base metals. The stress relaxation

test starts at an estimated strain rate of 5x107°, and the specimen was kept at the same strain for
the holding time of 2 h at the constant temperature of 760 °C. The test brings about the stress
vs time graph, revealing the change in stress (maximum to minimum) throughout the holding
time at a fixed temperature. The initial maximum stress for loading was much below the stress-
strain curve's proportionality limit for the same wire's uniaxial tensile test at elevated
temperature. The initial stress was taken below the proportionality limit. It is explained through
Norton’s Bailey creep behaviour which expresses the change in stress w.r.to time during stress
relaxation and given by the equation below Eg. (3.53) [147].

m-1

=2 _mEA7GT ["O—E_"’} (3.53)

Therefore, for the uniaxial stress relaxation test or a consistent creep strain rate case, the elastic
modulus is assumed constant with m = 1. So, Eq. (3.53) gives the expression for Norton’s creep
law similar to Eq. (3.52) as given by Eq. (3.54) [147].

do
— =-EAc" (3.54)
dt
Therefore, the proportionality limit has been considered the maximum initial stress for the
stress relaxation test for a constant elastic modulus. Each experiment was conducted below the

constant elastic modulus value for the tensile specimen. A high temperature (760 °C) tensile
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test is conducted with a proportionality limit (or, say, the stress-strain curve becomes nonlinear)
at the value of 112 MPa. As a result, two stress relaxation tests were performed at the two initial
stress values of 90 MPa and 98.3 MPa. The stress vs time plots provides the rate of change
with time, which values are put in Eq. (3.54) and E = 128 GPa (for welding wire). Hence, the

values of A, and n. are calculated as 2.312x101 and 8, respectively.
3.7 Mechanical and microstructural characterisation

Investigations of microstructure and mechanical properties of weld joints are also significant
to understand the microstructural evolution and mechanical behaviour of SAW butt joints of
P91 steel after welding and mitigation related heat treatments.

The weld bead shape and size are visually inspected through macrography. Microstructural
characterisation provides an explicit detail about different zones across the weld bead, i.e. FZ,
CGHAZ, FGHAZ, ICHAZ & base metal.

Similarly, mechanical characterisation of the weld joint includes assessing the weld's
mechanical strength or tensile properties (i.e., YS, UTS, ductility, etc.) and microhardness of
various zones across the weld. EDS, XRD and Fractographic analyses are also performed on
these welded joints to characterise chemical composition, phase and fracture surface,

respectively.

3.7.1 Sample preparation

The samples are cut across the weld bead for microstructural, hardness and tensile strength
studies using wire EDM. The same samples are used for macro and microstructure analysis.
The cut sample of the double-sided weld is shown in Figure 3.20. The tensile sample is

prepared with ASTM E8-04 standard for sub size of the flat specimen. The gauge length is
taken as 60 mm. The overall dimension of the tensile sample is shown in Figure 3.21.
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Figure 3.21 (a) Dimension of sub-size of the tensile specimen and (b) tensile test sample

3.7.2 Macro and micrograph study

The cross-sectional images are captured using a stereomicroscope (Make: Nikon) as shown in
Figure 3.22 (a), to examine the overall quality (bead shape, depth of penetration etc.) of the
weld bead. Microstructure characterization is performed on an optical microscope (Make: Carl
Zeiss) as shown in Figure 3.22 (b) in different zones i.e. Base Metal Zone, FZ and HAZ across
the weldment. A specimen requires special preparation to reveal the microstructure. Hence,

first of all, samples are polished with emery paper with grades varying from coarse to fine size.
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Finally, the exposed surface is etched in the solution of 200 ml Ethanol mixed with 2-3 g Picric

acid and 4-5 ml Hydrochloric acid also known as Villella’s reagent [17].

(a) (b)
Figure 3.22 (a) Stereomicroscope (Nikon), (b) Optical Microscope (Zeiss)

3.7.3 Microhardness Test

The microhardness measurement is performed on a Vickers microhardness tester (Make: Omni
Tech), as shown in Figure 3.23. The dwelling load of 2 kg is gradually applied for 10s of
dwelling time. Two lines are marked through the top and bottom sides of the weld bead for
hardness measurement. Moreover, the other two lines are drawn to pass the middle regions of
the weld bead. The hardness measurement is also performed on 300 random points within the

HAZ and fusion zone to obtain a contour diagram of hardness distribution across the weld.

Figure 3.23 Vickers microhardness testing machine (Omni Tech)
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3.7.4 Universal tensile test & fractography

UTS, YS and ductility of the welds are characterised by performing a tensile test on a universal
hydraulic servo-controlled universal tensile testing machine (Make: Instron). The tensile test
was conducted at a strain rate of 0.1mm/sec at room temperature. The test is also conducted for
the electrode wire and base metal to assess and compare the strength of weld joints. FESEM
analysis is also conducted for fractography of the small sample taken from the fractured tensile

samples to investigate the fracture surface's nature.
3.7.5 XRD and EDS analysis

The intensity of different phase angles is recorded through an X-ray diffractometer (Make:
Rigaku) to determine phase changes. Similarly, The chemical composition is quantitatively
characterised with the help of energy-dispersive (X-ray) spectroscopy before and after the

PWHT to compare it with the composition in base metal.

3.8  Summary

This chapter provided a thorough description of the methodologies applied to achieve the stated
thesis objectives. First, a clear explanation is given on materials (Baseplate, electrode, flux)
selection, welding parameters and other critical factors in conducting the submerged arc
welding experiment on P91 steel. Further, it describes appropriate experimental methods to

determine welding induced temperature, distortion and residual stresses.

Finite element modelling of SAW butt joints of P91 steel is broadly explicated in different
subsections. Thermal and structural modelling stages are separately discussed for boundary

conditions, governing equations and finite element formulations.

Further, the mathematic formulation and boundary conditions are also elaborately explained
for FE modelling and simulation of different pre, in, and post-process mitigation heat
treatments for SAW butt joints of P91 steel. At last, the experiment setups for microstructural

and mechanical characterisation of the welded joints are introduced.
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CHAPTER 4

STUDY OF THERMAL HISTORY, DISTORTION AND RESIDUAL
STRESSES IN SAW WELDED BUTT JOINTS OF P91 STEEL

4.1 Introduction

This chapter provides a detailed experimental estimation of welding induced thermal history,
distortions and residual stresses in SAW welded square butt joints of P91 steel. The chapter
includes five sections, excluding the Introduction. Section 4.2 explains the overall quality of
SAW welded square butt single and double side single pass joints of P91 steel.

Further, the following sections provide a comparative analysis of thermal history, distortion

and residual stresses in both SAW welded square butt single and double side single pass joints.

4.2 Weld preparation

Based on the trial experiments considering weld bead width, depth of penetration and top &
bottom reinforcement, a set of welding process parameters are obtained for both SAW welded
square butt single and double side single pass joints, given in Table 4.1.

Table 4.1 Welding parameters for single and double side SAW joints

Wire feed Welding Travel Speed Welding Electrode stick
Parameters rate Voltage (V) (mm/s) Current (A) out (mm)
(mm/min)
Single side 200 23 5.14 560 25
Double side (Top) 200 22,5 5.1 470 25
Double side (Bottom) 200 24 5 460 25

Figure 4.1 (a) and (b) present the top and bottom sides of single pass single and double side
square butt joint specimens. A sound and narrow bead profile for bottom side weld bead are
observed in square butt single side single pass welding. Similarly, adequate top and bottom
reinforcements are achieved for both the weld joint cases. Figure 4.2 shows the cross-sectional
view of both the weld joints to observe bead shape, size, and depth of penetration. The
maximum HAZ width of ~7.7 mm is observed near the mid thickness of the square butt single-

side single pass weld,
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Figure 4.2 Cross-sectional view of square butt single and double-side single pass weld joint

samples
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It is reduced to 4.9 mm for square butt double side single-pass welding owing to less heat input
in each weld pass. A solid penetration depth is observed, especially in square butt single side

single pass welding without any edge preparation.

4.3 Thermal history

The thermal histories recorded through the DAQ system for different points away from the
weld bead on the top surface of the plate of both square butt single and double side single pass

welded joints shown in Figures 4.3 and 4.4, respectively.
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Figure 4.3 Thermal history of square butt single-side single pass welding
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Figure 4.4 Thermal history of square butt double-side single pass welding

70

TH-2683_166103031



The thermal profile for the square butt single side single pass welding shows the peak
temperature of around 723 °C at a point 12 mm away from the weld centreline on the top
surface. Whereas, for double-side single pass welding, the measured peak temperature of 557
°C is observed for the 1% weld pass at a point 14 mm away from the weld centreline. Similarly,
the peak temperature of 570 °C is observed for the 2" weld pass by the thermocouple attached
at a point 16 mm away from the weld centreline on the bottom surface. The temperature vs
time graphs of both the cases display a rapid heating and cooling cycle of welding. The bottom
side weld pass exhibits the sudden rise in temperature from the top side weld pass's cooling

stage in double side welding.

These abrupt heating and cooling cycles are the sole causes of microstructural instability and
change in mechanical properties of arc welded joints. Similarly, the resultant thermal expansion
and contraction associated with these thermal cycles also instigated welding-induced residual
stresses and distortions. Therefore, the study and analysis of welding induced distortion and

residual stresses beforehand is important.

4.4 Welding induced residual distortion

The vertical distortion is measured for each marked point on the top surface of the weld plate
as explained in section 3.3, which are plotted in terms of angular distortion and edge deflection

as shown in Figure 4.5 and Figure 4.6 below.
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Figure 4.5 Distortion along the midline across the weld centreline for square butt single- and

double-side welded joints
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Figure 4.6 Distortion along the edge of square butt single- and double-side single pass

welded joints

In both cases, it is observed that double side welding reduces the overall distortion. The
maximum angular distortion value for square butt single-side single pass joint is observed
around ~0.12 mm at the midpoint on the top surface of the base plate edge. Similarly, the
angular distortion in terms of angular distortion angle (o) is calculated as (~0.23°). As far as
the double-side single pass welded butt joint is concerned, the maximum angular distortion
value of ~0.04 mm is observed at the midpoint on the top surface of the base plate edge, which
is reduced by around 70%. Similarly, double side single pass welding also reduced the angular

distortion angle to around ~0.14 © i.e., by 39%.

The distortion along the welding direction is estimated as edge deflection. Figure 4.6 shows
that the distortion value at one of the ends of the plate edge also reduced from ~0.07 mm (for
square butt single side single pass weld) to almost zero, i.e., around ~0.004 mm (for square butt
double side single pass weld). The deflection pattern also changed for the flatter edge of the

square butt double side single pass welded joint, as shown in Figure 4.6.

4.5 Welding induced residual stresses

DHD and contour techniques are performed for residual stress measurement in square butt
single side, and double side single pass welded joints. The P91 steel welds show unique residual

stress distribution in both the welding cases as discussed following-

72

TH-2683_166103031



4.5.1 Square butt single side single pass weld joint

The DHD technique measured biaxial residual stress values in FZ and HAZ after removing the
top and bottom weld crowns/ caps. The experiment is carried out as explained in the
methodology section 3.4.1. Figure 4.7 (a) presents the as-welded sample after the drilling and
trepanning processes. It shows that DHD is performed at two locations (in the quasi-static
region and 25 mm away from the start position) in FZ along the weld centreline. At the same
time, only one location is chosen for HAZ. Figure 4.7 (b) shows the axes of the drilled holes
in FZ and HAZ.

Location of DHD residual
stress measurement

Figure 4.7(a) Weld sample after drilling and trepanning, (b) Locations for residual stress

measurement

Figure 4.8 (a) presents the measured longitudinal and transverse residual stress values in the
FZ for the measurement region in the FZ, 25 mm away from the start position. The x-axis in
Figure 4.8 (a) shows the total thickness of the FZ region, including top and bottom weld bead
crowns. It is observed that both longitudinal and transverse stress values are compressive in
the fusion zone throughout its thickness. The maximum value of (-118 MPa) is observed at 4
mm thickness from the top. The compressive residual stress decreased sharply to -3.5 MPa
towards the bottom side at 11 mm thickness. The maximum value of compressive transverse
residual stress is observed as -40 MPa. This compressive stress was also reduced to -20 MPa
towards the bottom side. However, transverse residual stress almost remains constant
throughout the thickness in the FZ.
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Figure 4.8 Through thickness longitudinal and transverse residual stresses in (a) Fusion zone
and (b) Heat Affected zone of square butt single-sided single pass joint (DHD technique)

Similarly, Figure 4.8 (b) presents the DHD measured longitudinal and transverse residual
stresses in HAZ. It is observed that in HAZ, both longitudinal and transverse residual stresses
are tensile. The longitudinal residual stress value at 1 mm thickness from the top side of the
weld joint is 202 MPa (i.e. maximum). The value gradually decreased to 65 MPa at 8 mm
thickness. However, it has been discovered that the transverse residual stress values are
comparatively much lower than longitudinal stress. The transverse stress values gradually
decrease from 1 MPa (at 1 mm thickness) to -12.5 MPa (compressive) towards the bottom

surface.

In general, volumetric shrinkage in the weld develops tensile residual stress during the cooling
process. However, martensitic transformation in Gr. 91 steel weld stirs up the microscopic
volumetric expansion during the cooling cycle. At the same time, a comparatively faster
cooling rate induces martensitic transformation, which increases the volumetric expansion
effect. In addition, since square butt single-side single-pass welding involves less weld material
than V or X butt multi-pass welding, it experiences less volumetric shrinkage effect (i.e., less
tensile residual stress) [44]. As a result, compressive residual stress is induced in a single-sided
single pass welded joint. A similar compressive residual stress pattern throughout the thickness
of FZ is observed for laser-welded square butt single-pass joint of 10 mm thick Gr. 91 steel
[36].
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4.5.2 Square butt double side single pass weld joint

Contour measurement is performed on square butt double-side single pass welded joint to
measure spatial residual stress distribution on the cut surface across the weld centreline. The
whole experiment involves four significant steps, as explained in methodology section 3.4.2.

First, both the surface deformations are precisely measured for targeted points (Total number
of targeted points= 900) on the cut surface. The surface deformation at a point represents the
vertical position (z- coordinate) of that point. Whereas x and y coordinates of the cut surface
define the location of targeted points. The surface deformation measurement on CMM is shown

in Figure 4.9.

Figure 4.9 Surface deformation measurement on CMM

The precision of deformation data is subjected to various factors like; cutting precision, surface
roughness, positioning of sample on CMM bed and probe surface, etc. Hence, both contours
of the cut surfaces are averaged at each point (X, y) to remove the effect of shear stresses and

imperfection in cutting.

However, despite proper levelling and alignment of the sample on the CMM platform, the
surface plot obtained for the exposed surface remains distorted. Consequently, the third most
important step, ‘data conditioning’, takes place. The surface plot's orientation and smoothness
are rectified, as explained in methodology section 3.4.2.1. The surface plot of average surface

deformation values after the data conditioning is shown in Figure 4.10 below.
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Figure 4.10 Surface plot for average surface distortion of both the cut surfaces after the data

conditioning

Smoothening of the surface plot is accomplished through the nonlinear surface fitting, using
the Levenberg- Marquardt (L-M) algorithm [117], as explained in methodology section 3.4.2.
Hence, the best-fitted surface for the measured surface deformation plot is obtained, as shown
in Figure 4.11 (a). At last, static structural FE analysis is performed with nodal displacement
load matching the surface deformation plot. The deformation values are applied as
displacement load in the negative direction to the corresponding nodes on the surface
equivalent to the cut surface to obtain the analogous stress distribution same as welding induced
residual stresses. The six degrees of freedom are constrained as initial boundary conditions to

prevent rigid body motion of the plate. The cut section's FE model with appropriate meshing
and constraints is also shown in Figure 4.11 (b).
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Figure 4.11 (a) Best fitting surface deformation plot (Adjusted R? value= 0.9105), (b) FE

model of one of the halves of weld sample for surface deformation load structural FE analysis

Hence, the contour plot of longitudinal residual stress distribution on the cut surface of the
double-side single pass welded joint is shown in Figure 4.12.
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Figure 4.12 Contour plot of longitudinal residual stress distribution on the cut surface of
square butt double-side single pass welded joint (contour measurement technique)
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The tensile residual stress distribution is observed in the mid-region of the weld plate.
However, compressive stresses are observed in the top and bottom sides of the fusion zone.
The possible reason for compressive residual stress is fast cooling through exposed areas of
top and bottom regions compared to mid-region. The slow cooling rate affects the martensite
transformation of the P91 steel weld during cooling. It leads to less volumetric expansion and
originates tensile residual stress in a double-side butt weld's mid thickness region. The
maximum compressive residual stress in the double-sided weld's contour plot is observed as -

194 MPa. On the other hand, the peak value of tensile residual stress is observed as 38 MPa.

Figure 4.13 presents longitudinal residual stress values in the FZ of both square butt single-
and double-side single pass welded joints. It presents a comparative explanation of residual
stress distribution in the FZ of both the weld joints. For the square butt single side single pass
weld joint, the observation points are within 4 mm (top) to 11 mm (bottom) thickness in the
FZ, signifying the removal of the top and bottom weld bead crowns DHD measurement.
However, the whole thickness, including weld bead crowns, is considered for square butt

double-side single pass weld joint.
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Figure 4.13 Longitudinal residual stress across the thickness in the fusion zone of square butt
single and double side single pass welded joints

Compressive residual stress is observed in the FZ of square butt single-sided single pass weld,
decreasing from top to bottom. However, the square butt double-sided single pass weld shows
tensile residual stress in the mid-thick region, as shown in Figure 4.13. The residual stresses
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on top and bottom points are observed as —58.9 MPa and -193.1 MPa, respectively. It is also
observed that the tensile residual stress reaches its peak in the lower half of the plate thickness
at 9 mm from the top surface with a value of 32.4 MPa. The top and bottom weld bead crown
regions of square butt single side single pass joint may also show compressive residual stress,

which is assessed from FE results explained in the next chapter.

4.6 Summary

In this chapter, the thermal history, welding induced distortion and residual stresses are studied
for both square butt single and double side single pass welded joints of P91 steel plate. The

conclusion of the above studies are as follows-

e Compressive residual stress is observed in the fusion zone of square butt single side
single pass welded joint throughout its thickness.

e Hence, it is revealed that submerged arc single side single pass welding of P91 steel
endorses its unique austenitic- martensitic solid-state phase transformation during
heating and cooling cycles.

e However, square butt double-side single pass submerged arc welding induced tensile
residual stress in the mid thickness region of FZ, with compressive residual stresses in
the top and bottom weld bead outer surfaces.

e As far as welding induced distortion is concerned, double side single pass welding
induces less distortion than single-side single pass welding.

e Similar residual stress distribution has been observed for other arc welding processed
P91 steel [25], [31]-[33] [36].
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CHAPTER 5

THERMO-MECHANICAL ELASTIC-PLASTIC ANALYSIS OF SAW
BUTT JOINTS OF P91 STEEL

5.1 Introduction

Thermomechanical elastic-plastic FE modelling and simulation of the welding process is a
well-established numerical method to predict and analyse welding induced distortions and
residual stresses. Therefore, this chapter describes FE modelling of submerged arc welding of
P91 steel plate for square butt single and double side welded joints. The precise thermal
modelling of the welding process results in accurate prediction of welding induced distortion
and residual stresses. Hence, the second section explains the thermal model fitting of predicted
nodal temperature results. It is observed that considering element birth & death technigue,
double ellipsoidal heat source model and temperature-dependent material properties lead to the

high accuracy of predicted thermal results.

Further, the following sections describe the prediction of welding induced distortion and
residual stress results, which consider implementing solid-state phase transformation at various
stages of FE modelling. The successful modelling of solid-state phase transformation
phenomenon is perceived in predicted results of welding induced distortions, and residual
stresses in square butt single side single pass SAW joint. Residual stress distribution across the
weld bead is explored and analysed for both square butts single and double side welded joints.

Predicted distortion and residual stress results are also fairly matched with measured results.

5.2 Thermal model fitting and temperature distribution

The double ellipsoidal heat source model is considered for both single and double side welding.
The constant parameters in the double ellipsoidal heat source model are physically measured
for both square butt single and double side welded joint samples, listed in Table 5.1. The
contour plots of temperature distribution during heating and cooling cycles of single side single
pass welding are shown in Figures 5.1. The peak temperature and Gaussian distribution of

temperature contour are also noticeable in the contour plots.

81

TH-2683_166103031



Table 5.1 Constant parameters for the double ellipsoidal heat source model

Parameters a b Cront Crear ffrom frear

Single sided 8 10 10 28 1.47 0.53

Double_sided 79 55 8 26 1.53 0.47
(top side)

Double sided 73 55 8 255 1.52 0.48

(bottom side)

The element birth and death technique effectively replicated the addition of molten weld metal
during welding, as observed in Figure 5.1 (a). The contour plot also replicates the heat
distribution on heating during the welding. While Figure 5.1 (b) presents the temperature
contour during the cooling cycle. The peak temperature of 1893 °C is observed in FZ of single

side single pass welding.

T ——y 5 1139.69 e L T - g
235 4795 Y1088 (g3gy 1675 11069 14, 63159556 19935 S2.02 1) 5120.98 140 56 19994 179,42 1989 218,38 237.86 2573

Figure 5.1 Contour plot of temperature distribution during (a) heating and (b) cooling cycles

of square butt single side single pass welding

Similarly, Figure 5.2 (a) & (b) exhibit the inclusion of molten weld metal during top and bottom
weld passes of double-side single pass welding. Figure 5.2 (c) shows the cooling cycle once
the welding is performed. The peak temperature of 1784 °C is observed for the top side first
weld pass, while the bottom side weld pass shows a peak temperature of 1860 °C. The peak
temperature of the top side weld pass is slightly lower than the single side single pass weld
because of less weld material per pass. However, heat from the earlier weld pass increased the

peak temperature in the second weld pass.
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Figure 5.2 Contour plots for temperature distribution during heating in (a) top side weld pass,

(b) bottom side weld pass and (c) cooling cycles of square butt double-side welding

The high thermal gradient between the weld zone and the base metal zone is the most

responsible factor for inducing distortion and residual stresses in the welded structure.

The time-temperature curve and temperature contour across the weld of square butt single side
single pass weld joint are shown in Figure 5.3. The thermal profile shows a predicted peak
temperature of around 745 °C at a point 12 mm away from the weld centreline on the top

surface of the weld plate.
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Figure 5.3 (a) Thermal profile and (b) temperature contour for square butt single side single-

pass welding

This peak temperature slightly deviates by almost 3% from the measured value of 723 °C at
the same point for submerged arc square butt single side single pass welded joint. Hence, the

double ellipsoidal heat source model is an appropriate choice for modelling the submerged arc
welding process.

Similarly, the macrograph of the square butt single side single pass welded joint adequately
replicates the predicted temperature contours and precisely matching the bead shape, as shown
in Figure 5.3 (b). The region below the temperature Acy, i.e., lower transformation temperature,

represents the heat-affected zone. The rest of the region represents base metal.
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Figure 5.4 presents the temperature curve and temperature contour across the weld for square
butt double side single pass welding. The predicted peak temperature of 571 °C is observed at
a point 14 mm away from the weld centreline for the first weld pass compared to the measured
peak temperature of 557 °C on the top surface of the weld plate. Similarly, the second pass
peak temperature is observed at 610 °C for the point 16 mm away from the weld centreline on
the bottom surface of the plate. Hence, the predicted thermal profiles precisely replicate the

measured temperature-time plot for the single and double side submerged arc welding

processes.
800 5
Top surface at 14 mm (Numerical)
] (a) o Top surface at 14 mm (Experimental)
Bottom surface at 16 mm (Numerical)
600 - o Bottom surface at 16 mm (Experimental)
o
<
8 16 mm|14 mm
> e
& 400- ™
2 ©bservation points
s - X
(¢B)
I_
200+ s
O T T T T T T T T '
0 200 400 600 800 1000
Time (s) —=
1st pass -
To [ ESTRN
P B 39722
1 53332
769.41
955.56
= 114167
o 1328.78
] 14789
2nd pass i
100
I 7778
B 45556
1 63432
E 811.21
[ 98896
] 116636
o 1344.54
0 14731

18544

Figure 5.4 (a) Thermal profile and (b) temperature contour for square butt double side single

pass welding
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Figure 5.4 (b) also shows the macrograph of the top, and bottom side welds of the square butt
double side single pass welded joint, which adequately replicates the predicted temperature
contours and exactly matches the actual bead shape. Since the predicted temperature results are
fairly comparable to the experimental results, it can efficaciously be applied as nodal

temperature load in the structural analysis.

5.3 Welding induced distortion

The welding induced distortion in square butt single-side single pass weld joint is considered
here to analyse the effect of solid-state phase transformation in submerged arc welding of P91
steel. The distortion patterns of angular distortion and edge deflection are shown in Figure 5.5

and Figure 5.6 below.
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Figure 5.5 Angular distortion in the square butt single-side single pass welded joint
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Figure 5.6 Edge deflection of square butt single-side single pass welded joint

Three conditions are considered to analyse the effect of SSPT phenomenon in P91 steel welds
named as (i) no SSPT effect, (ii) only volumetric changes during SSPT and (iii) all SSPT effects
(i.e., volumetric changes, transformation plasticity and microstructural changes effects).
Figure 5.5 and Figure 5.6 show that the predicted distortion results significantly deviate from
the experimental results for no SSPT effect. The edge deflection is observed to be concave,
which is opposite to experimental results, as observed in Figure 5.6. Consequently, the vertical
distortion value at the mid edge point also decreased by a large margin, as observed in Figure
5.5 and Figure 5.6. The predicted distortion value of -0.07 mm at the mid edge point deviates
from 0.12 mm distortion value measured for single side single pass square butt joint of P91

steel.

However, implementing volumetric changes due to SSPT shapes up the distortion results to
match the actual edge deflection pattern of actual weld joint sample, as observed in Figure 5.6.
However, it over predicted the angular distortion and edge deflection results, as observed in
Figure 5.5 and Figure 5.6.

Finally, the microstructural change-induced vyield strength and transformation induced
plasticity effect during SSPT are also included in FE modelling. These collectively improved
the accuracy of distortion results. The predicted vertical distortion value at the mid edge of the
welded plate reaches the value of ~ 0.1 mm, much closer to the measured value of 0.12 mm,
i.e., by a difference of 1.7%. Similarly, the predicted vertical distortion values at one of the

ends of the edge is observed as 0.08 mm, close to the measured value of 0.07 mm. Hence, the
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predicted results are close enough to measured distortion values at the mid and endpoints of
the weld plate’s edge. However, the predicted results matched the experimental measured

distortion across the plate edge and the weld centreline.

The contour diagram of all three modelling cases, i.e., without SSPT, volume changes due to

SSPT and full SSPT effects are shown in Figure 5.7, Figure 5.8 and Figure 5.9, respectively.
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Figure 5.7 Vertical distortion contour in square butt single-side single pass welded joint (no
SSPT)
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Figure 5.8 Vertical distortion contour in square butt single-side single pass welded joint

(only volume change)
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Figure 5.9 Vertical distortion contour in square butt single-side single pass welded joint (full
SSPT effects)

The concaveness of the plate edge is noticeable in Figure 5.7 for the modelling case without
considering the SSPT phenomenon. Whereas the SSPT induced volumetric changes to show a
significant change in the distortion pattern, as shown in Figure 5.8. Hence, it is observed that

considering SSPT enhances the prediction accuracy by providing more relevant results.

Therefore, FE modelling of square butt double-side single pass weld joint is performed
considering full SSPT effects. The contour diagram of vertical distortion in the square butt

double-sided single pass weld joint is also shown in Figure 5.10 below.

-201E-03
-157E-03
-121E-03
-101E-03
-.854E-04
-312E-04

- 784E-05
- .984E-05

387E-04
m
[m] . S14E-04

NN |

Figure 5.10 Vertical distortion contour in square butt double-side single pass welded joint
(full SSPT effects)
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Figure 5.11 Angular distortion in square butt single and double-side single pass welded joints
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Figure 5.12 Edge deflection in square butt single and double-side single pass welded joints

The predicted distortion pattern also reasonably matches the experimentally measured results

in the square butt double side single pass welded joint. Double side single pass welding

reduced the welding induced distortion values, which are also observed in Figure 5.11 and

Figure 5.12.
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5.4 Welding induced residual stress

As DHD measurement was performed in FZ and HAZ of square butt single-sided single pass
welded joint, the predicted residual stresses within the measurement region (i.e., 3 mm hole
diameter) must be considered for comparison. Moreover, the DHD technique measures the
residual stress values developed after the stress relaxation in the trepanned core region of 12
mm diameter, as explained in methodology section 3.4.1. Hence, the nodal residual stress
values of all the nodes within the trepanned core region are selected to calculate the average
value of residual stress at each thickness. Finally, it represents the predicted residual stress

value comparable with the experimentally measured residual stress values.

Square butt single side single pass weld joint model is considered here to analyse the effect of

solid-state phase transformation in FE modelling as discussed below-

5.4.1 Effect of SSPT phenomenon in residual stress distribution

The contour plots for longitudinal residual stress distribution in single-side single pass square
butt joint are shown in Figure 5.13 for the weld joint model with and without considering SSPT

effects.
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Figure 5.13 Longitudinal residual stress distribution in square butt single-side single pass

welded joint models (a) without considering SSPT (b) considering full SSPT effects
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Figure 5.13 (a) shows that without the SSPT phenomenon, the quasi-static region of the weld
joint model expectedly developed tensile residual stress. Though, the HAZ region unexpectedly
shows tensile peak value. The steel (like austenitic steel) with no solid state phase
transformation phenomenon also exhibits similar residual stress distribution [150], [151]. In
contrast, the contour plot in Figure 5.13 (b) shows that the whole quasi- static weld region
developed compressive residual stress in the P91 steel weld. However, the start and end regions
show tensile residual stress. Consequently, the HAZ region shows tensile residual stress
distribution. Figure 5.14 presents the residual stress distribution across the weld centreline to
understand and differentiate the SSPT effect.
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@600 - —e— Longitudinal stress (No SSPT effects)
1 z
= 450

1Observation Line

2 T 2 T 2 T 2
0 40 80 120 160
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Figure 5.14 Residual stress distribution across the weld in square butt single side single pass

welded joint models

P91 steel weld shows compressive residual stress in the weld region and tensile stress in the
nearby region between weld and base metal. Maduraimuthu et al. [44] also observed a similar
residual stress distribution (i.e. compressive peak of about -275 MPa in the FZ region) across

the weld on the top surface for square butt single pass activated TIG welding of P91 steel plate.

5.4.2 Residual stresses in square butt single and double-side welded joint models

Figure 5.15 presents the longitudinal residual stress along the weld centreline in the FZ and
along an observation line in HAZ of square butt single-side welded joint similar to DHD
measurement. The predicted results in the plot are the average value of longitudinal residual

stress within the trepanned core region (i.e. 12 mm diametral region of the trepanned core
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around the reference hole). Figure 5.15 shows that the predicted results are quite comparable
and reasonably matches the measured results. However, the weld bead top crown region shows
compressive peak values while bottom bead crown shows lower tensile or compressive residual
stress. The possible reasons for lower tensile or lower compressive residual stress in bottom
bead crown may be less volumetric expansion under martensitic transformation and dominance
of the volumetric shrinkage effect during cooling. The predicted results vary with a slight
difference in the maximum value of compressive residual stress at thickness 4 mm (from the
weld bead top surface) is observed as -169.1 MPa. The corresponding measured value is -118
MPa.
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Figure 5.15 Longitudinal residual stress distribution in (a) FZ taken at 25 mm away from the

starting end of the weld bead and (b) HAZ of square butt single-side single pass welded joint

However, the predicted results are reasonably matching the measured results for the bottom
side points. The weld bead top and bottom crowns region show higher peaks of compressive
residual stresses. The comparatively faster cooling rate in top and bottom bead regions induces
the martensitic transformation while cooling, resulting in volumetric expansion and
compressive residual stress. The stress distribution in HAZ also matches the residual stress
distribution pattern similar to the measured results. However, the point values show some
significant deviation within the thickness range of 3-5 mm. The minimum prediction error for
longitudinal residual stress in FZ of square butt single side single pass weld joint is 9.5% at the

9 mm thickness.

Figure 5.16 shows the cross-sectional view of the longitudinal residual stress contour in the

FZ. The section is taken within the DHD measurement region in FZ (explained in section 4.5.1)
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after removing weld bead top and bottom crowns, i.e., within the plate thickness range from 1
mm to 9 mm. It also reveals compressive residual stress throughout the thickness in the FZ of
single-pass single side SAW welded butt joint, which is similar to low tensile or compressive
residual stress distribution in single side single-pass laser-welded 10 mm thick P91 steel plate

as observed by Kumar et al. [36].
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Figure 5.16 Cross-sectional view of longitudinal residual stress contour in the FZ of square
butt single-side welded joint of the section taken parallel to reference hole perpendicular to

weld centreline similar to DHD measurement

The residual stress values in the FZ region are close enough to the measured results. Though,
it does not match precisely because it is not equivalent to the average value of nodal residual
stress values. Figure 5.17 shows the predicted and measured longitudinal residual stress in the

FZ of the square butt double-side single pass welded joint.
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Figure 5.17 Longitudinal residual stress along the weld centreline in the FZ of square butt
double-side single pass welded joint

It reveals tensile residual stress in the mid thickness region of the weld fusion zone, similar to
measured results. However, the lower half of the mid thickness range between 5- 11 mm of the
square butt double-side single pass welded joint model shows compressive residual stress of
lower magnitude, which slightly deviates from the experimental results. Both top and bottom
regions observe compressive residual stress with maximum predicted values of -122 MPa and
-214.2 MPa, respectively. However, the measured residual stress values for the same points in
the top and bottom regions are -58.9 MPa and -193.1 MPa. However, the residual stress values
within the thickness region 2- 9 mm, fairly matched the experimental results. The minimum
prediction error for longitudinal residual stress in FZ of square butt double side single pass
weld joint is 4.2% at the thickness of 4.7 mm. Hence, the overall distribution of predicted
longitudinal residual stress along the weld centreline in FZ of square butt double side welded
joint replicates the measured spatial distribution of longitudinal residual stress in the fusion

region on the cut surface.

55 Summary

This chapter discussed the finite element modelling of submerged arc square butt single and
double side single pass welded joints of P91 steel. In finite element modelling, the focus is
given to heat source modelling, element birth and death technique, temperature dependency of
material properties and unique properties of austenite- martensite solid-state phase
transformation in P91 steel. The following observations are made from the above studies:
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e The volumetric changes under the SSPT phenomenon show a significant contribution in

precise FE modelling of solid-state phase transformation in P91 steel welds.

e |t is also revealed that microstructural changes and transformation plasticity induced

changes during SSPT have an essential role in the overall accuracy of predicted results.

e However, the volumetric changes owing to the SSPT phenomenon under predict the residual

stress distribution for higher compressive peak in FZ of the single side single pass weld.

e The predicted thermal results fairly matched with the experimental results. However,
without considering the SSPT phenomenon, the finite element model over predicts the
residual stress (tensile stress in weld bead region) results and under predicts the distortion

results.

e The quasi-static weld bead region in square butt single side single pass submerged arc

welded joint exhibited compressive longitudinal and transverse residual stress distribution.
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CHAPTER 6

FE ANALYSIS OF PRE, IN AND POST-WELD HEAT TREATMENTS
PROCESS FOR THEIR MITIGATION EFFECTS ON SAW BUTT
JOINTS OF P91 STEEL

6.1 Introduction

The welding induced residual stresses and distortions must be mitigated to prevent catastrophic
failure and improve the fatigue life of the weld joint. Hence, this chapter discusses mitigation
techniques to control welding induced residual stresses and distortions in submerged arc
welded joints of P91 steel. It includes a comparative study of different mitigation steps at

different welding stages, i.e. before, during, and after.

Thermo-mechanical elastic-plastic finite element modelling is widely known to simulate
different heat treatment processes [152] effectively. Therefore, this chapter performs FE
analysis of pre, in and post welding mitigation heat treatments on square butt single side single
pass welded joint to observe and compare their mitigation effects. The phase transformation
effect of P91 steel is successfully applied in the FE modelling of all the mitigation processes.
Hence, the mitigation effects of each heat treatment are explained in further sections. Section
6.2 explains pre-welding mitigation, which comprises preheating of base metal region near the
root gap at a fix temperature range. Similarly, sections 6.3-6.5 explain in- process mitigation
heat treatments (i.e., side heating, heat sinking, hybrid combined side heating and heat sinking),
which regulate the temperature gradient, heating and cooling intensity and rate of heating &
cooling during the welding process. At last, section 6.7 presents the mitigation effect of post-
weld heat treatment on P91 steel welds. The post-weld heat treatment process is efficiently
modelled for specific heating rate, heating temperature, holding time, cooling rate etc. to assess

their degree of mitigation on welding induced residual stresses.

6.2 Effect of preheating

The process parameters similar to the experiment mentioned are taken for the square butt single

side single pass weld joint model for both the cases with and without preheating. The predicted

thermal profiles are plotted for two nodal points during the preheating process, one at the plate’s

edge near the root gap (Region 1) and another in the preheating region (Region 2) on the plate’s
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top surface. The time-temperature profiles for the welding process with and without preheating
are shown in Figure 6.1. The thermal profile in the preheating region shows that the initial
temperature in the region increased by 200- 250 oC, which decreases the thermal gradient in
the transverse direction of the weld region. It is observed that the peak temperatures of welding
increased to 1904 °C (Region 1) and 521 °C (Region 2) after preheating, compared to peak
temperatures of 1823 °C (Region 1) and 361 °C (Region 2) for welding without preheating.
Preheating raises the localised temperature near the welding region, which reduces the
difference between the surrounding temperature and the peak temperature of welding. Figure
6.2 presents the temperature contour plots of the square butt joint model for the welding process
with and without preheating. It presents a descent in the thermal gradient across the weld region
after preheating. Hence, it affects the magnitude of thermal expansion or contraction for the

same thermal expansion coefficient value.
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Figure 6.1 Time-temperature profile for preheating followed by single pass single side
welding

It is also observed that preheating slowed down the cooling rate of the welding process. The
slow cooling rate influences the martensitic transformation, which affects the volumetric

contraction or says welding induced distortion and residual stresses.
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Figure 6.2 Contour plot of temperature distribution during square butt single side single pass

welding (a) with preheating, (b) without preheating

The angular distortion and edge deflection in preheated square butt single-side single pass
welded joint is shown in Figure 6.3 and Figure 6.4, respectively. The effect of implementing

solid-state phase transformation is also observed in Figure 6.3 and Figure 6.4.
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Figure 6.3 Angular distortion in the transverse direction
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Figure 6.4 Edge deflection in the welding direction

Preheating reduces the vertical distortion value from 0.12 mm (measured) to 0.07 mm at the
mid edge point on the top surface of the plate, i.e., by 44%. Simultaneously, the edge deflection
value at both ends of the plate edge reduced from 0.07 mm (measured) to 0.024 mm (predicted),
i.e., by 60%. However, the edge deflection pattern at the edge remained the same. The angular
deformation angle was also reduced from 0.23° (measured) to 0.143° for preheated single-side

welded butt joint model.

The preheating effect is also quite noticeable from the vertical distortion contour plots, as

shown in Figure 6.5.
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Figure 6.5 Vertical distortion contour of (a) as-welded (b) preheated square butt single side

single pass welded joint models
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Figure 6.5 also shows that the distortion pattern is the same for both as-welded and preheated
square butt single side single pass weld joint model with a difference in distortion value.
Therefore, preheating is a promising mitigation method in reducing welding-induced
distortions.

The contour plots of longitudinal residual stress distribution in as-welded and preheated square
butt single side single pass weld joint models are shown in Figure 6.6. It is observed that
preheating reduces the residual stress values in the weld and its localised region. It also
decreases the magnitude of tensile residual stress in the region between the base metal and weld

bead, which can also be observed in the contour diagram as shown in Figure 6.6.
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Figure 6.6 Contour plot of longitudinal residual stress distribution for (a) preheated, (b) as-

welded square butt single side single pass welded joint models

Figure 6.7 presents the longitudinal residual stress values on the top surface across the welds'
weld centreline. The magnitude of compressive residual stress decreases in the weld region
because of the increase in overall temperature and decrease in cooling rate. Similarly, the
magnitude of tensile residual stress decreases in the HAZ region. Hence, the preheating
expectedly shows a modest mitigation effect on residual stress distribution as observed in
published works [14].
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Figure 6.7 Longitudinal residual stress in as-welded and preheated square butt single side

single pass welded joint models

6.3 Effect of in-process mitigation heat treatments

The in-process mitigation heat treatments involve transient side heating, heat sinking and
combined side heating & heat sinking, as explained in the methodology section. These
mitigation heat treatments are modelled and analysed along with submerged arc welding of
square butt single-side single-pass P91 steel plate. The modelling is performed with and
without solid-state phase transformation phenomenon to understand and compare its effect.
The process parameters for the square butt single side single pass welding model are taken
similar to the experiment performed given in and kept the same for all the in-process mitigation
(i.e., side heating, heat sinking and combined side heating & heat sinking) cases.

6.3.1 Thermal results

The thermal profile and temperature contour of all the three in-process mitigation heat

treatment conditions are discussed in the subsequent sub-sections, which are as follows:
6.3.1.1 Transient side heating

The side heating temperatures must be below the lower transformation temperature of P91
steel, i.e. Aci. Hence, the three side heating temperatures are taken for the current study as 350
°C, 500 °C and 650 °C. Figure 6.8 shows the thermal profile of transient side heating for the

two observation points on a top surface of the plate in the fusion zone and side heating zone.
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Figure 6.8 Thermal profile for transient side heating with square butt single side single pass

welding of P91 steel plate

The enlarged view of thermal profiles of cooling stage reveals that the temperature graph is

elevated with side heating, which signifies that side heating decreases the cooling rate. The

side heating region's thermal profile reveals that side heating causes an apparent sudden rise in

the localized temperature, which subsides the thermal gradient across the weld region in the

transverse direction. Figure 6.8 also reveals that both thermal gradient and cooling rate decrease

with an increase in heating intensity. Figure 6.9 show the temperature contour across the weld

on the top surface of the weld plate during welding with and without side heating processes.
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Figure 6.9 Contour plot of temperature distribution during square butt single side single pass

welding of P91 steel plate (a) with side heating, (b) without side heating
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The change in thermal gradient in the transverse direction of weld bead and change in peak
temperatures in the regions are pretty noticeable. The peak temperature of welding also
increased by a slight difference from 1893 °C to 1961 °C.

6.3.1.2 Heat sinking
The effect of heat sinking is assessed for different convective heat transfer coefficient values.
Figure 6.10 presents the thermal profile for in-process heat sinking for different convective

heat transfer coefficient values.

1600 = Welding
| — 1500 W/m?K
—— 2000 W/m’K
T 12004t < —— 8000 W/m’K
) —— 12000 W/m’K
o E 2
o oint in heat sink region 15000 W/m"K
i 20000 W/m?K
2 8004 \
©
S
[«B) °
Q_ -4
=
it Z
=400 X
— (b)

O T T T T T T T T .
0 100 200 300 400 500
Time(s) —

Figure 6.10 Thermal profile for heat sinking beneath the root gap in square butt single side

single pass welded P91 steel plate

Intense heat sinking causes a sudden drop in the cooling cycle thermal profile, which increases
the cooling rate. It also causes a sudden drop in the thermal gradient within the weld region.
The weld region's peak temperature dropped by some extent for higher values of convective
heat transfer coefficient. The thermal profile became narrower for heat sinking cases, which
indicates faster cooling. It also indicates that the weld plate stays at a high temperature for a

short duration.

Figure 6.11 present the temperature contour on the plate’s top surface for welding with and
without heat sinking. It reveals a contraction in the front and rear part of the heating cycle's

temperature contour, which shows the cooling effect of heat sinking. Heat sinking diminished
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the peak temperature from 1893 °C to 1658 °C for heat sink cases with convective heat transfer
coefficient value (h= 20000 W/m?K).
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Figure 6.11 Contour plot of temperature distribution during submerged arc square butt single

side single pass welding (a) with heat sinking, (b) without heat sinking

6.3.1.3 Combined transient side heating and heat sinking

Figure 6.12 presents the thermal profile of four different cases: welding without in-process
mitigation; welding with side heating (region at 30 mm from weld centreline); welding with
the heat sink (h = 20000 W/m?K), and welding with combined side heating and heat sink.

&’ HSZ SHZ = sideheating (HSZ)
1 ~ /7 = Welding (HSZ)
1200 - . 4 = heat sink (HSZ)
. === cOMbined (HSZ)
1000 : X == Sideheating (SHZ)
%) | Welding (SHZ)
Q_ Observation points == Heat sink (SHZ)
2 800 = Combined (SHZ)
§ |
o 600
o
= i
(5]
=400
200 \ SHZ- Side Heating Zone
1 ~ \. HSZ- Heat Sinking Zone
O n -— — —_— —
T

: : , : , :
0 50 100 150 200
Time () ——

Figure 6.12 Thermal profile for combined side heating and heat sinking in square butt single

side single pass welding of P91 steel plate
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Two observation points are selected in the heat sink region near the FZ and side heating region
to trace the change in temperature w.r.t time. The enlarged view of peak temperature reveals
that the peak temperature slightly increased from 1250 °C to 1297 °C after side heating, and
the cooling rate decreased. On the other hand, the heat sink causes a decrease in the peak
temperature from 1250 °C to 1134 °C for the same point and the cooling rate increases. The
heat sink effect prevails the side heating effect for cooling rate in combined side heating and
heat sinking heat treatments. In contrast, side heating dominates the heat sinking effect to
diminish the thermal gradient between the side and weld regions.

6.3.2 Welding induced distortion

Figure 6.13 presents the FE predicted angular distortion pattern for as-welded and different
mitigation heat treatments cases without considering the SSPT phenomenon. It is observed that
transient side heating effectively reduces the vertical distortion value, which is noticeable in
Figure 6.13. However, the angular distortion pattern remains unchanged. On the other hand,
heat sinking increased the angular distortion angle from 0.12° to 0.26°. The combined transient
side heating and heat sink are also ineffective in controlling welding induced angular distortion

value and pattern.
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Figure 6.13 Angular distortion for different cases of in-process mitigation heat treatments in

square butt single side single pass welded joint models (without considering SSPT effect)

Figure 6.14 presents the angular distortion pattern for as-welded and all the mitigation cases,
considering the SSPT phenomenon.
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Figure 6.14 Angular distortion for different cases of mitigation heat treatments in square butt
single side single pass welded joint models (considering SSPT effect)

Both side heating and heat sinking are found less effective in reducing the distortion values. In
transient side heating, the region near the heating area experiences thermal expansion under
direct heating effect and brings more distortion near the plate's edge [153]-[155], as observed
from Figure 6.14. In heat sinking, the concave pattern of angular distortion changed to a convex
pattern owing to localised volumetric contraction under intense cooling[156]. Nonetheless, the
combined transient side heating and heat sinking showed a modest mitigation effect by
decreasing the vertical distortion value by almost 50% in the weld bead region, decreasing the
angular deformation angle from 0.23 ° (measured) 0.133 °. It also reduced the distortion value
at the mid-point of the plate’s edge from 0.12 mm (measured) to 0.04 mm, as shown in Figure
6.14.

6.3.3 Welding induced residual stress

The residual stress distribution is compared for each in-process mitigation heat treatment with
an as-welded condition. The longitudinal residual stress across the weld region on a top surface

of the weld plate is considered for comparison as follows-

6.3.3.1 Transient side heating

In side heating, the localized secondary heating source produces compressive stress during

welding (—oz). The magnitude of developed compressive stress is proportional to the

temperature gradient (07/0x). Subsequently, the compressive stress would induce the thermal
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tensioning stress (+otension) in the weld bead region [155], [157]. It unveils that an increase in
the heating temperature at a distance ‘X’ from the weld zone produces sharp thermal gradients

in the heating region, which produces a thermal tensioning effect.

Figure 6.15 show the longitudinal residual stress distribution on the weld plate's top surface
across the weld centreline for square butt single side single pass welding of P91 steel plate with
side heating. It considers heating intensity and heating torch location as two deciding factors

for side heating's mitigation effect.
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Figure 6.15 Longitudinal residual stress distribution across the weld of square butt single side
single pass weld joint with side heating considering (a) different side heating temperatures
without SSPT, (b) different side heating temperatures with SSPT, (c) different heating locations
without SSPT and (d) different heating locations with SSPT

Figure 6.15 (a) shows the longitudinal residual stress distribution for three SH temperatures,

30 mm away from the weld bead, without considering the SSPT phenomenon. The tensile

residual stress value at the weld centreline dropped from 362 MPa (as-welded) to 264 MPa
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(SH_350°C), i.e., by 38%. The heating area displays changes like compressive stress (welded)
to tensile (SH_350 °C). A similar result is observed for higher heating temperatures, i.e., higher
tensile residual stress is developed for higher heating temperatures. However, the weld region's
residual stress values did not vary much for higher heating temperatures of 500 °C and 650 °C.

Figure 6.15 (b) presents the longitudinal residual stress distribution considering the SSPT
effect. As side heating slows down the cooling rate, it affects the martensitic transformation,
contributing to less volumetric contraction and reduces the weld region's compressive residual
stress value. As the SH temperatures are below the transformation temperature, the P91 steel
plate experiences the usual volumetric expansion in the heating region during side heating. As
a result, it induces compressive plastic strain during welding. Hence, it developed tensile

residual stress in side heating areas.

Figure 6.15 (c) and (d) show the longitudinal residual stress distribution for different heating
torch locations away from the weld bead with and without considering the SSPT phenomenon.
It is observed that heating torch location affects the tensile longitudinal residual stress value in
side heating areas. The more we increase the heating torch's distance from the weld bead, the
less it affects the thermal gradient near the weld region. Hence, the change in the heating
location does not significantly affect longitudinal residual stress distribution in the weld region.
However, the heating regions experience tensile peaks for both with and without SSPT

phenomenon cases.

6.3.3.2 Heat sinking

The localized secondary cooling source in heat sinking produces a quenching effect in the weld
and nearby regions. It induced compressive stress (-ccompressive) 1N the vicinity of the weld bead
region [97], [158]. Figure 6.16 (a) and (b) show the longitudinal residual stress across the weld
centreline on the weld plate's top surface for P91 steel with and without SSPT, respectively.
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Figure 6.16 Longitudinal residual stress across the weld in square butt single side single pass
welded joint models with heat sinking (a) without SSPT effect, (b) with SSPT effect

For a higher convective heat transfer coefficient (h= 20000 W/m?k), the tensile residual stress
on the fusion zone centreline reduced from 362 MPa to 227 MPa, i.e. by 37.3%. The plate’s
edge region shows a massive compressive residual stress value change from -200 MPa to -23
MPa. The possible reason for this alteration is that parent base metal balances the state of
residual stress across the weld centreline in the transverse direction against the change in the

residual stress in the weld region [97].

However, on considering the SSPT effect, Figure 6.16 (b) shows that compressive longitudinal
residual stress distribution shrinks within the weld bead region due to contraction in the thermal
profile (observed in Figure 6.10). The rapid cooling or quenching effect of heat sinking reduces
longitudinal residual stress values throughout the weld centreline. The maximum tensile
longitudinal residual stress value in the HAZ region dropped from 235 MPa to 133 MPa, i.e.
by 43.4%. Similarly, the longitudinal residual stress in and near the weld centreline expectedly
diminished to a much lower compressive value of -388 MPa (h= 20000 W/m?k) from -339
MPa (as-welded), i.e., by 12.1%.

6.3.3.3 Combined side heating and heat sinking

Both transient side heating and static heat sinking effectively mitigate the welding induced
distortions and residual stresses in P91 steel welds with and without the SSPT phenomenon.
However, side heating and heat sinking exhibited a different kinds of mitigation results.

Therefore, the study is further extended to assess the effect of combining transient side heating
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and static heat sinking processes. Figure 6.17 (a) and (b) show the longitudinal residual stress

across the weld for combined TSH and HS during welding.
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Figure 6.17 Residual stress distribution for combined side heating and heat sink (a) without
considering SSPT, (b) considering SSPT

The combined mitigation heat treatment develops a crown shape longitudinal residual stress
distribution across the weld in the transverse direction. The residual stress is expectedly
reduced in the weld bead region more efficiently than TSH and HS processes for no SSPT
phenomenon case, as shown in Figure 6.17 (a). The longitudinal residual stress value on weld
centreline diminished from 362 MPa (as- welded) to 184.1 MPa (combined TSH_600 °C+
HS_h= 25000 W/m?K) i.e., by 49.1%. The heating regions also developed tensile peaks of
higher values (> 200 MPa) under transient side heating effects. However, the region between
side heating and heat sinking areas shows compressive residual stress and cause an abrupt

change in residual stress distribution across the weld in the transverse direction.
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On considering the SSPT phenomenon, it is observed that residual stress value on weld
centreline decreased in magnitude but remained compressive. The reason behind this alteration
is that transient side heating weakens the overall cooling effect of heat sinking. Therefore, the
compressive residual stress value decreased for the weld centreline by increasing the side
heating temperature. The crown shape distribution of residual stress across the weld centreline
develops a sharp gradient of residual stress value with multiple compressive and tensile residual

stress peaks.

6.4 Effect of post-weld heat treatment

Figure 6.18 presents the thermal profile of the PWHT process predicted through FE modelling
of the process. It represents the three stages of post-weld heat treatment. It can be observed that
the specific heating rate, soaking time & temperature, and cooling rate in the heat treatment are
competently simulated, same as explained in the methodology section. The soaking

temperature is kept at 760 °C for 2 h of holding time.
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Figure 6.18 Thermal profile of post-weld heat treatment

Figure 6.19 present the contour plots of longitudinal residual stress distribution in post-weld
heat-treated and as-welded P91 steel weld joints considering SSPT phenomenon. From the
contour plot, it is observed that post-weld heat treatment eliminated the tensile residual stress
peak in the region between the weld bead and base metal. PWHT also diminished the

compressive residual stress values in weld bead region almost by 85-90%.

113

TH-2683_166103031



-341E+09

.845E+08

2 o)
O12E+08 o ethid

-
[Pa] B 379g+00

- 195E07 = -273E+09
B -284E+07 -179E+09
O -SO1E+07 =] -132E+09
—  .102E+08 -

[ -.847E+08
= “23?5133 [ -377E+08
= e I .939E+07
% . ] .565E+08
E=

Figure 6.19 Contour plot of longitudinal residual stress distribution in (a) post-weld heat-

treated, (b) as-welded square butt single side single pass welded joint models

The PWHT induces a drastic change in residual stress distribution. Plastic deformation during
the heating stage of heat treatment holds a significant contribution towards reduction in residual
stresses owing to a gradual drop in YS & elastic modulus [159]. It also observed that the creep
phenomenon shows a significant stress relaxation effect in FE modelling of PWHT [159].
Hence, Norton’s creep model is adopted for FE modelling of PWHT.

The stress relaxation pattern during PWHT cycles for a point within the weld bead and base
metal region is shown in Figure 6.20. It noticeably exhibits the influence of heating, soaking
and cooling rate or time during heat treatment. Figure 6.20 reveals that stress relaxation mainly
occurs in the primary stage of creep phenomena, where plastic strain or creep strain develops
during heating. These creep strain develops under the influence of trapped residual stresses and
lowers YS and elastic modulus. Thus, plastic distortion in terms of creep strain release the
residual stresses. Similarly, further stress relaxation occurs during the soaking time at constant

creep strain. Known as secondary stage of phenomena [34].
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Figure 6.20 Stress relaxation at a point between the weld and HAZ region on the top surface
of the plate during PWHT (considering creep phenomenon)

Though, the secondary stage of creep shows insignificant contribution towards stress
relaxation. It signifies that soaking time has no significant role in stress reduction during heat
treatment. Dong et al. also observed a similar stress relaxation pattern in the P91 steel girth
weld during PWHT [159].

6.5 Summary

A detailed study is performed by FE modelling pre-welding, during welding, and post-heat
treatments to compare their mitigation effects. The mitigation models for the three stages of
welding exhibited a modest mitigation effect. The overall outcomes of this chapter are as

follows:

e Preheating is found promising in mitigating welding-induced distortion and residual stresses
in SAW welded P91 steel.

e Transient side heating causes minor changes in residual stress distribution in the weld bead

region besides the heating intensity and side heating locations.
e Heat sinking adeptly extenuates the tensile residual stress in HAZ in SAW welded P91 steel.

e The combined side heating and heat sinking processes developed a crown shape longitudinal

residual stress distribution across the weld centreline.
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e Finally, post-weld heat treatment also shows a significant stress relaxation effect on SAW
welded P91 steel.

On the contrary, post-weld heat treatment is obligatory for P91 steel welds to recover their
overall mechanical behaviour and microstructural stability [40], [41], [160]. Similarly,
preheating is known for its preventive responses on hydrogen embrittlement and inclusion [91].
It was also discovered that square butt single and double side single pass submerged arc welded
P91 steel possess compressive residual stress in the weld bead region. Hence, despite good
mitigation outcomes of in-process mitigation heat treatment, it is less practical and productive
on SAW welded P91 steel than preheating and PWHT.
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CHAPTER 7

INFLUENCE OF PREHEATING AND PWHT ON RESIDUAL
STRESSES AND DISTORTION OF SAW WELDED BUTT JOINTS
OF P91 STEEL

7.1 Introduction

Based on the findings of previous chapters, it is realized that preheating and PWHT promise
mitigation techniques to control weld induced distortion and residual stresses. Hence, this
chapter deals with pre and post welding heat treatment effects on submerged arc single side
and double side square butt-welded joints of P91 steel plates. Preheating and post-weld heat
treatment experiments are carried out to compare their effects. Post weld heat treatment is
carried out in an automatic furnace with a controlled heating rate, temperature, and cooling
rate. This chapter is focused on experimental validation of numerically predicted results for

their mitigation effects.

7.2 Preheating and PWHT experiments

The oxy-acetylene flame is used as a heat source to perform preheating over the area of 20 mm
on both sides of the welding zone [14]. The preheating temperature is monitored using infrared

thermal imaging and monitored through thermocouple attachment.

The PWHT is accomplished on weld joint samples within 48 hours of the welding experiment
in an automatic furnace provided with control units for time and temperature. The furnace
consists of 4 heating rods, collectively controlled to acquire specific heating and cooling rates.
The heating rate, soaking time, temperature, and cooling rate are kept the same as discussed in
section 6.4 and shown in Figure 6.18.

7.3 Mitigation effect on square butt single side single pass welded joint

Preheating reduced the edge deflection and angular distortion, as shown in Figure 7.1.
Preheating efficaciously minimized the vertical distortion value at the mid edge’s point on the
top surface from ~ 0.12 mm (as welded) to ~ 0.07 mm (preheated), i.e., by 41.6%. While, the
vertical distortion value at the end point of the edge on the top surface reduced from ~ 0.07 mm
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(as welded) to ~ 0.03 mm (preheated), i.e., by 57%. Angular distortion angle also reduced from
~0.23°to ~ 0.143° (i.e., 37.8%) for the preheated single-side welded butt joint. The mitigation
effects of preheating are observed in Figure 7.1.
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Figure 7.1 (a) Angular distortion, (b) edge deflection in square butt single-side single pass
welded joints with and without preheating

The residual stress is measured through the thickness of the welded plate in the HAZ and FZ
by performing the DHD technique. Residual stress distributions in the HAZ and FZ throughout
the plate’s thickness (neglecting weld bead top and bottom crowns) for the preheated and as-

welded joints are shown in Figure 7.2.
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Figure 7.2 Residual stresses in (a) FZ and (b) HAZ of preheated and as-welded square butt

single side single pass welded joints

In FZ, longitudinal residual stress shows the same pattern throughout the thickness for both as-
welded and preheated weld joints. However, the residual stress values decreased to -75 MPa
from -118 MPa at 1 mm of thickness, i.e., 36%. The longitudinal residual stress transformed
to tensile stress of 22.5 MPa (preheated) from compressive stress of -4.2 MPa (as-welded) in
the bottom region of the welded plate. The transverse residual stress values in the FZ
dramatically changed from top to bottom of the plate thickness after preheating. The top side
shows the highest variation or transformation of compressive residual stress values from -38.1
MPa to a tensile residual stress of 41.2 MPa. In HAZ, the maximum value of longitudinal
stress effectively reduced to just 26 MPa (preheated) from 200 MPa (as welded weld) at 1 mm

thickness of the plate, i.e. by 87%. After preheating, transverse residual stress within the HAZ
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varies similar to as-welded case throughout the plate thickness with lower values. However,
the transverse residual stress value remains the same for the bottom side region of HAZ and

FZ, as shown in Figures (a) and (b).

The same comparative study is carried out to analyse the effect of PWHT on residual stress
distribution. The residual stress distribution (neglecting weld bead top and bottom crowns) in
HAZ and FZ of post-weld heat-treated and as-welded cases are shown in Figure 7.3 (a) and (b)

below.
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Figure 7.3 Residual stress in (a) FZ and (b) HAZ of as-welded and post-weld heat-treated

square butt single side single pass welded joints

On performing PWHT, both longitudinal and transverse residual stresses values are reduced in
both FZ and HAZ. The FZ's longitudinal residual stress at 1 mm thickness transformed from

compressive stress of -118 MPa (as-welded) to tensile residual stress of 26 MPa (PWHT).
121

TH-2683_166103031



Similarly, transverse residual stress also transformed from compressive residual stress of —50
MPa to tensile residual stress of around 50 MPa at 1 mm thickness. HAZ also experiences a
similar mitigation effect for longitudinal residual stress, which reduced from 202 MPa to
around 49.1 MPa, i.e., by almost 76%. Transverse residual stress was also reduced in FZ and
HAZ and developed a linear distribution throughout the thickness.

Finally, both preheating and PWHT processes are applied to assess the combined effect of both
processes. The residual stress distributions for this case are shown in Figure 7.4 (a) and (b) for

both transverse and longitudinal residual stress in HAZ and FZ.
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Figure 7.4 Residual stress in (a) FZ and (b) HAZ of combined preheated and post-weld heat-

treated weld and as-welded square butt single side single pass welded joints
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It is observed that the combined preheating and PWHT processes efficiently mitigates the
welding induced residual stress distribution in both longitudinal and transverse directions for
both HAZ and FZ.

Figure 7.4 (a) shows the longitudinal and transverse stress distribution in the weld fusion zone.
Here, it is observed that combined preheating and PWHT efficaciously mitigates the stress
distribution. The longitudinal stress value at 1 mm thickness is observed as 15 MPa,
transformed from compressive to tensile value from as-welded condition. Similarly, the
transverse stress value at 1 mm thickness is observed as -16 MPa, compared to the
corresponding value (-40 MPa) of as-welded welds. It is also observed that for both the regions,
i.e. HAZ and FZ, the variation in residual stress distribution is not as sharp as for as-welded
conditions followed by preheating and PWHT. The longitudinal stress value in HAZ at 1 mm
thickness transformed from tensile stress to compressive stress (i.e.-15 MPa), as shown in
Figure 7.4 (b). The longitudinal stress values remain tensile in the mid thickness region but
with a much lower value of 5-12 MPa than the as-welded case. The transverse stress
distribution is observed to be compressive throughout the thickness. The mid thickness region

shows the significantly small tensile residual stress in the transverse direction.

To clearly understand the effect of preheating, PWHT and combined pre and post-weld heat
treatments on residual stress distribution, a bar diagram of the extreme value of longitudinal

and transverse residual stresses are presented here, as shown in Figure 7.5.
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Figure 7.5 Extreme values of longitudinal and transverse residual stress in the square butt

single side single pass joints of P91 steel under four different cases
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Both longitudinal and transverse maximum residual stress values (tensile or compressive) are
observed in the as-welded sample. As expected, the minimum residual stress values (tensile or
compressive) are observed for the combined preheated & PWHT weld sample. It signifies that
preheating combined with post-weld heat treatment on submerged arc square butt single side
single pass joint of P91 steel shows maximum and better mitigation effect than PWHT without

preheating.

7.4 Mitigation effect on square butt double side single pass welded joint

In square butt double side single pass submerged arc welding of the P91 steel plate, preheating
is carried out by maintaining a temperature range of 250- 300 °C near the root gap before each
pass. Hence, preheating is performed similarly to single side single pass joint for first-pass. At
the same time, the same temperature is maintained as inter pass heating for the second weld

pass.

Post weld heat treatment of double-side single pass welded joint is performed for same process
parameters similar to single-side single pass welded joint. Preheating in double side welding is
found less effective in controlling welding induced distortion. Angular distortion angle
decreases from 0.14° to 0.1°. Similarly, the distortion value at the mid edge of the plate
diminishes from 0.04 mm to 0.013 mm. Hence, preheating shows a minor mitigation effect on

welding induced distortion in double side welded joints as observed in Figure 7.6.
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Figure 7.6 (a) Angular distortion, (b) edge deflection in square butt double-side single pass

welded joint
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The longitudinal residual stress distribution in double side butt welded joints are assessed with
contour surface residual stress measurement technique for all the mitigation cases as discussed
in the methodology section. The contour plots of longitudinal residual stress distribution on the
cut surfaces of all the three cases at the midline across the welding direction are shown in

Figure 7.7 for as-welded, preheated, and post-weld heat-treated welds.
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Figure 7.7 Contour of measured longitudinal residual stress distribution in (a) as welded, (b)

preheated, and (c) post-weld heat-treated square butt double side single pass welded joints

It is observed that preheating, which is known for reducing thermal gradient, and cooling rate,
expectedly reduce the longitudinal residual stress in mid thickness region. Whereas the bottom
weld bead crown region exhibits slight increase in compressive residual stress. However, it
shows similar kind of dispersal of residual stress same as as-welded case, i.e. compressive
residual stress values abruptly vary from bottom surface towards mid region. In HAZ region,

preheating slightly decreases the longitudinal residual stress at the top and bottom regions, as
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observed in Figure 7.7 (b). On the other hand, post-weld heat treatment successfully diminishes
the overall residual stress (both compressive and tensile) values in both weld bead crown and
mid regions, as observed in Figure 7.7 (c). Post weld heat treatment mitigated the peak
compressive residual stresses, especially in the bottom bead region from -194 MPa (as-welded)
to -41 MPa (PWHT). Similarly, PWHT scaled-down the tensile peak values in the mid
thickness region from 38 MPa (as-welded) to 11 MPa (PWHT). Consequently, PWHT
develops a lower magnitude of compressive and tensile residual stresses throughout the
thickness in the FZ and HAZ.

7.5 Summary

This chapter explains preheating and post-weld heat treatment effects on residual stress and
distortion of submerged arc square butt single and double-side single pass welded P91 steel

plates. Based on the studies, following observations are made:

e It is discovered that in a square butt single side welded joint, preheating reduces the
compressive residual stress in FZ. However, it does not show a significant mitigation

effect for residual stress distribution in square butt double side welded joint.

e Preheating capably mitigated the welding induced distortion in square butt single-sided

welded joint and shows fair mitigation effect in square butt double side welded joint.

e As discussed in section 6.6, the post-weld heat treatment experiment exhibits an
excellent stress relaxation in both SAW square butt single and double side single pass

weld joints.

e Preheating combined with PWHT shows a better mitigation effect in reducing residual
stresses in the SAW square butt joint of P91 steel.

Hence, pre and post-weld heat treatments are pretty effective and productive in controlling
weld induced residual stresses and distortion and resumption of mechanical properties and

microstructural stability of P91 steel welds.
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CHAPTER 8

MICROSTRUCTURE AND MECHANICAL CHARACTERIZATIONS
OF SAW WELDED BUTT JOINTS OF P91 STEEL WITH
PREHEATING AND POST-WELD HEAT TREATMENT

8.1 Introduction

Previous chapters studied the SAW-induced temperature distribution, distortion, and residual
stresses on the P91 steel plate. An efficient nonlinear elastic-plastic thermal-structural FE
model was also developed to understand the thermal and structural behaviours of submerged
arc square butt-welded joints of P91 steel. In continuation, different mitigation techniques were
also proposed, and its FE simulation was also performed. Based on the predicted results, it was
observed that all three pre, in and post welding mitigation processes are effective in mitigating
welding induced distortions and residual stresses. On the other hand, the importance of PWHT
in retaining the mechanical properties and microstructural stability of P91 steel weld is also
suggested in published literatures [10], [40], [92], [146]. Similarly, preheating is also known
for decreasing hydrogen inclusion and embrittlement. Therefore, the preheating and PWHT
experiments were conducted on SAW butt joints of P91 steel and analysed to assess and

compare the FE results considering their mitigation effects.

Hence, in this chapter, microstructural and mechanical characterization of SAW butt joints of
P91 steel is performed to analyse the effect of submerged arc welding, preheating and PWHT
on P91 steel weld. The present studies are performed on submerged arc square butt double side
single pass welded joint. The chapter is divided into six sections, excluding the introduction.
Four different weld samples are selected based on the applied heat treatments, which are (a) as
welded, (b) preheated, (c) post-weld heat-treated, (d) preheated, and post-weld heat-treated
weld samples as given in Table 8.1. Section 8.2 describes every aspect of the thermal cycle’s

effects on the microstructural characteristic of welded joints.

Table 8.1 Weld samples with different heat treatment conditions

Processes performed Sample ‘1’ Sample ‘2’ Sample’ 3’ Sample ‘4’

Preheating X v v X

PWHT X v X v
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Similarly, the micro-hardness of different zones across the weld is discussed in section 8.3.
Sections 8.4 and 8.5 describe the tensile properties of the welded joint for different heat
treatment processes. At last, the chemical compositions and phases are assessed for their

quantitative analysis in the welded joints.

8.2 Macro and microstructural characterization

The macrographs of properly etched samples of all four cases are captured by a
stereomicroscope in Figure 8.1. It is observed that the depth of penetration in a single pass for
double side single pass submerged arc welding is obtained about 50% of the plate thickness.
However, on preheating, the depth of penetration increases to 60-70% of the plate thickness
for the same set of process parameters. The fusion boundary and HAZ boundary are also
presented in Figure 8.1. It also shows the hardness lines along which microhardness values are

measured.
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Figure 8.1Cross-sectional view of the weld samples for four cases

The microstructure is observed for all four cases in different weld zones, i.e. FZ, CGHAZ,
FGHAZ and ICHAZ. Figure 8.2 reveal the microstructure of different regions across the weld
of the as-welded weld. The base metal shows Ferrite (white spots) and Pearlite (black spots)

grain structures favouring the lowest temperature gradient in the base plate region.
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Figure 8.2 Microstructure images of the as-welded case in (a) Base metal (b) weld centreline
in FZ (c) Fusion boundary line with FZ and HAZ (d) CGHAZ (e) FGHAZ

Figure 8.2 (b) shows the needle-shaped or acicular untempered martensite structure in the
fusion zone. The high thermal gradient in the weld region increases the cooling rate, which
transforms the weld metal into a martensite structure during cooling. Figure 8.2 (c) shows the
fusion boundary line between FZ and HAZ. The CGHAZ is observed within ~2.5 mm of width,
adjacent to the fusion boundary. Figure 8.2 (d) comprises coarse austenitic grain boundaries
due to modest thermal gradients in the region. The untempered martensite lath is observed
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within the PAGBs indicated by arrows. For moderate peak temperature (above transformation
temperature (Acs), precipitates get dissolved to form carbide and nitride matrix, resulting in
lath martensite in CGHAZ. The FG-HAZ is also shown in Figure 8.2 (e) in the width of ~ 1.5
mm. The peak temperature in FG-HAZ remains below the transformation temperature (Aca),
and so, the present precipitates could not dissolve completely, which is easily observed in
Figure 8.2 (e) [161]. Hence, the whole HAZ is observed in the width of ~5- 7 mm.

Untempe red Martensite

WELD ZONE =

Figure 8.3 Microstructure images of the prheated weld (a) Base metal (b) Weld Zone in
centreline (c) Fusion boundary line with FZ and HAZ (d) CGHAZ (e) FGHAZ

Figure 8.3 present the microstructural images of preheated weld sample. Figure 8.3 (a) shows

uniform microstructure, i.e. ferrite and pearlite grains in the base metal region. In the fusion
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zone, untempered martensite (needle-shaped) grains are observed similar to the as-welded
case, as shown in Figure 8.3 (b). Nonetheless, as the preheating process decreases the thermal
gradient from the fusion zone towards HAZ, it diminishes columnar structure formation during
solidification. In CG-HAZ, the austenitic grain size is smaller than the as-welded sample due
to the high heating rate of preheating near the root gap [18]. The microstructures of different

zones in the post-weld heat-treated weld are shown in Figure 8.4.

Tempered Martensite

Figure 8.4 Microstructure images of the post-weld heat-treated weld (a) base metal (b) Weld
Zone in centreline (c) Fusion boundary line with FZ and HAZ (d) CGHAZ (e) FGHAZ

Coarsening of carbide precipitates is observed after PWHT. In PWHT, the tempering process

converted the needle shaped martensitic structure to a fine grained ferritic matrix embedded
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with cementite particles, which are observed as black spots in the microstructural image given
in Figure 8.4 (b). Both coarse and fine grained-HAZ show the tempered martensite along with
coarse and fine austenitic grains, respectively. Coarsening of carbide precipitates are observed
after PWHT, as observed in Figure 8.4 (d). Figure 8.5 presents the micrographs of the
preheated and post-weld heat-treated weld for various zones across the weld. As PWHT is
applied on the preheated welded joint, the effect of preheating is not noticeable from the
microstructural images. In FZ, the tempered martensite consists of both ferrite and pearlite
grains matrix along with cementite particles.

Tempered Martensite

WELDZONE
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Figure 8.5 Microstructure images of preheated and PWHT weld (a) Base metal (b) Weld
Zone in centreline (c) Fusion boundary line with FZ and HAZ (d) CGHAZ (e) FGHAZ

8.3 Micro-hardness across the weld

The contour plots of microhardness values of the four cases are shown in Figure 8.6 (a), (b),
(c) & (d). The contour plot shows that the hardness values vary for different zones of weldment
and base metal. FZ's hardness distribution is comparatively higher for the as-welded case, with
the maximum hardness value of 438 HV. On performing PWHT, the hardness value reduced
substantially due to the complete tempering of martensite, which results in the softening of the
material. In both PWHT and combined PWHT & preheated welds, the average hardness values

in the FZ reduced to 178 HV and 165 HV, respectively.
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Figure 8.6 Contour plot of hardness values for (a) as welded, (b) Preheated, (c) PWHT weld
(d) Preheated and PWHT square butt double-sided single pass welded joint

It is observed that preheating alone reduces the hardness value from 437.2 HV (as-welded)
to 401 HV (preheated), i.e. by 8.2%. Similarly, the combined preheating & PWHT reduced
the hardness value from 437.2 HV (as-welded) to 174 HV (after combined preheating and
PWHT), i.e. by 60.2%. Figure 8.7 (a) shows the linear distribution of microhardness values
across the weld bead for all four cases.

136

TH-2683_166103031



1 —A— As welded
—— Preh |
450 reheated weld
—W¥— PWHT weld
A —@— Preheated+
400

PWHT weld

Microhardness (HV9) —»
w
o
o
1

-20 0 20
Distance across the weld (mm) —

Figure 8.7 Micro-hardness across the weld for four cases

It is noticeable that for as-welded and preheated welds, the hardness values suddenly
dropped at the boundary of FZ and HAZ, which designates the presence of inter-critical
HAZ. This sudden fall in hardness value makes the Gr. 91 welds prone to cracking and
failure. The different peaks of microhardness in the fusion zone of as-welded conditions
are also vanished after preheating, which reduced the austenitic grain size in HAZ.
Similarly, these grains develop a less columnar structure in the FZ. These collectively
decrease the overall hardness values in both HAZ and FZ for uniform distribution across

the FZ.

8.4 Weld strength and ductility

The tensile specimens are prepared along with the weld bead to evaluate the actual weld
strength. It examines the quality of the weld bead for any welding defects. Two tensile samples
were prepared for each welding case. The average values of the two for each case are reported
as the final results. The engineering stress vs strain plots are shown in Figure 8.8 (a),
collectively obtained for each tensile test conducted at room temperature. After conducting the
test, the fractured tensile samples are displayed in Figure 8.8 (b), which exhibits the fracture
region in the base plate far away from the weld region for all the cases. The nature of the

fracture was ductile for each case which differs with the degree of ductility.
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Figure 8.8 (a) Engineering Stress vs engineering Strain curve at room temperature, (b) Test

specimens after ductile fracture

Table 8.2 represents the UTS, YS, and % elongation values for all five tensile test cases and
includes breaking point strength values. As- welded case shows the highest UTS and Y'S with
the lowest ductility value. The preheating and PWHT processes reduced the UTS and YS
values of the welded joints. However, both processes improve the ductility of the welded joints.

The percentage variations of UTS, YS and ductility, are also presented in Table 8.3.
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Table 8.2 Tensile test results for four cases and P91 steel plate

Sl. Ultimate 0.2% offset % Fracture
No. Sample Tensile Yield Strength  Elongation location
Strength (MPa) (MPa)

1. As welded 740 513 14.6 Base plate
2. Preheat + PWHT 618 389 22.2 Base plate
3. Preheat 721 488 16.2 Base plate
4. PWHT 627 396 18.6 Base plate
5. Base Metal 651 437 35.6 Base plate

It is observed from Table 8.2 and Table 8.3 that preheating and PWHT improved the ductility
significantly as compared with the as-welded sample. A similar reduction is observed after
PWHT for P91 steel welds in previous literature [42], [163].

Table 8.3 Variation (%) in UTS and YS of the welded joint due to preheating and PWHT

processes
Sl Ultimate Tensile Yield Strength
Processes
No. Strength (% Decrement) (% Decrement)
il Preheating 2.6 4.9
2. PWHT 15.2 22.8
3. Preheating + PWHT 16.5 24.2

Due to PWHT, the martensite gets tempered, reducing the hardness value resulting in lower
UTS and more weld ductility. It also causes softening of the welds. Hence, PWHT caused a
fall in the UTS value of the as-welded and preheated welds from 740 MPa (as-welded weld)
and 721 MPa (preheated weld) to 627 MPa (PWHT on as-welded weld) and 618 MPa (PWHT

on preheated weld), respectively.

8.5 Fracture surface analysis

The necking areas of the tensile fracture specimen shown in Figure 8.9 present the cup and

cone shape in the fractured portion. Such cup and cone shapes are generated from a

combination of the shear failure planes at 45° with the axis of the specimen at each peripheral

crack surface towards the central axis. Therefore, such an appearance assures ductile failure.

The presence of dimples, voids etc., in FESEM images of fracture surfaces characterize the
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ductile failure. On comparing the number of voids and dimples, it is observed that post-weld

heat-treated welds are more ductile than the as-welded and preheated welds.

7

_Preheatdd. ™

Figure 8.9 Necking Area and SEM images of fractured surfaces of the tensile specimens of

all different cases fractured under the tensile test conducted at room temperature.
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It signifies that preheating and PWHT improve the ductility of the weld joints individually as
well as combined. On preheating, the cooling rate gets slowed down, which increases the
fraction of the ferrite phase with coarsened dendrite structure, which induces better ductility of
the weld. It also decreases the austenitic grains size, which decreases the hardness, YS and
UTS. Similarly, in the post-weld heat-treated weld, converting an acicular martensite structure
to a fine-grained ferrite structure softens the matrix and reduces the resistance against plastic
distortion. It results in a reduction in hardness and improvement in ductility. The coarsening of
cementite particles and equiaxed ferrite grains reduces the dislocation density in the post-weld

heat-treated welds, diminishing the magnitudes of YS and UTS.

8.6 XRD and EDS analysis

Pre and post-weld heat treatments also influence the elemental compositions on the crack
surfaces for different welding cases. Energy dispersive (x-ray) spectroscopy of the crack
regions' top surface is also performed. The X-ray peaks of different elements present on the
targeted surfaces are shown in Figure 8.10, which directly provides the weight percentage
(Wt.%) of those elements.
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Figure 8.10 EDS of the metal surface of (a) base Metal, (b) as-welded weld, (c) post-weld

heat-treated weld

The primary elements present in all the cases are Fe, Cr, Mo, Mn, V, C, Si, Al etc. The
abundance of Mn and Mo in the as-welded weld signifies the higher weld strength than
preheated and post-weld heat-treated welds [21]. Similarly, Carbide and Nitride forming
elements, i.e. Cr and V, develop precipitates like Cr23Cs, VN, and VC, which improve the
weld's creep strength after PWHT. The existence of such precipitates can also be verified with
X-ray diffraction results comparing base material and post-weld heat-treated material, as
shown in Figure 8.11. The different phases indicate different precipitates like VC, Cr:Cs,
Mn23Cs, and Cr23Cs, CraN, NbN, Fe7Ws etc. The presence of similar phases was reported by

other researchers as well [22, 23].
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Figure 8.11 X-ray diffraction intensity plots for (a) Base metal, (b) P91 steel weld after
PWHT.

8.7 Summary

The effects of preheating and PWHT processes on square butt submerged arc double-side

welded joint of P91 steel is presented in this chapter. The study includes characterisations of
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microstructure and mechanical properties of the weldments due to preheating and PWHT.

Based on the above study, the following conclusions are made.

e The preheating process increases the depth of penetration and improves the bead shape
quality.

e Preheating decreased the hardness of the welded joint by 8.2% from the as-welded joint.

e Preheating also reduced the UTS and Y'S by 2.6% and 4.87%, respectively, compared to the
as-welded condition.

e The as-welded sample exhibits the highest UTS and YS, which differ by 13.7% and 21.8%
from the base metal.

e The UTS and YS of preheated & post weld heat treated welds are lower than the base metal
by 5% and 11%, respectively.

e Post weld heat treated welds witnessed different carbide and nitride precipitates (i.e. Cr23Cs,
Mn23Cs, VC, VN, etc.), which established the desired creep strength in the weldments

comparable to the base metal.
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CHAPTER 9

CONCLUSIONS AND FUTURE SCOPE

9.1 Conclusions of the present work

P91 steel is one of the most suitable steels for high temperature applications. The steel
demonstrates outstanding mechanical and physical properties, especially in a high temperature
(> 600 °C) environment. On the other hand, submerged arc welding is widely known for its
automation and high productivity. A conventional submerged arc welding can also provide a
decent depth of penetration in single pass welding of a thick plate. Hence, this thesis presents

a comprehensive study on submerged arc welding of P91 steel plates.

The submerged arc welding induced temperature distribution, distortion and residual stresses
were evaluated by conducting suitable experiments on a 10 mm thick plate. Finite element
modelling is one of the well-established methods to simulate and replicate the arc welding
process. Therefore, submerged arc welding of the P91 steel plate was also investigated based
on the FE simulation results. The thermal history, distortion and residual stresses were
elaborately discussed in Chapters 4 and 5. The welding induced distortion and residual stresses
are critical post welding issues. It entails additional attention to prevent or condense it. Hence,
mitigation techniques were also discussed at various stages before, during and after the welding
process. Several mitigation methods are suggested and compared for submerged arc welded
P91 steel. Chapters 6 and 7 put across the mitigation techniques to control welding induced
distortion and residual stresses. Finite element modelling and simulation were carried out for
all pre-, in-, and post-process mitigation processes. The simulation results disclose that in-
process mitigation is expectedly effective in reducing the magnitude of residual stress in thick
plate welding. Nonetheless, it was not so productive in mitigating residual stress in P91 steel

welds, as the initial state of welding induced residual stress is already compressive.

Similarly, pre and post welding mitigation processes were also simulated for appropriate
process parameters. These processes were impressive in diminishing and controlling the
welding-induced distortion and residual stresses in the P91 steel weld. However, considering

other advantages of preheating and post weld heat treatment on mechanical properties of arc
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welded joints, experiments were performed on SAW welded joints to examine and assure its

mitigation effects.

At last, a detailed study on mechanical and microstructural characterization was also carried
on different welding specimens of different mitigation processes. The studies revealed that un-
tempered martensite in the FZ of the P91 steel weld resulted in higher hardness and tensile
strength with lower ductility. However, preheating and post-weld heat treatment and mitigation
effects improved the overall qualities of the weld in terms of better ductility, higher strength

and microstructural stability etc.

In accordance with several studies performed on single- and double-sided submerged arc
welding of P91 steel for residual stress and distortion, the salient inclusive conclusions are as

following:

e The high thermal gradient and high heat intensity induce compressive residual stress in the
FZ of SAW welded square butt single side single pass joint of P91 steel.

e SAW welded square butt double side single pass joint shows tensile residual stress
distribution in the mid thickness region of FZ owing to slower cooling rate in the region. In

contrast, top and bottom regions attain compressive residual stress.

e Hence, conventional single or double side single pass SAW process can be preferred to weld

P91 steel thick plate, if compressive residual stress is desired in FZ.

e Solid state phase transformation phenomenon turned out to be one of the key factors for

precise finite element modelling of SAW butt joints of P91 steel.

e The numerically predicted residual stresses and distortion results matched fairly well with
the experimental results for submerged arc square butt single and double side single pass

weld joints.

e Preheating effectively reduces the angular distortion and edge deflection values for both
SAW square butt single and double-side single pass joints.

e Preheating exceptionally controls the longitudinal residual stress, which transforms the
nature of stress from compressive to tensile in square butt single side single pass welded
joint.

e In-process heat treatment mitigation techniques are reasonably competent in reducing the

welding induced distortion and residual stresses in thick plate welds.
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e The combined side heating and heat sinking developed a crown shape residual stress
distribution across the weld centreline with various crests and troughs of compressive and

tensile residual stresses, respectively.

e PWHT efficiently mitigated the residual stresses in both FZ and HAZ of both square butt

single and double side single pass joints of P91 steel.

e It is observed that soaking time at fix temperature during PWHT does not affect the stress

relaxation results and so can be reduced if stress relaxation is the only purpose for PWHT.

e PWHT combined with preheating stimulated a more stable and favourable (least possible
tensile or compressive) residual stress distribution across the thickness as well as across the

weld centreline.

9.2 Future scope

The current study was focused on thermal history, welding induced distortion and residual
stresses in submerged arc welded P91 steel plate. Pre and post weld heat treatment processes
were examined for their mitigation effect on submerged arc welded P91 steel. In-process
mitigation method was also proposed for thick plate welds (considering the SSPT effects). The

study can be extended for following future scope-

e Creep, crack growth and fatigue behaviour can also be explored for submerged arc

welded P91 steel joints.

e The submerged arc welding can be conducted on pipes and pressure vessels of P91 steel

to explore the residual stress distribution and its mitigations.

e The proposed in-process mitigation can be utilised to design the actual hybrid
experimental set up to control the residual stress and distortion in thick ferritic and

austenitic plate weld structure.
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Appendix

Appendix A
Machine Name Make and Model Specifications
UTM Instron, UK . . .
e Hydraulic power pack pumping capacity
25 Itr/min
e Testing Method: Load control and position
control (strain and displacement)
Micro hardness Make:.Brni Tegy e Indentation force 50,100,300,500,2000 gF
r
teste o Dwell time:5t0 60 s
Stereomicroscope Make: Nikon, e Z00m ratio:25: 1
Model:SMZ25 e Magnification range: 0.63—15.75x%

e Motorized zoom
e Zooming observation: BF/DF/FL/Simple
polarizing

Optical microscope Make: Carl Zeiss, e Magnification: 50-5000x

Model: Axiotech- e Table movement: 3 —axis measuring system,
100HD, 3D reflecting light measuring step
75 mm X55 mm x50 mm
e Lens: Binocular photo type
e Camera: Axio-Cam and Axio vision 4.8.2

software (in built)

Field emission Matke{ deiss. e Specimen chamber: 330 mm inner dia, 270 mm

scanning electron
microscope (FESEM)

Model: Sigma height
e Specimen weight: up to 0.5 kg tilted; up to 2 kg
not tilted
e Movement: X =125 mm, Y=125 mm,
Z =50mm, T = —10°to 360° R = 360°
continues

e Specimen stage: 5 axis motorized cartesian
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XRD

Panalytical, X-pert

3 kW generator and direct optical positioning
Pre-FIX incident and diffracted beam

X ray lens with attenuator, fixed divergence slits
1/32°

High resolution goniometer with optically
encoded sample positioning enables a minimum
step of 0.0001°

Wire cut EDM

Make: Fostex

Model: FDK 7735

Max. cutting speed- 160- 180 mm/min
Max. cutting angle- 6°, 15°

Positional accuracy- 0.015/300 mm

Die Sinking EDM

Make: Sparkonix

Max Electrode Wt. 50 kg
Max Job Height 325 mm
Daylight (With Electrode

385 mm
Holder)
Shut Height 135 mm

Coordinate
measuring machine
(CMM)

TH-2683_166103031

Make: Carl Zeiss

Model: Vista
(Bridge type)
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Operating mode- motorised
Software- U soft
Scanning speed- max. 200 mm/ min.

Benchtop- 16" X 20" x 14",



Appendix B
(Contour residual stress measurement technique)

Nonlinear surface fitting:
e Algorithm: Levenberg Marquardt algorithm
e Model: Polynomial 2D
e Polynomial equation:
Z = zo+ A1xx + Axxpow (X, 2) + Azxpow (X, 3) + Asxpow (X, 4) + Asxpow (X, 5) +

B1xy + Baxpow (y, 2) + Baxpow (y, 3) + Baxpow (y, 4) + Bsxpow (Y, 5)
where

20, A1, A2, A3, A4, As, B1, B2, B3, By, Bs are constants.
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