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CHAPTER 6

SUMMARY AND CONCLUSIONS

Summary of the results and major conclusions derived from these results are given in
this chapter. It is given separately for each of the sections identified in Chapter 5: (1) Heat
source fitting and material property data generation, (2) thermo-mechanical analysis of the
autogenous welds of 3 mm thick plate welds, (3) thermo-mechanical analysis of 6 mm thick
plate multi-pass welds, (4) thermo-mechanical analysis of welds prepared with preheating, (5)
thermo-mechanical analysis of welds prepared with both preheating and post heating and (6)
effect of preheating and post heating and residual stress and distortion of the weld joints

6.1. Material data base creation and Bead-on-plate weld

1. Using the weld bead dimensions obtained from bead-on-plate welds made with
different heat input, heat source fitting for double ellipsoidal model was successfully
carried out

2. Material data base for modified 9Cr-1Mo steel, which considers phase transformation
in the steel was generated and provided as material data input file for SYSWELD for

thermo-mechnical analysis.

6.2. Thermo-Mechanical Analysis of Autogenous welding

1. A numerical model which can predict weld thermal cycles, residual stress and
distortion in the autogeneous welds of modified 9Cr-1Mo steel plate was developed.
Material data base generated for this steel and double ellipsoid heat source model with
its parameters adjusted to match the experimentally measured bead parameters were
used as input for this model.

2. Results of prediction from this model was compared with weld thermal cycles
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experienced, residual stress present and distortion that took place in actual weld and it is
demonstrated that the predictions are reasonably accurate.

3. For accurate prediction of residual stress distribution, phase-transformation that takes
place in the material during weld thermal cycle should be considered in the material
data base. It is shown that ‘M’ shaped distribution of the longitudinal residual stress in
the transverse direction of the weld is a direct consequence of solid-state phase
transformations (ferrite to austenite during heating part and austenite to martensite
during cooling part) that occur during weld thermal cycle.

4, Distortion analysis using two different theories (large and small displacement) showed
that distortion is predicted correctly only for models that considers large displacement

theory.

6.3. Thermo-Mechanical Analysis of Multi-pass welding

1. The numerical model developed to simulate the thermo-mechanical behavior of
autogenous weld was suitably modified for multi-pass welding involving V groove
geometry and filler addition. Heat source fitting was also modified to match the multi-
pass weld based on bead-geometries.

2. Predictions of weld thermal cycles, residual stress distribution and distortion made using
this model matched reasonably well with those obtained from experiments.

3. It is shown that prediction of residual stress and distortion that match the experimental
results is obtained only when 3D model with fine mesh is employed. Deviations for
the results obtained for the predictions based on 2D model from that measured
experimentally is high; 2D model predicts lower displacements than actually measured
values.

4. Results of the distortion estimation both from modeling and measurements on

multi-pass welds reveal that solid state phase transformations that occur during
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weld thermal cycle influences not only the residual stress distribution but also the
distortion of the weld joint. This was not revealed in the study carried out on

autogenous welds.

6.4. Thermo-Mechanical Analysis of Modified 9Cr-1Mo steel GTA welding with pre heating

1. The numerical models developed for autogenous welds and multi-pass welds were
modified by incorporating preheating of the joint prior to welding. A disk shaped heat
source with gaussian distribution was used for simulating the effect of preheating.

2. The developed models were able to predict the effect of pre heating on residual stress
and distortion with reasonable accuracy. The analysis showed that pre heating before
welding reduced the peak tensile residual stress value, caused wider distribution of
residual stresses as compared to those without pre heating weld plate in both cases.
There was good agreement between the simulated and measured values.

3. Predicted vertical displacements in both transverse and longitudinal direction were
validated with experimental measured values. There was a good agreement between
predicted and experimental measured displacement values. In case of autogenous welds
maximum vertical displacement reduced to 12% from that obtained for weld without
preheating. Similarly, in case of longitudinal direction peak value of vertical
displacement was reduced by 41%.

4. In case of 6 mm thick multi-pass welding of modified 9Cr-1Mo steel peak value of
predicted verticle displcament in transverse direction was redcued 23%, where as in

longitudinal direction this reduction was 24%.
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6.5. Thermo-Mechanical Analysis of Modified 9Cr-I1Mo steel GTA welding with combined

pre heating and post heating

1. The numerical models for autogenous and multi-pass welds with preheating was
further modified to incorporate post heating of the weld joint after welding. However,
this model does not cover cooling of the weld from post heating temperature to ambient
temperature i.e. model considers post heating temperature as ambient temperature
during cooling part of the weld thermal cycle.

2. Predicted longitudinal residual stress at the weld centerline using this model for
autogenous weld is slightly lower than actually measured, though in other location the
values are comparable. Similarly, for multi-pass welds, predicted residual stress values
are slightly higher than actually measured in most of the cases. These differences are
attributed to limitation of the model to consider cooling down of the weld joint down
to ambient temperatures.

6.6. Effect of pre heating and combined pre heating & post heating on residual stress and

distortion

Residual stresses in a weld plate generated due to localized heating and fast cooling
causing generation of differential expansion and contraction at different location of weld joint.
Due to pre and post heating, the heating becomes more distributed, it reduces the temperature
gradient and it decreases the cooling rate this indirectly reduces thermal expansion and
contraction, which reduces the residual stresses. A comparison of both the predicted and
experimentally estimated values of residual stress and distortion in the welds made
without any preheating, with preheating and with combined preheating and post heating
reveals that preheating + post heating significantly bring down residual stress levels in
the weld joints as well as distortion from those reported for welds made without any

preheating or post heating. In the case of autogenous welds, the reduction in the peak
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residual stresses is ~30% while in the case of multi-pass welds it is ~50%. Reduction in
peak vertical displacement for the weld joints of autogenous and multi-pass welds made
with both preheating and post heating are 45 and 39 % respectively from that of the weld
made without any preheating and post heating. Corresponding reduction for the welds
made only with preheating are 35 and 16% only. Based on this study it can be concluded
pre heating and post heating is more beneficial than only pre heating to bring down
residual and distortion for modified 9Cr-1Mo steel welds.

Overall, the results from the present study offer a FE based numerical model for
predicting residual stress and distortion in the plate butt welds of modified 9Cr-1Mo
steels. This model incorporates the material data base for this steel, uses heat source
parameters optimized from experimental trials, considers solid state transformations that
material undergoes during welding, chooses large displacement theory for prediction of
displacement, select 3D fine meshing for multi-pass weld joints and proposes disk shaped

heat source for modeling preheating.

6.7. Scope for future work

1. At present the numerical model developed is validated up to 6 mm thick weld joint with
‘V’ groove weld geometry with single pass for each layer of weld deposition. Model
can be validated for large thickness plates and multi-pass welds with multiples passes
for the same layer.

2. Numerical model can be developed for tube and pipe weld joints. It may be noted that
modified 9Cr-1Mo steels are used extensively in these product forms.

3. The present model can be modified to cover different arc (SMAW, GMAW, SAW etc.)
and beam (laser and electron) welding processes. Similar modifications can be
attempted for Narrow Gap-Tungsten Inert Gas (NG-TIG) process for which

modification in heat source may be required.
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In the present model that considers post heating, it is not possible to incorporate cooling
of the weld joint from the post heat temperature to ambient. This seems to affect the
accuracy of the predictions from the model. Hence, modification is needed in the model
to overcome this limitation.

The present model considers only conductive heat transfer; convective and radiation
losses from the molten pool have been neglected. Similarly effect of electromagnetic,
buoyancy forces on molten pool is also neglected. Hence, the present model can be

modified to include these aspects so that accuracy of prediction can be improved.
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Abstract

Grade 91 steel weld joints are prone to Hydrogen Assisted Cracking (HAC). It is a normal
practice to carry out pre heating and post heating to minimize the risk of cracking. The three
essential requirements for HAC to take place in welds are sufficient diffusible hydrogen, crack
susceptible microstructure (e.g. martensite) and tensile residual stress present in the weld. If one
or more of these are removed or reduced to low levels, then HAC can be prevented. In general,
martensitic microstructure is the most susceptible and ferritic is the least. In low carbon and C—
Mn steels, by choosing appropriate welding parameters, it is possible to control martensitic
formation; however, for alloyed steels like P91 steel, martenisitic are formed in their welds
irrespective of the welding parameters chosen. For HAC second requirement is hydrogen content
which depends upon consumables, preheating and post heating employed, surface contamination
on the weld surfaces etc.

Increasing demand worldwide for energy production has accelerated the research and
development in high temperature materials. For enhancing the life of high temperature structural
components of power plants, Ferritic-Martensitic stainless steels are becoming the primary
choice due to their good high temperature mechanical properties and resistance to stress
corrosion cracking etc. The modified 9Cr—1Mo steel containing small amount of V and Nb, has
been of much interest because of its superior creep rupture properties in applications up to about
650 °C. Modified 9Cr-1Mo steel depending upon the product term is referred as T91 (Tube), P91
(Pipe), F91 (Forging) or Grade 91 steel. The material is being used in the steam generator of the
Indian Prototype Fast Breeder Reactor (PFBR) at Kalpakkam. Reduced Activation Ferritic
Martensitic Steel (RAFMS) is a modified version of Grade 91 steel developed for fusion reactor

application with an objective to reduce the induced radioactivity and to facilitate easy disposal



after service. RAFM steel is used for Test Blanket Module (TBM) of Indian Lead Lithium
Ceramic Breeder (LLCB), to be installed in (upcoming fusion reactor) ITER. However, for mock
up trails envisaged before the actual fabrication of TBM, Grade 91 steel would be used as a
surrogate material. Thickness of the plates used for these fabrication trials range from 1 mm to
15 mm.

Hence, numerical modelling using FEM is widely followed for estimation of residual stresses
in the weld joints,. For this purpose, software packages like ANSYS, ABAQUS and SYSWELD
are popular. ANSYS and ABAQUS require complex subroutines programming, whereas
SYSWELD is specially designed for heat treatment and welding process simulation. However,
there is only limited literature available on thermo-mechanical analysis of GTA welding of
Grade 91 steel welding for Autogenous and multi-pass welding.

The objective of PhD work is to develop numerical models capable of predicting thermal
cycles, residual stress and distortion in both Autogenous and multi-pass GTA welding of mod.
9Cr-1Mo steel plates of 3 and 6 mm thicknesses taking into account the effects of phase
transforamtion, pre and post heating during welding and experimental validation of the predicted
results. In the present work, it is proposed to develop numerical models for predicting residual
stress and distortion in modified 9Cr-1Mo steel plate weld joints by considering phase
transformation effects for autogenous and multi-pass GTA welding. The beneficial effects of
combined preheating and post heating on the residual stresses and distortion need to be
quantified. Hence the effect of preheating before welding and the combined effect of pre heating
and post heating on the residual stresses and displacements is proposed to be studied in detail
using simulation. Validation of the simulated results on the residual stresses and displacements

employing suitable experimental tools such as XRD technique and height gauge respectively is



envisaged. Two different thicknesses of plates 3 mm and 6 mm were preheated at 200°C and

after welding; the joint was post heated at 200°C for 30 minutes. Thermo-mechanical analysis of

GTA welding was carried out using SYSWELD software. Predicted and measured values are

compared for the joints fabricated employing combined pre heating and post heating.

Following are the scope of the work to achieve this objective.

1. To create database of thermal and mechanical properties required for simulation for mod.
9Cr-1Mo steel by considering effect of phase transformation.

2. To calibrate the double ellipsoidal heat source from bead-on-plate experiments for various
heat input conditions.

3. To carry out thermo-mechanical analysis of 3 mm thick mod. 9Cr-1Mo steel plates fabricated
by autogenous TIG welding and 6 mm thick plates fabricated by multi-pass TIG welding
considering the effect of phase transformation. Experimental validation of simulated thermal
cycles, residual stresses and distortion.

4. To study the effect of preheating by choosing a suitable heat source followed by thermo-
mechanical analysis of 3 mm thick and 6 mm thick mod. 9Cr-1Mo steel welding and
experimental validation.

5. To study the combined effect of pre and post heating on the thermo-mechanical behavior of
mod. 9Cr-1Mo steel weld joints of 3 mm thick and 6 mm thick plates.

6. To compare the effects of with and without pre and post heating on the residual stresses and

distortion in Grade 91 steel weld joints of 3 mm and 6 mm thick plates.



CHAPTER-1

INTRODUCTION

Modified 9Cr-1Mo steel is ferritic martensitic steel extensively used for high
temperature applications in fossil and nuclear power plants and petrochemical industries. This
steel is developed by modifying the composition of 9Cr-1Mo steel by the addition of V, Nb
and N to enhance the creep rupture strength. This steel designated as Grade 91 or modified
9Cr-1Mo steel included in the ASTM standard as A335P91/A235 T91 steels. Depending upon
the product type it is referred as T91 (Tube), P91 (Pipe), F91 (Forging) or Grade 91 steel. This
steel is used in normalized and tempered (N&T) condition [1-2].

In nuclear power plants, this material is considered for steam generators of Fast
Breeder Reactors (FBRs) is currently used for fabrication of the steam generator of the Indian
Prototype Fast Breeder Reactor (PFBR), at Kalpakkam. Reduced Activation Ferritic
Martensitic Steel (RAFMS) is an improved version of modified 9Cr-1Mo steel developed with
an objective to reduce the induced radioactivity after being used in a radioactive environment
in fission or fusion reactors. RAFM steel is being proposed for Test Blanket Module (TBM) of
Indian Lead Lithium Ceramic Breeder (LLCB), to be installed in ITER. However, for mock up
trails envisaged before the actual fabrication of TBM, modified 9Cr-1Mo steel would be used
as a surrogate material. Thickness of the plates used for these fabrication ranges from 1 to 15
mm [3].

Welding is an important process employed for fabrication of many components using
Modified 9Cr-1Mo steel. Different processes like Manual Metal Arc Welding (MMAW), Flux
Cored Arc Welding (FCAW), Gas Tungsten Arc Welding (GTAW), Gas Metal Arc Welding
(GMAW), Submerged Arc Welding (SAW), Activated Tungsten Inert Gas (A-TIG) welding
and Narrow Gap Tungsten Inert Gas (NG-TIG) welding, Laser Beam Welding, Electron Beam
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Welding etc [4-9] can be used for welding of this steel. Joining of this steel using conventional
welding processes, requires preparation of suitable joint design V, J, U-groove etc. and filling
the groove with weld metal by melting the filler wire/rod using the heat from the arc in multiple
passes.

Generation of residual stresses and distortion is a major concern in any fusion welding
operation. Another specific concern of high alloyed steels like modified 9Cr-1Mo steel is the
martensitic microstructure of the weld metal and heat affected zone (HAZ) which make these
zones hard and brittle. As result, weld joints are given a suitable Post Weld Heat Treatment
(PWHT) to bring down the hardness and improve the toughness and ductility. The as-welded
martensitic microstructure also makes the weld highly prone to Hydrogen Assisted Cracking
(HAC) [10-13]. In addition to a susceptible microstructure, high residual stress and presence
of diffusible hydrogen in the weld are prerequisite for HAC to occur. Source of hydrogen is
the moisture in welding consumables, organic contamination on the steel surface, moisture and
hydrocarbon impurities in the shielding gas etc. Preheating (before welding) and post heating
(after welding) are two techniques adopted to remove hydrogen from the weld and avoid
cracking.

Though it is well known that presence of tensile residual stresses in the weld joints can
make it susceptible to cracking, adversely affect its fatigue and corrosion properties in service
and make it prone to brittle fracture under low temperature service of high strain rate loading,
measurement of residual stresses present in a welded component is not easy. Techniques
available for measurement of residual stresses are either destructive or semi-destructive or can
be applied only to relatively small components. Hence, there is a need for predicting the
residual stresses in the weld joints by proper numerical modeling.

In the case of distortion of welds also, there is a need to predict the distortion using the

welding parameters employed and material properties available. Removing distortion after



welding could be expensive and time consuming. It can also lead to degradation of the
properties. Hence, once a reliable method of prediction is available, an appropriate welding
sequence that would bring down distortion can be adopted so that net distortion in the final
components is minimized.

In the case of modified 9Cr-1Mo steel welds, residual stress in the weld joint is not a
serious concern as far as the performance of the component in service is concerned because the
PWHT given to weld joint would bring down the residual stresses. However, HAC soon after
welding is a concern and further, there could be long time gap between welding and PWHT
especially in the case of fabrication of large components and the weld may remain in the as-
welded condition during this period making it susceptible to hydrogen embrittlement or stress
corrosion cracking.

Because of the relatively low thermal expansion coefficient and high thermal
conductivity of the ferritic steels (compared to austenitic stainless steels), distortion in the
components fabricated from modified 9Cr-Mo steels is expected to be low. However,
information on distortion prior to welding can help to adopt techniques that would control
distortion during fabrication.

Hence, there is a need to develop a reliable numerical model to predict residual stress
and distortion in the welds of modified 9Cr-1Mo steel. This model should consider the solid-
state phase transformation that occur during weld thermal cycle and effect of preheating and
post heating to which the welds are subjected to during welding. Model should also consider
multi-pass welding which include joint groove design (single ‘V’ and double ‘V’ etc) and filler
metal deposition to the groove.

In the present thesis work, it is proposed to develop numerical models for predicting
residual stress and distortion in modified 9Cr-1Mo steel plate weld joints by considering phase

transformation effects for autogenous and multi-pass GTA welding. The beneficial effects of



combined preheating and post heating on the residual stresses and distortion need to be
quantified. Hence the effect of preheating before welding and the combined effect of pre
heating and post heating on the residual stresses and displacements is proposed to be studied
in detail using simulation. Validation of the simulated results on the residual stresses and
displacements employing suitable experimental tools such as XRD technique and height gauge

respectively is envisaged.

The thesis has been organized as below having six chapters including

Chapter 1 Introduction - In this chapter introduction of modified 9Cr-1Mo steel welding is
discussed.

Chapter 2 Literature survey —This chapter discuss the details of the work done by various
researchers in the field of welding of Modified 9Cr-1Mo steel, welding simulation, residual
stress and distortion analysis and thermo-mechanical analysis of welding, specially modified
9Cr-1Mo steel welding. The experimental and numerical analyses performed so far with their
significant contribution and importance for the development of various models is discussed
here.

Chapter 3 Research Methodology - In this chapter detailed study of different heat source
models based on different equations and boundary conditions is presented. Steps for thermo-
mechanical analysis of Modified 9Cr-1Mo Steel welding are discussed in detail.

Chapter 4 Experimental work - In this chapter bead-on-plate, autogenous and multi-pass
welding carried out on modified 9Cr-1Mo steel is discussed in detail. Three different cases of
welding plates were carried out like welding without pre heating, welding with pre heating and
welding with combined pre heating and post heating. Pre heating and post heating are carried

out using Oxy-Acetylene flame heating on selected area only. Determination of thermal cycles



estimation of residual stress and measurement of displacements leading to distortion are
discussed in detail.

Chapter 5 Results and discussion - In this chapter thermal analysis of bead-on-plate welding
and thermo-mechanical analysis of autogenous and multi-pass welding considering effect of
pre-heating and post-heating are discussed in detail in different sections.

Section 5.1 In this section, creation of modified 9Cr-1Mo steel material data base and various
assumptions considered for creation of this data base are discussed. Heat source model was
developed and accuracy, consistency and validations of this model are demonstrated using
measurements carried out on 16 bead-on-plate welds of different heat inputs..

Section 5.2 In this section, thermo-mechanical analysis of autogenous welding of 3 mm thick
modified 9Cr-1Mo steel plate welding considering the effect of phase transformations in
material data base is discussed. Comparison of residual stress values for two different data base
one considering with and without phase transformation is discussed and it is shown the phase
transformation during welding thermal cycle should be considered for predication of residual
stresses in the weld joint with reasonable accuracy. Predicted distortions in different direction
are also validated with experimental results.

Section 5.3 In this section, thermo-mechanical analysis of multi-pass welding of 6 mm thick
modified 9Cr-1Mo steel plate is studied using different meshed models. Effect of phase
transformation on distortion is also studied.

Section 5.4 In this section, numerical modelling of effect of pre-heating on two different
thickness of plate 3 mm and 6 mm plate is carried using combined disk-shaped heat source and
double ellipsoidal model. Predicted residual stress and distortion validated with experimental
values.

Section 5.5 In this section, thermo-mechanical analysis of effect of combined pre-heating and

post heating on two different thicknesses of plates 3 mm and 6 mm plate is carried by



considering different assumptions in FEM model. Predicted distortion in both thickness of weld
plates in different direction validated with experimental values.

Section 5.6 In this section, effect of pre-heating and combined effect pre heating and post
heating are compared for the welds of both 3 mm (autogenous weld) and 6 mm (multi-pass
welds) plates. This comparison was done for results obtained from the experiments as well as
those predicted by modelling. It is demonstrated that welding with preheating combined with
post heating can reduce both peak tensile residual stresses and distortion in the weld joints of
this steel.

Chapter 6 Summary and conclusion — This chapter focuses on summary, conclusion and scope

for future work is also discussed.
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CHAPTER-2

LITERATURE SURVEY

In this chapter a detailed literature review on welding of modified 9Cr-1Mo steel using
different processes, problem associated with the welding of modified 9Cr-1Mo steel, thermo-
mechanical analysis of modified 9Cr-1Mo steel welding is presented. The literature survey is
given in different sections such as properties of modified 9Cr-1Mo steel, welding of modified
9Cr-1Mo steel, Finite Element (FE) simulation of welding, various heat source models, residual
stresses and distortion analysis of various steels and thermo-mechanical analysis of modified
9Cr-1Mo steel based on the work carried out by different researchers. At the end of literature
survey, research gaps in the numerical simulation of welding of modified 9Ccr-1Mo steel are

identified.

2.1. Introduction

Energy saving and environmental protection in power generation require further
improvements in efficiency, one way in which these can be achieved is by increasing the

temperature and pressure of the steam, as illustrated in Fig. 2.1 [1-2].
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Fig.2.1. Improvement in heat rate [2]



Fig. 2.1 shows the improvements in heat rate (efficiency) achieved in thermal power
plants by increasing steam temperature and pressure using single and double reheat cycles
compared to the base case of 535°C/18.5 MPa. For example, a 6% increase in efficiency can
be achieved by changing the steam conditions from 538°C/18.5 MPa to about 593°C/30 MPa.
Higher temperatures and pressure up to about 650°C/34.5 MPa are currently being pursued for
improving the efficiency. The main technology enabling the increase of temperature and
pressure of steam is the development of improved materials capable of operating under high
stresses at high temperatures [3-5]. Materials with ferritic-martensite microstructures are
preferred to austenitic stainless steels in fossil power plants because of their favourable thermo
physical properties, such as good thermal conductivity and low coefficient of thermal
expansion, coupled with a high resistance to thermal shock [6]. The historical development of
the steels for power plant application is shown in Fig. 2.2 [9]. It can be seen that the

development of the ferritic steels has taken place over four generations, which is also indicated

in Table 2.1.
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Fig.2.2. Development progresses of ferritic steels for boiler [9].

In the early 20" century Carbon and Carbon—Manganese steels were put in service for

high temperature applications up to 400°C. The first-generation low alloy creep resisting steels
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contain 0.5% Mo which is limited to 450°C because of its low creep ductility and tendency
towards graphitisation. Then 1% Cr was added to the 0.5% Mo steel which was designated as
P11/T11 having the service temperature in the range of 500-520°C. Further addition of
chromium improved the creep strength and ductility and also retarded the graphitisation
formation. The Cr content in the P11 steels was increased from 1% to 2.25% and the Mo to 1%
to develop 2.2Cr-1Mo steels designated as P22/T22, this class of steels is used in service in
Normalised and Tempered condition (N&T). The higher Cr content improves the Oxidation
resistance and the also neutralises the embrittling tendency [7]. High alloyed steels like Cr
content higher than P22 were developed because of the demand for materials operates at a
temperature more than 550°C (or) in a corrosive environment.

9Cr—1Mo steels are one of the widely used high alloy steels for high temperature
oxidation resistance, designated as P9/T9 Steels, but creep rupture strength of this steel is not
better than that of P22 type steels [8]. Addition of small quantities of V, Nb and N improves
the creep rupture strength of P9 steels and this led to the development of modified 9Cr-1Mo
steel, designated as P91/T91 steel. This steel is now included in ASTM standards of A335
/A213. Designation P indicates the pipe and T stands for tubes. Further modification of this

steel by partial replacement of Mo with W led to the development of P92 /T92 steels [9].

Table.2.1. Changes in steel [9]

Gener Year Alloy Strength 10°hr Example alloy Max. Metal
ation modification creep rupture temp. °C
at 600°C
1 1960-1970 | Addition of Mo EM12, HCM9M, 565
(or) Nb,V to
simple 12 Cr or 60 HT9, Tempaloy,
9Cr steels F9, HT91
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addition of Co

2 1970-1985 | Optimization of 100 HCM12, T91, 593
C,Nb,V
HCM2S
3 1985-1995 Partial 140 P-92, P-122, 620
substitution of W (HCM12A,
for Mo NF616)
4 Emerging | Increase of W and 180 NF12, SAVE12 650

2.2. Modified 9Cr-1Mo steel

The modified 9Cr—1Mo steel known as Grade 91

steel, P91/T91 (or) as

X10CrMoVNDb9-1 in Europe has been successfully accepted world—wide since the late 80’s

for header and steam piping in power industries due to its excellent elevated temperature

strength. In modern fossil fired power plant, the application of Grade 91 steels allows higher

operating temperatures and pressures, and therefore higher efficiencies. Based on European

experience, Grade 91 steels can be used inside the boiler (super-heaters and re-heaters) for

steam temperatures up to 560°C (maximum metal temperatures around 600°C), and outside the

boiler for pipe and headers up to about 610°C [10]. Chemical composition of Grade 91 specified

by ASTM standards and listed in Table 2.2.

Table 2.2 Chemical composition of Grade 91 steel (Wt %) with range

C Mn | P S Si Cr |Mo |V Nb | N Al Ni | Fe
Min | 0.08 | 0.3 | - - 0.20 | 8.00 | 0.85 | 0.18 | 0.06 | 0.030 | - - Bal
Max | 0.12 | 0.6 | 0.020 | 0.01 | 0.50 | 9.50 | 1.05 | 1.05 | 0.10 | 0.070 | 0.040 | 0.40 | Bal
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2.3. Welding process for modified 9Cr-1Mo steel

Welding is a joining process in which two similar or dissimilar materials are joined
with the application of heat or pressure or with the help of both. As a result, metallurgical
bonding is established between them. Fusion welding is a welding process where fusion is
employed to complete the weld. The weld joints are made by fusing together adjacent edges or
surfaces. It involves a heat source and the use of a filler material such as a consumable electrode
or a wire fed into the weld pool. A protective layer is also used between the atmosphere and
the molten metal, either in the form of gas shielding or a flux which melts to give a viscous
slag on the weld metal that eventually can be removed. In terms of heat source, fusion welding
is often classified as gas welding, arc welding, resistance welding, electron and laser beam
welding etc. For power plant applications, P91 steel welding is carried out using one of the arc
welding processes such as GTAW, SAW, Shielded Metal Arc Welding (SMAW) (or) Manual
Metal Arc Welding (MMAW). Prior to welding preheating between 200°C and 350°C is given
to the steel [11-12]. Welds are also subjected to post weld heat treatment (PWHT) in the range
of temperatures 730- 780°C and the duration is determined by the thickness of the components

at the weld location.

2.4. Microstructural features of welds

In welding, the intense heat source interacts with the materials in a localized zone and
as result, different thermal profiles are experienced in the materials from region to region,
giving unique microstructure features in different regions of the weld. The classical definition
of a welded structure includes three regions, these are the unaffected parent metal (PM), the
heat-affected zone (HAZ) and the fusion zone, namely the weld metal (WM) [13-15]. However,
microstructure examination at finer scales shows the HAZ consists of at least three distinct

zones, Coarse Grain HAZ (CGHAZ), Fine Grained HAZ (CGHAZ) and Inter-critical HAZ
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(ICHAZ) depending on the size of the prior austenite grains and the peak temperatures
experienced by these zones during weld thermal cycles. The schematic diagram of the weld

microstructures is shown in Fig. 2.3.
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Fig.2.3. Schematic diagram of micro-structural variation across weld joint in P91 steel [15]

2.4.1. Heat-Affected Zone (HAZ)

Heat affected zone (HAZ) is the area of base metal, which has had its microstructure
and properties significantly altered by the thermal cycle associated with welding. Depending
on the thermal history different microstructures appear in the HAZ of a P91 fusion weld, which
can be divided into two distinct regions the high temperature region and the low temperature
region. The former region is mainly the coarse-grained heat affected zone (CGHAZ), while the
latter consists of the fine-grained heat affected zone (FGHAZ) and the inter-critical heat
affected zone (ICHAZ). The distributions of these different regions are shown in Fig. 2.3.
During the welding process, the CGHAZ is just adjacent to the hot, molten weld deposit. It
experiences very high peak temperature, which is much higher than o to y transformation
temperature Acs, completely re-austenising the microstructure. Due to high temperature

experienced at this region, austenite grains grow large resulting in the coarse-grained
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microstructure. The number of grain boundary precipitates in the CGHAZ is quite low, due to
the high temperature experienced which is enough to dissolve previously existing particles, and
the rapid cooling which does not give enough time of temperature to form new precipitates.
The FGHAZ experiences a lower peak temperature, but above the Acs. It allows complete
transformation to austenite but not the growth of the austenite grains, yielding a fine grain
structure. Pre-existing precipitates do not dissolve completely. The ICHAZ experiences an
even lower peak temperature during welding, above the eutectoid Aci temperature, but below
that of Acs. The microstructure in this region is a mixture of grains that has undergone

transformation and those that has not transformed during weld thermal cycle. [15-17].

2.4.2. Weld metal (WM)

Weld metal is the portion of the weldment which experienced melting and re-
solidification during the welding process. Filler metal and parent metal are melted together and
well mixed. The weld metal in single-pass weldment exhibits a coarse columnar
microstructure. The weld metal in multi-pass weldments is normally made up of a large number
of overlapping weld beads where a heating and cooling thermal cycle of each bead was repeated
and has affected previously deposited beads.

Multi-pass  welding processes introduce non-uniformity in the fusion zone
microstructure as the heat from the succeeding passes leads to formation of a graded HAZ,
consisting of various microstructural zones, in the weld metal deposited by the previous passes
and also cause tempering of the same. Thus, fusion zone of a multi-pass weld joint in ferritic
steels is essentially a mixture of virgin fusion zone (unaffected by the thermally cycles of the
subsequent passes), remelted zone, fusion zone HAZ and tempered fusion zone [18-21].

Reed et al. have presented a model for multi-pass weld joints in steels. Different
metallurgical regions in fusion zone and HAZ resulting from a typical multi-pass welding

process in ferritic steel are shown in Fig. 2.4. It can be seen that the fusion zone and the HAZ
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consists of a mixture of different metallurgical regions, resulting from the heat input of multiple
passes. This kind of micro-structural heterogeneity is always present in the fusion zone and
HAZ of a multi-pass weld joints in Grade 91 steel. This micro-structural heterogeneity is one
of the prominent contributing factors for the weld joint failure in service, often referred as Type

I and Type II cracking [21, 33].

Weid metal

Fig.2.4. Multilayer welds of E911 base material with matching filler material [17]

2.5. Studies on the weld joints of modified 9Cr-1Mo steel

Ferritic/Martensitic steels including 9Cr-1Mo (V, Nb) steels are welded by different
welding processes like SMAW, GTAW, Flux Cored Arc Welding (FCAW), GMAW and SAW
or combination of these processes [19-34].

Laha et al. [20] have reported a detailed micro-structural and creep study on weld joints
in modified 9Cr-1Mo steel and also on simulated HAZ specimens. These weld joints were
made between 12 mm thick plates of modified 9Cr-1Mo steel by SMAW process. The study
focused on the micro-structural variation across the HAZ and its role on inter-critical softening

and loss of creep rupture strength due to Type — IV cracking.
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Mythili et al. [21] have reported micro-structural modification due to reheating in multi-
pass SMA welds of 9Cr—1Mo steel. Presence of a repetitive microstructure consisting of
columnar grain, coarse grained austenite, fine grained austenite and unaffected structure within
the weld zone was reported in this study, confirming a significant modification of
microstructure due to multiple passes. Significant coarsening of laths, decrease in defect
density and extensive precipitation with Cr enrichment in the carbides along the weld centre
line from top to root was also reported in this study.

Shiue et al. [22] have reported effect of tempering temperature on fracture toughness
and stability of retained austenite in the weld joints in modified 9Cr-1Mo FMS. The welds
were made by multi-pass arc welding (GTAW for root pass and SMAW for filling passes)
between 6.4 mm thick plates. The fusion zone produced by SMAW showed profound slag
inclusions. Significant drop in the fracture toughness and increase in the hardness for the weld
joints tempered in 450°C-610°C temperature range with lowest fracture toughness for the
welds tempered at 540°C was reported in this study. However, there was significant
improvement in the fracture toughness for the tempering temperatures higher than 680°C.
However, acceptable fracture toughness and hardness was obtained for the welds tempered at
750°C for 1 hour and these welds fractured in ductile manner with dimpled fracture surface.
Results from this study is mostly of academic interest only as the PWHT temperature range
reported here does not match with the PWHT temperature range recommended in various
fabrication codes for this steel.

Arivazhagan et al. [23] have reported the effect of surface re-melting using GTAW arc
on the toughness of SMAW welds in P91 steel. SMAW process was reported to introduce
micro inclusions in the weld metal which has adverse effect on fracture toughness of these weld

joints. It was reported that surface re-melting of the SMAW welds by GTAW arc resulted in
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refinement of the coarse (> 5 pm) inclusions and improvements in the fracture toughness of the
weld joints from 40 J for SMAW welds to 72 J for the GTAW arc re-melted SMAW welds.

Ghosh et al. [24] have reported influence of pre- and post-weld heat treatment
temperatures on weldability of modified 9Cr-1Mo (V-Nb) steel pipe, produced using SMAW
and GTAW. In this study, the preheating temperatures and PWHT temperatures were
respectively varied in 200°C=300°C and 650°C-850°C range. They have not explained the
reason for the selection of a PWHT temperature of 850°C, much higher than the code specified
values (730°C=780°C range) and also, where this PWHT temperature stands in relation to the
Acl temperature of the material, they have used. No appreciable reduction in the hardness of
the weldment was reported as a result of PWHT at any temperature, they have used. The results
reported in this study does not confirm to the existing and well accepted knowledge about
characteristics of the welds in this steel. The reason for such a result could be insufficient time
for PWHT, which is not reported in this paper.

Watanabe et al. [25] have reported evaluation of creep damage of 9Cr-Mo-V-Nb steel
welded joints by conducting experiments over a temperature range of 550°C—650°C and stress
range of 40-230 MPa range. A shift in the rupture location from weldment region at high stress
low temperature condition to the FGHAZ region at low stress high temperature condition was
reported in this study. They observed accelerated coarsening of carbides and recovery of the
dislocation structure in the FGHAZ region, which led to preferential accumulation of creep
damage in this region causing creep void formation and Type IV cracking. Hongo et al. [26]
have also reported similar results for weld joints, in 25 mm thick Grade 91 steel plates.

Kumar [27] has reported welding of P91 steel by autogenous and cold- and hot wire
GTAW processes for fabrication of steam generators of the 500 MWe Prototype Fast Breeder
Reactor. The steam generators are designed to operate at high steam outlet temperature and

pressure of 493°C and 172 bar respectively. A preheating temperature in 200°C-250°C range
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and PWHT at 760+10C was used in these welding. It was reported that hot wire GTAW not
only increases the weld deposition rate, but also associated lower heat input, lower distortion
and a significant reduction in the porosity as joule heating removes any volatile matter from
the filler wire. Barthoux [28] has also reported similar benefits for welding of heavy wall
thickness materials by narrow gap welding for nuclear application.

Arivazhagan et al. [29] have reported effect of variation in heat input on the
microstructure of reduced activation ferritic martensitic steel weld metal produced by GTAW
process. In the weld metal, 5-ferrite was observed, volume fraction of which increased with
increasing heat input. They inferred that slower cooling rate associated with high heat input
was the facilitating factor for formation of d-ferrite in the weldment.

A detailed study on structure and properties of the actual as well as Gleeble simulated
heat affected zone of P91 steel has been subject of doctoral study of Sulaiman [30]. He reported
very good agreement between the actual and the Gleeble simulated HAZ in terms of structure
and properties. Dilatometric studies showed that simulated normalizing did not result in
complete dissolution of the carbides affecting hardness and transformation temperatures of the
resulting austenite and the Ms Temperature.

Arivazhagan et al. [31] have reported influence of shielding gas composition and gas
tungsten arc re-melting on toughness of flux-cored arc weld of P91 steel. They found that
Ar+5%CO2 mixture resulted in minimal slag inclusion and superior toughness of the weld
metal. Increasing the proportion of CO2 led to inclusion of coarse slag particles and associated
deterioration in the weld toughness. This deterioration in the toughness of the weld due to slag
inclusions could be rectified by gas tungsten arc re-melting of the welds, which led to formation
of fine inclusion particles at the expense of coarse particles. However, the researchers have not
provided any rationale for this study on variation of the shielding gas composition and also

why this variation affected the inclusion content of the welds.
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Paddea et al. [32] have reported residual stress distributions in a P91 steel-pipe girth
weld before and after PWHT. It was reported that highest residual stress was found towards
the outer HAZ region and the root region in as welded and also in PWHT condition.

Parker [33] has reported his investigation on the factors affecting Type IV creep damage
in Grade 91 steel welds. Through microstructural and creep studies on welds made in P91 steel
pipes and Grade 91 steel plates by SMAW process, he concluded that in the outer HAZ region,
which forms FGHAZ and ICHAZ, martensitic transformation is not likely to occur because for
the fine-grained austenite the ability to undergo martensitic transformation may be limited.
This region is susceptible for accelerated softening of the matrix and accelerated coarsening of
the precipitates leading to localization of the creep damage, creep cavitation and Type IV
cracking.

Xu [34] has reported laser welding of pipe with 3.34 mm wall thickness using a pulsed
Nd-YAG laser of 1.6 kW nominal powers. He has reported the effect of process parameters on
the various attributes like depth and lateral spread of fusion zone and the HAZ. A narrow fusion
zone and HAZ with much higher hardness (~420 — 500 VHN) was reported by him. In post
weld heat treated condition, cross-weld hardness profile did not show any soft zone, which is
always associated with a multi-pass weld joint in the HAZ. PM interface region and attributed
for failure by Type-IV cracking under creep condition.

Shanmugarajan et al. [35] have reported laser welding studies for 6 mm thick plate of
P91 steel using continuous wave CO2 laser (Power 3.5 kW). They have studied weld beads
and square butt weld joint produced by varying heat input in 168 J/mm to 1500 J/mm. They
have reported increase in width of the fusion zone and the HAZ with increasing heat input.
Further, at lower heat input up to 420 J/mm, they did not observe any soft inter-critical region;
which was observed at heat inputs exceeding 700 J/mm. At lower heat input (up to 420 J/mm)

they did not observe any d-ferrite in the fusion zone, which was present in the fusion zone of
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the joints made at heat inputs exceeding 700 J/mm. Besides, they have reported superior impact
toughness for the weld joints than that of the parent metal, which is in contrast to that reported
by Lee et al. [36].

Harinath et al. [37] have reported their work on laser welding of fuel clad tube — end
cap, both made of 9Cr-1Mo (V, Nb) FMS, for potential application in Indian fast breeder
reactors. They have reported their work on process parameter optimization and preliminary
microstructural examination on the weld joint cross-section. They have reported presence of 6-
ferrite in the fusion zone, which comprised predominantly of as transformed martensitic
microstructure. They have also reported considerable grain refining in the narrow HAZ region
adjacent to the fusion zone. They have attributed the presence of d-ferrite to incomplete -

ferrite to y (austenite) transformation, during cool down of the weld joint.

2.6. Weldability of Modified 9Cr-1Mo Steel

A major concern in welding of this class of steels is their high susceptibility to hydrogen
assisted cracking; also known delayed cracking or cold cracking. This is a form of hydrogen
embrittlement that occurs at temperatures in the range of -50°C to 150°C when hydrogen in
steel is accompanied with favorable conditions such as crack susceptible martensitic
microstructure and sufficient tensile stress [38-41]. Hydrogen is absorbed in steel during its
processing, fabrication and also while in service. The fact that HAC occurs several hours or
days after absorption of hydrogen often results in unexpected catastrophic failure while
components are in service or storage. The delay in hydrogen cracking is due to the time required
for hydrogen to be accumulated to a critical level at potential crack sites (such as the regions
of high triaxial stress) in the steel microstructure. This accumulation takes place by diffusion
of hydrogen through the lattice. Critical size of the site (where hydrogen is accumulated) which
can cause cracking varies with steel microstructure. Similarly, concentration of hydrogen

required to cause cracking also depends on microstructures as shown in Fig. 2.5 [42]. From
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this figure, it is clear that critical concentration of hydrogen that can cause cracking in steel is
lower for martensitic microstructure. Hence, martensitic microstructure is highly susceptible
to HAC. With increasing strength of the martensite, critical concentration of hydrogen required

to cause HAC still decreases.
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Fig.2.5. Critical hydrogen concentration causing HAC in steel microstructures [42]

Three essential requirements for HAC to take place in welds are sufficient diffusible
hydrogen in weld, crack susceptible microstructure (e.g. martensite) and tensile stress. If one
or more of these are removed or reduced to low levels then HAC can be prevented, like in case
of low carbon steel with controlled heat input parameters and cooling rate, ferrite phase can
obtain at weld and Heat Affected Zone (HAZ) that prevents HAC. However, in case of Grade
91 steel which is having final structure as martensitic only irrespective to any controlled weld
heat input or cooling rate. Thus, in case of Grade 91 steel HAC can be controlled by either
reducing hydrogen to low level or controlling the residual stress in weldment. An effective way
of preventing the HAC in Grade 91 steel is by pre-heating, inter-pass temperature control, pre-
post heating and post weld heat treatment or using low hydrogen filler wire [43-45]. With post
weld heat treatment, chances of HAC due to residual stress can be completely minimized but

post weld heat treatment is not always carried out immediately after welding. There may be
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delay in carrying out post weld heat treatment; this delay may cause HAC in weld joints. Hence
some intermediate heat treatment referred as dehydrogenation heat treatment as a pre and post

heating is generally recommended for avoiding or minimizing HAC cracking [46].

2.7. Welding Simulation

Arc welding is a complex process in which electrical energy is converted into thermal
energy causing melting and solidification of the parts to be joint. This involves physical,
chemical, metallurgical and structural changes in the material. At the end of welding cycle, due
to rapid and localized heating and cooling, residual stress and distortion are also introduced in
the parts to be joined by welding. Hence, modeling and simulation of the entire welding process
is very challenging. Finite element method (FEM) is very useful and widely used method for
this purpose.

The starting point can be interaction of the energy source flame, arc, beam etc., with
the material leading to generation of heat in the solid. This is a very complex problem to model,
in itself. The heat source resulting from the interaction of the energy source can be of different
spatial (point, line, area, volume with different kind of intensity distributions) and temporal
profile (continuous, pulsed, modulated etc). Computation of the thermal profile (the heating
and cooling rates) resulting from a heat source requires simultaneous solution of the heat
diffusion equation in the solid, in conjugation with cooling of the solid by convection and
radiation. Since fusion welding involve melting and solidification, modeling of solid to liquid
transition and convection in the melt, driven by surface tension and density gradients, becomes
necessary to accurately predict weld pool morphology and temperature profile in the weld pool.
One can go on counting many phenomena that need to be considered simultaneously, for
accurate modeling of any welding process. However, it is not possible to include all of these in
a single model. Therefore, only the phenomena of interest and relevance for the outcomes of

interest are included in a model. The outcomes of interest can be the temperature profiles, the
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FZ and HAZ profiles, the heating and the cooling rates, distortion of the joint, residual stress

profiles etc.

2.7.1. Welding analysis using different heat source

In arc welding, energy required for welding is generated by electrical arc. However,
modeling electric arc with electromagnetic forces in the arc, generation of plasma and the
transfer of heat from the arc to the job is too complex to be covered in simple model. Similar
is the situation for simulation of beam welding processes like electron beam and laser welding.
Hence, what is usually done is that the electrical arc or beam is replaced by a heat source in
such a way that the energy content in the heat source and dimensions of the heat source simulate
a molten weld pool which has dimensions that match with the actual weld pool. Actual weld
pool dimensions for a given heat input can be estimated experimentally from the measurements
carried out on weld bead and its cross section. Different types of heat source models have been
employed by various researchers for their studies to accurate prediction of weld induced
effects. The movement of heat source through time and space is another aspect that should be
considered in modeling.

Rosenthal et al. reported analytical point source model. Though surface melt runs
relating to conduction welding were able to be simulated, it could not properly simulate the
region where the point heat source is striking and transferring the heat. [47].

Pavelic et al. proposed the heat flux applied on the surface of the plate followed by the
Gaussian surface distribution. The moving heat input was given as in the form of circular shape
in Pavelic Disc model [48].

Hook et al. modified the Rosenthal's model for beam welding processes and predicted
the proportion of power needed to cause melting. Author considered the moving heat source
and estimated the weld dimensions as a function of laser power and beam velocity relative to

the workpiece [49].
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Dowden et al. reported a mathematical model for the weld pool simulation for laser
beam welding. Author investigated the influence of the fluid dynamics fusion zone on the local
temperature distribution. Results of weld showed that deep penetration using three dimensional
models [50].

Goldak et al. proposed the non-axis symmetric three-dimensional double ellipsoidal
model for welding heat input source to simulate the welding heat effects. This model combines
two different size ellipsoids for predicting heat source distribution. This model is suited for
both shallow and deep penetration for different arc welding [51]. Goldak et al. gave a complete
account of various generations of heat source models used by many researchers over the years
[52].

Steen et al. combined both point and line heat source model for predicting key hole
effect that occurs in beam welding processes [53]. Frewin et al. developed a 3D heat source
model for calculating transient temperature profiles and the weld bead dimensions. Author
reported temperature profiles and the weld dimensions are strong functions of absorptivity and
energy distribution of laser beam [54]. Brockmann et al. proposed a mathematical model for
predicting thermal history over a thin sheet heated by laser [55].

Ravichandran et al. modeled the thermal analysis of circumferential welding in
cylindrical and spherical components using FE method. Temperature-dependent material
properties, Gaussian distributed heat source, heat transfer losses and latent heat were included
for the model. The authors reported that the proper selection of arc distance and welding heat
input of rear arc were effectively reducing the angular distortion [56].

Dong et al. investigated the ramp heat input and double ellipsoidal moving heat input
models. The thermal characteristics of the welding process were predicted by these two models.
The mechanical analyses were carried out using previously predicted thermal histories given

as an input. Similar distribution of longitudinal residual stress was predicted [57].
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Fassani et al. presented the new analytical solution to estimate temperature fields in
multi-pass welding, as generated by Gaussian heat sources. The thermal histories obtained from
analytical models regarding point (concentrated) and Gaussian (distributed) heat sources. The
thermal cycles obtained from the distributed heat source model are more reliable than those
obtained from the concentrated heat source model [58].

Deng et al. developed numerical procedure to determine the deformation induced by
the fillet welding. The effect of flange thickness on deformation was investigated
experimentally and numerically. The ABAQUS code was used to simulate the welding process.
The combined Gaussian surface and volumetric heat source model was used to simulate the
weld heat input. It was concluded that the transverse shrinkage and the flange thickness were
inversely proportional [59].

Tsoukantas et al. theoretically studied the remote welding process. The laser beam
welding was employed in lap joined on AISI 304 sheets. The ANSYS FE code was utilized,
and respective mesh models had been generated. The surface and volume heat sources were
modeled by Gaussian distribution [60].

Kazemi et al. developed heat source by combined surface and line heat source. The
circular surface with Gaussian distribution was applied on the top surface, and line source was
applied in thickness direction. It was reported that the shape of the weld zone was strongly
influenced by Peclet number and conductivity of the material [61].

H Zhang et al. investigated the effect of arc distance and heat input on welding
deformation using asymmetrical double-sided double arc welding method. The heat input
assumed the volumetric double ellipsoidal heat distributed model. The FE-based thermal elastic
plastic model was developed for this welding process [62].

Sattari-Far et al. investigated the influence of welding sequence on deformation in

stainless steel pipe joints. GTAW process was used to make the welding with V-joint geometry.
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The FE numerical results were compared with experimental data. FE simulation of this process
was performed using ANSYS FE code. The double ellipsoidal heat source distribution
proposed by Goldak was used. It was reported that more distortion was induced by the welding
with four segments than welding with one or two segments [63].

H. M. Asl et al. developed a suitable numerical model to predict the inception of the
failure of a pipeline wall during in-service welding process. The volumetric heat source with
semi-ellipsoid shape was used to model the heat input from the welding arc. The thermal
distribution across the pipe wall and thermo-mechanical stresses had been calculated. The
predicted residual stress values were compared with the yield strength of the material [64].

Chukan et al. investigated the thermo-mechanical analysis of 316L steel plate Laser
welding using SYSWELD Software. The author used 3D conical, conical with double
ellipsoidal and conical with cylindrical shell model. Predicted thermal cycles, residual stress
and distortion in weld plate validated with experimental values. It is concluded that 3D Conical

model combine with cylindrical shell predicted more accurate results [65].

2.7.2. Filler material addition

In FE analysis of welding process, the role of filler material deposition is very
important. The FE model of weld joint consists of base metal and filler material in a single
mesh. Based on literature it is observed that to simulate the filler material deposition, the
element birth and death technique is used in ANSYS and ABAQUS software, where as in
SYSWELD software (using FORTRAN coding) chewing Technique is used. Initially, all the
elements in the bead or groove in V joint are killed and empty groove is obtained. Subsequently,
the elements located at the bead or groove is activated segment by segment with time to
reproduce the weld bead formation by the filler material.

Andrea et al. used the same technique in laser welding and GTA welding processes.

The elements describing the molten metal were kept alive during the thermal analysis because
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they absorbed the heat energy. The ANSYS birth and death technique was applied for their
study [66].

Mollicone et al. utilize the element activation and deactivation to simulate the
incremental weld metal deposition for both 2D and 3D analyses. In their study, simulation
process was carried out in ANSYS FE program [67].

Del Coz Diaz et al. used a similar technique in thermal stress analysis of GTA welding
process of two different stainless steels. The element loads connected with deactivated
elements were zeroed out of the load vector. The heat generation was applied as a load in the
thermal analysis and predicted the thermal strains for the newly activated elements based on
the current load step temperature [68].

B. Q. Chen et al. investigated the effect of element birth and death (EBD) technique,
and two indistinguishable FE models were developed for single pass GTAW process. One of
them was analyzed using EBD, whereas the other one did not consider EBD. The residual stress
and deformation of the welded plates were studied. The simulation studies on the effect of FE
mesh size and convection coefficient were made. They reported that the magnitude of the
temperature in the EBD model was higher than the other. It was also, recorded that convection
heat transfer coefficient had poor effect on peak temperature [69].

Abdulkareem Aloraier et al. discussed the 3D FE simulations of flux cored arc welding
process in a single bead on plate weld using SYSWELD code. FE transient thermal analysis
results were validated with thermocouple measurements. The simulated residual stresses were
compared with experimental results. The residual stress hole drilling method was used for the
measurement of residual stresses experimentally [70].

Mato Peric” et al. numerically and experimentally studied the weld induced residual

stresses and distortion in T-joint. Kinematic hardening rule was employed in mechanical
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analysis. Three-dimensional image correlation systems were used to measure the displacement
of the plates experimentally [71].

M. Hadi et al. analyzed the single pass multi-welded aluminum plates. The predicted
residual stresses predicted by the FE were verified through experimental measurements. The
FE analysis was carried out in ABAQUS. The moving heat load was modeled by the Gaussian
surface heat source model. It was reported that the element interaction technique revealed
applicability and flexibility in filler metal reposition modeling [72].

X. Shan et al. described three-dimensional thermo-mechanical FE analysis of a single
weld bead-on-plate of austenitic stainless steel. For the thermal analysis, two approaches had
been adopted to simulate the process. One approach was the weld bead’s elements were
sequentially deposited, while in the other, the whole bead was deposited simultaneously.
Goldak’s ellipsoidal heat source model was employed for the modeling of weld heat input. The
FE analysis had been carried out in ABAQUS [73].

A. Kermanpur et al. simulated the multi-pass GTAW process of Inconel 800 pipes using
FE analysis. The GTA torch movement was assumed in a discontinuous fashion with a constant
welding speed. The arc heat input was modeled by surface, volumetric and combined heat flux
distribution functions [74].

Yaghi et al. investigated the effect of pipe diameter on residual stresses. FE method was
used to analyze the residual stresses in a multi pass butt welded steel pipe. ABAQUS FE
program was used to conduct the sequentially coupled thermal stress analysis. Filler addition
in V- butt welded joint was modeled by element birth technique. The constant distributed
volumetric heat flux was applied to elements of the model. The temperature-dependent heat

transfer coefficient was employed in FE analysis [75].
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Narang et al. predicted the shape profiles and characteristic of submerged arc weldment
zones by statistical methods. A full factorial design matrix was used for bead plate welds to
study the effect of welding process parameters [76].

N. Yadaiah et al proposed egg-configuration heat source model for autogenous welding
of GTA and Laser welding process. Author concluded that computation of cooling rate is
directly influenced by the shape and size of proposed heat source model and the developed heat

source model is flexible enough to accommodate different type of fusion welding process [77].

2.7.3. Residual stress analysis

The residual stresses in weld joints are generated due to uneven heating and cooling
during welding. Measurement of stress at specific location requires sophisticated equipments
and different destructive type and non-destructive testing (hole drilling and XRD techniques).
FE modeling is conveniently employed to evaluate the residual stress over the entire plate
geometry. The accuracy of prediction requires reliable thermal cycles experienced by weld,
availability of suitable temperature dependent material properties and selection of appropriate
boundary conditions. Further, residual stresses generated are always accompanied deformation,
appropriate theories of strain hardening (kinematics, isotropic and mixed) also need to be
considered. For predicting residual stresses, two dimensional and three-dimensional meshing
models have been considered by different authors; the former is less time consuming than the
latter; but accuracy is better for the simulation based on 3D meshing.

H. Purmohamad et al. modeled multi pass circumferential butt welding of pipes with
FE analysis. GTAW process was used to make the joints of Inconel 800H pipes. Goldak double
ellipsoidal model was used to simulate the arc heat input. Transient thermal analysis was
performed for the prediction temperature distribution and shape of weld zone. It was reported
that the increasing welding heat input contributed to wider weld zone and higher peak

temperature in heat affected zone [78].
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Shan et al. modeled a European network single-bead-on- plate test specimen using FE
method. The ABAQUS FE program was used to predict the final residual stresses. Due to the
complexity of the three- dimensional analyses, a two-dimensional FE analysis was carried out
for the sensitivity tests [79].

C. Lee et al. used volumetric heat source model to identify temperature field and
residual stress distributions in dissimilar steel butt welds. The weld induced residual stresses
were predicted in dissimilar steel butt-welded joints connecting stainless steels and carbon
steels. The FE predicted welding residual stresses in the butt welds were by no means of the
same magnitude or direction as those in corresponding similar steel butt welds [80].

Xu et al. investigated the effect of hardening models such as isotropic hardening,
kinematic hardening and mixed isotropic-kinematic hardening on residual stresses. It was
reported that the mixed isotropic-kinematic hardening model results showed very close
agreement with the experimental measurements. The effect of restraints was also studied, and
it was concluded that the restraint clamping condition has a slight effect on residual stress. The
arc heat input was modeled by two offset double ellipsoid heat source models [81].

Heinze et al. studied the residual stress development in multi pass gas metal arc welding
under high restraint conditions. It was reported that the longitudinal residual stresses were not
considerably influenced by the transverse shrinkage restraint. The transverse residual stress
near the weld center line up to 400MPa was due to the restriction of the plate in the transverse
direction [82].

K.H. Chang et al. studied the description of residual stresses in T-joint fillet weld made
from dissimilar materials. The combination of Gaussian surface and volumetric heat
distribution functions was used to model the welding heat input from the arc. The weld metal
deposition was simulated by element birth and death technique. Linear kinematic hardening

rule had been employed in stress analysis [83].
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Adak et al. investigated the influence of restraint conditions on residual stresses and
deformations induced by butt joint welding. In addition to this, effects of plate thickness and
plate width on residual stresses were also studied. Mechanical analysis was carried out with
the aid of bilinear isotropic hardening rule with von-misses yield criteria. The element birth
and death feature were employed to simulate the filler material addition in ANSYS. It was
reported that the thickness of the plate was directly proportional to the residual stresses and
mesh sizes that influenced the residual stresses [84].

Dean Deng et al. presented the numerical procedure for studying temperature
distribution and residual stresses induced by multi pass welds in 304 stainless steel pipes. The
uncoupled three-dimensional and two-dimensional FE models were developed. The double
ellipsoidal volumetric heat source was used for temperature analysis. The combined convection
and radiation heat transfer losses were employed in the FE modes. The linear kinematic
hardening rule was employed in stress analysis. It was reported that the large amount of
computational time had been saved with two-dimensional axis-symmetric models [85]. In other
study 2.25Cr-1Mo steel pipe numerical analysis was carried out. The joining of pipes was made
by multi-pass GMA welding process. Prediction of residual stress was carried by sequentially
coupled thermal mechanical FE procedure in ABAQUS program. It was reported that the phase
transformation affected the outer surface hoop tensile stress [86]. They have also modeled the
effect of solid stage phase transformation during weld thermal cycle on residual stresses
developed in the welds made from low carbon and medium carbon steels. It is shown that effect
of phase transformation on residual stress is significant in the welds of medium carbon steels
[87]. In other investigation same author investigated the residual stress induced in SUS304
pipe. The effect of yield strength of the weld metal on residual stress was numerically studied.

The numerical simulation carried out using ABAQUS FE by adopting sequentially coupled
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thermo-mechanical analysis. It was reported that the yield strength of the weld metal at higher
temperature occurred in weld zone [88].

Sattari-Far et al. studied the influence of the weld groove and number of passes on
residual stresses in pipe made by GTA welding process using AISI 304 stainless steel. FE
thermo-mechanical process was used to simulate the entire process. The heat input of moving
welding arc was modeled by Goldak’s double ellipsoidal volumetric heat source distribution.
It was concluded that the weld groove shape had no effect on residual stress distribution in 6
mm thick plate. The hoop residual stresses significantly decreased when the number of passes
increased [89].

Moraitis et al. developed the numerical simulation model of Laser beam welding
(LBW) process for the prediction of residual stress and distortion fields. The efficient keyhole
model with empirical parameter was introduced to calculate the keyhole size and shape using
ANSYS FE code. The model was validated in butt joint welding of DH-36 steel plates, and the
efficiency of the process was demonstrated for the lap joint welding of aluminium 6061-T6
plates [90].

Z. Barsoum et al. studied T-joint fillet weld with the thickness of 8 and 20mm. 2D and
3D FE simulations were carried out for their study. Experimental measured residual stresses
using X- ray diffraction on T- Joint structure were compared with predicted results. There was
a good agreement between predicted and experimental values [91].

Y. Javadi et al. investigated the sub-surface residual stress and deformations induced
by GTA welding process using ultrasonic stress measurement and FE simulation. The two
type’s plates were welded with and without the use of clamp for their investigation. The effect
of clamping on residual stress and distortion was studied. It was reported that the clamping
effect had significantly influenced the magnitude and distribution of longitudinal residual stress

[92].
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Ficquet et al. measured residual stresses in thickness direction using deep hole drilling
technique and near surface using incremental centre hole drilling method. The experimental
measured results were compared with predictions made using FE analysis by considering non-
linear kinematic hardening rule [93].

Hilson et al. measured the residual stress using X-ray diffraction method (XRD),
incremental centre-hole drilling method (ICHD) and deep-hole drilling method. XRD method
was used to measure the stresses at <10 um from the surface of the pipes whereas deep hole
drilling method was used to measure through wall section of the pipes [94].

Keivani et al. (2014) carried out 3D thermo-mechanical FE analysis to model and study
the effect of welding sequence on residual stresses and distortion in T-joints. The volumetric
double ellipsoidal distributed heat source was employed for the modeling of moving welding
arc. Newton’s law and Stefan-Boltzmann law were used to estimate the convection and
radiation heat losses respectively. It was reported that the peak residual stresses at mid span of
the weld line was influenced by the welding sequences [95].

Singh et al. (2014) used finite element based numerical model to simulate the weld
induced stresses. Adoptive volumetric heat source distributed model was used to simulate the
thermal model and predict the temperature distribution. The residual stresses induced by three
different fusion processes were studied. The behavior of the material during the welding
process was assumed as elastic plastic in nature [96].

Afshari et al. (2013) studied electro thermal structural coupled FE model to simulate
the spot-welded aluminum alloys joint. The residual stresses were measured experimentally by
X-ray diffraction technique. The temperature-dependent material properties were incorporated
to improve the accuracy of the FE model [97].

S. A. A. Mousavi et al. analyzed the residual stress induced in the GTA welding process.

The 2D and 3D FE analyses were used in their study. The X-ray diffraction technique was used
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to measure the residual stress experimentally. The FE simulated results were compared with
the measured results, and the effects of geometry configurations on residual stresses were
studied. The material properties were used in the FE analyses was assumed to be temperature
dependent. The authors reported that less distortion had been produced when the structure had
constrained rather than unconstrained structure [98].

A. A. Bhatti et al. implemented three different FE approaches on a large bogie beam
structure. The welding stresses were predicted by using sequentially coupled thermo-
mechanical analysis. The ANSYS FE program was used to model and simulate the bogie beam
three dimensionally. The heat source was modeled by uniform surface and volumetric heat
source models. The authors concluded that the residual stresses induced by rapid dumping
approach showed very good agreement with the X-ray diffraction measurements [99].

Price et al. have reported comparison of the residual stress in welds computed
using SYSWELD and that measured experimentally using neutron diffraction. They
have used GMAW deposited weld beads on low carbon steel. Their results show that
longitudinal component of the residual stress is the most significant and the normal and
transverse components are much smaller and comparable to each-other [100].

Joshi et al. have reported computation of weld-induced residual stresses in a prototype
dragline cluster using SYSWELD and comparison of the computed values with design
codes. They reported that the computed values of the residual stresses in the fused area was
higher than the yield stress at some points, however, these were generally not capable of
inducing cracks on their own. These solutions provide temporal evolution and spatial
distribution of temperature, displacement, strain and residual stresses of the weld joints
produced by arc welding and are useful for distortion engineering of welded structures [101].

G. A. Moraitis et al. have reported thermo-mechanical computation of laser welding in

high strength steel and an aluminum alloy using ANSYS. They have reported transient
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temperature field and residual stress profiles across the weld joint and through thickness of
the weld joint. However, details of the steel in terms of composition and properties and
also if any SSPT has been considered is not reported in this paper [102].

Shanmugam et al. have reported transient thermal computation using SYSWELD for
T-joints in austenitic stainless steel (SS304L) made by laser welding. Lack of penetration
was reported by them for a beam angle of 30°. For the beam angle of 45° they reported that
proper fusion of base material was achieved between the horizontal and vertical sheets,
however, lack of fusion could not be ruled out. A very good agreement between the computed
and the experimentally measured depth of penetration and width of the fusion zone was
reported, with standard errors of 2.78% and 1.9%, respectively [103].

Phase transformation consideration during thermo-mechanical analysis of welding is
important, but due to complexity in welding process some researchers ignored it. Y. C. Kim et
al. studied the effects of phase transformation on distortion and residual stresses generated by
LBW on high-strength steel were investigated. Results of analysis showed that welding
distortion and residual stress were largely affected by phase transformation in the cooling
process, although the bead width of LBW was extremely narrow (around 5 mm) compared with
that of existing arc welding [104]. Author also studied the effects of the phase transformation
on the generation of welding distortion and residual stress of LBW and HYBW, on the high
strength steel (HT780) Results showed that the phase transformation in the cooling process
largely affected and controlled welding distortion. The effects were caused by not only the
transformation expansion but also the transformation super-plasticity [105].

From the large number of literatures sited above, it is clear that extensive work has been
carried out on both measurement and simulation of residual stress in welded joints. For

simulation, different FEM packages like ANSYSIS, ABACUS, SYSWELD etc. software have
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been used. Literatures reveal that phase transformations that occur during weld thermally cycle

have significant effect on the residual stress distribution in the weld joint.

2.7.4. Distortion analysis

In literature it is observed that different researchers employed two basic displacement
theories such as large displacement theory and small displacement theory in the distortion
analysis. In large displacement theory, the un-deformed and deformed configurations of the
continuum are significantly different. It deals with deformations of both rotations and strains.
In small deformation theory, the un-deformed and deformed configurations of the body are
assumed as identical. It is used in the analysis of deformations in materials exhibiting elastic
behaviors.

Dean Deng et al. compared the strain distribution and residual stress results with large
deformation and small deformation theories. The distortion predicted using large deformation
theory had very close agreement with the experimental measurements, and the inherent strain
method effectively predicted the deformation in the thin plate structure [106].

C. Wang et al. developed FE computational procedure to predict the distortion in GMA
welded T-joint. Development of weld bead with the welding speed was numerically calculated
using element rebirth technique (ERT). The longitudinal bending and angular distortion results
of three different models were studied. It was reported that the numerical model with ERT and
large deformation theory had been used for the reliable prediction of deflection [107].

J. Wang et al. studied the weld induced buckling distortion in bead on plate welding. A
thermal-elastic-plastic FE analysis was carried out to predict weld induced buckling distortion.
The buckling performance was studied using large deformation theory employed in elastic FE
analysis. It was reported that the large deformation theory had been used for the prediction of

buckling [108].
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Mahapatra et al. investigated the influence of submerged arc welding (SAW) process
parameters on thermal effect and angular distortions in single-pass butt joints with bottom and
top reinforcements. The three-dimensional FE analysis was used to simulate the SAW process
[109].

S. K. Bate et al. carried out uncouple thermal and mechanical analysis using
SYSWELD software code in order to model a single bead on plate specimen. The heat input
from welding arc was modelled using double ellipsoidal heat source distributions. Isotropic
hardening model and small displacement theory were employed in mechanical analysis [110].

Biswas et al. developed 3D FE model for double sided fillet submerged arc welding
process. The heat input from the SAW was given as surface distributed heat flux. For
mechanical analysis, the large displacement theory was employed with rate-dependent thermo-
elastic-plastic model. The FE analysis was conducted in ANSYS program [135].

M. Seyyedian et al. investigated the effect of weld sequence and direction on angular
distortions in single pass butt welded 304 stainless plates and also studied their effect on
residual stresses by numerical simulation. Their study showed that welding sequence and
direction have a great influence on angular distortions. He has also modeled the effect of plate
dimensions on distortion during welding and verified the prediction for each case with results
obtained from experimental results. Results revealed that plate thickness, length and width
influence the magnitude and mode of distortion [112-113].

M. V. Deo et al. studied welding induced buckling by means of decoupled
computational approach, where investigation process was divided into two steps, in first step,
determination of residual stress by thermo-mechanical analysis was carried out and in second
step the critical buckling stress and buckling mode with Eigen value was obtained [114].

Comparison between experimental and simulated results for distortions is developed

by Tsirkas et al. who used the commercial welding simulation software SYSWELD for

38



analysis. However, the results are limited to the temperature contours and displacement
contours [115].

Yupiter et al. investigated the influence of sequence in GMA welding on angular
distortion. Low manganese carbon steel was selected for their investigations. The SYSWELD
code with Multipoint welding adviser (MWA) was employed for the numerical simulation.
Goldak’s double ellipsoidal heat source model was used for heat input modeling. It was
concluded that the outside to inside welding sequence yielded less angular distortion than the

inside to outside sequence [116].

2.8. Welding Analysis of Modified 9Cr-1Mo steel

High chromium martensitic steel is generally regarded as being more difficult to weld
than austenitic steel because in order to avoid cracking steel are preheated before welding.
Phase transformation takes place during heating cooling and cooling. Till now few
researchers have been published work on thermo mechanical analysis for Modified 9Cr-1Mo
steel welds.

D. Deng et al. have reported computation of welding residual stresses using ABAQUS
in multi-pass arc welded modified 9Cr-1Mo steel pipe in butt configuration, considering solid
state phase transformation (SSPT) effects. They have also used axisymmetric model and
considered the effects of volumetric and/or yield strength change arising out of SSPT of
austenite into martensite during welding. It was reported that the volume and yield strength
changes associated with SSPT of austenite to martensite during welding have significant
effects on residual stress and must be considered for computation of stresses arising out of
welding of this material. Because of non-availability of mechanical properties of the low
temperature austenite, they have used properties of the base metal itself in this regime.
However, it was recommended that phase-dependent mechanical properties of the material

should be used for further improvements in the computed results [117].
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Yaghi et al. have reported residual stress simulation using ABAQUS in multi-pass arc
welded section of P91 pipes. They have used an axisymmetric model of the butt joint
between P91 steel pipes for this simulation and have computed through thickness residual
stress profiles along weld center line and in the HAZ. They performed the analysis for five
joint configurations each for two wall thicknesses 7.1 mm and 40 mm, by varying the inside
radius to wall thickness in 1 to 100 range. It was reported that the peak tensile stresses
occurred nearer to the inside surface of the pipe in the thin walled joints and nearer to the
outside surface of the pipe in the thick-walled joints. The peak compressive stresses, if any,
occurred nearer to the outside surface of the thin walled pipe and nearer to the inside
surface of the thick-walled pipe. A set of material properties generated for this purpose
was used in this study. However, material properties of super-cooled austenite were not
considered in these computations. In addition, solid state phase transformation (SSPT) of the

austenite into martensite was also not considered in their model [118-120].

Kim et al. have reported numerical computation using ABAQUS and experimental
measurements using neutron diffraction of residual stresses for a modified 9Cr-1Mo
steel weld joint. They have used material property data from Yaghi et al. [118] and have
not used phase-dependent material property data. The weld joints were produced in butt and
fillet configurations using arc welding methods. They had not implemented SSPT of austenite
into martensite however, based on the experimental results it was recommended that SSPT
should be considered for arriving at more reliable results [121].

S Kumar et al. measured residual stress in longitudinal, transverse and normal direction
for 9 mm thick plate using neutron diffraction technique for laser welding. Thermo-
mechanical analysis of welding analysis is carried out using SYSWELD by combining double

ellipsoidal and conical heat source model. The results showed that stress distributions in
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normal and longitudinal direction are tensile and compressive in nature at FZ and base
material [122].

C. Heinze et al. reported the thermo-mechanical analysis of welding of low alloy
structural steel and P91 steel. Author studied the austenite grain size effect on residual stress
and martensite temperature with fraction. Authors showed the martensite transformation

effect on HAZ residual stress [123].

Serizawa et al. reported FEM modelling and simulation of EB welding of RAFMS to
assess weldability of 90 mm thick plates this steel under restraint. They considered models
of different total lengths (150 mm, 200 mm and 400 mm) with weld lengths of 136 mm and
176mm to examine cracking tendency under the restraint. Their results showed that for
assessing weldability study of 90 mm thick plates of this steel by EB welding, the minimum
coupon size should be 200 mm long, 400 mm wide and 90 mm thick with ~ 180 mm long
weld length [124].

Z. Hu et al. studied the thermo-mechanical analysis of P91 welded joint using
ABAQUS software using subroutines. Effect of martensitic transformation (MT) and latent
heat on temperature field was considered. Temperature field, the residual stress was
calculated by considering the effects of volume expansion, the yield strength change and the
transformation plasticity due to martensitic. The results show that the MT latent heat makes
the temperature increase. The effects of MT on residual stress can be divided into three types.
The volume expansion can counteract the shrinkage of the material during cooling, resulting
in a significant reduction in residual stress. The yield strength change can increase the residual
stress. The transformation plasticity has the relaxation effect [125].

Abburi et al studied the effect of post weld heat treatment parameters on the relaxation

of welding residual stresses in electron beam welded P91 steel plates and validated the

predicted residual stress with experimentally measured values. Effect of the different holding
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temperature and time of PWHT on modified 9Cr-1Mo steel weld made Laser welding was
studied. 2D-Thermo-elastic-plastic model was developed considering the effect of phase
transformation. Predicted longitudinal residual stresses were compared with experimentally
measured values and the results were found to be in good agreement. Also, the result from an
analysis without phase transformations is included in the comparison to show the significance
of these on the final residual stress distribution. The longitudinal stress without phase
transformation shows a peak tensile stress at the weld center whereas the one with phase

transformation shows a compressive stress. [126]

2.9 Beneficial Effect of SSPT on Residual Stress Distribution of the Weld Joint

From the literature review presented above it can be seen that solid state transformation
of austenite to martensite, which takes place at a relatively low temperatures has a beneficial
effect on bringing down the peak tensile residual stress levels in the weld joints. Though not
directly related to the scope of the present work, it is interesting to note that this beneficial
effect has been exploited in developing welding consumables with low transformation
temperatures and producing weld joints and components that which has in fact compressive
residual stress at the weld location. This has been demonstrated by Moat et al in a work
published recently [127]. The weld joints of 304L austenitic stainless steel were made with low
temperature transformation welding consumable Cam-alloy 4. During welding inter-pass dwell
temperature was maintained above the martensitic start temperature so the weld metal remained
austenitic throughout welding and then transformed martensite when cooled down to room
temperature at the end of welding, taking full advantage of the transformation to reverse the
tensile residual stresses generated during cooling from solidification temperature range down
to transformation start temperature to compressive subsequent to transformation. Residual
stresses were measured using neutron diffraction technique. Longitudinal stress profile showed

that for weld joints made with non transforming filler wire, residual stress is tensile in nature
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with peak value 400MPa.while LTT filler wire weld shows compressive stress distribution due

to martensitic transformation with peak value -600MPa. [127]

2.10. Research Gap

Based on literature review, it is observed that there is limited literature is available on
thermo-mechanical analysis of modified 9Cr-1Mo steel welding and available literature is
limited to higher thickness of two-dimensional pipes and plate only. Similarly, very limited
work is available on welding analysis using three dimensional models. Further, thermo-
mechanical models to that consider solid state phase transformation of austenite to
martensite, which has a beneficial effect on the residual stress distribution, are also limited.

It is well known that steels like modified 9Cr-1Mo steel are susceptible to Hydrogen
Assistant Cracking. Pre-heating or combined pre heating & post heating are used for reducing
the cracking susceptibility. However, studies, both experimental and modeling, to reveal the
effect of pre heating and combined pre heating & post heating on residual stress and distortion
of welds of this class of steels are missing in literature.

Above mentioned points are identified as the gap in the research work in the available
literature on thermo-mechanical analysis of welding of Grade 91 steel.

These research gaps are addressed in the present work as per the activities listed below.

1. The development of numerical models to investigate the thermo-mechanical
behavior of thin ferritic-martensitic modified 9Cr-1Mo steel welds.

2. The comparative study with an autogenous and multi-pass GTA welding with and
without preheating using numerical models.

3. Thermo-mechanical analysis of effect of phase transformation on residual stress and
distortion analysis of modified 9Cr-1Mo steel welding analysis.

4. Experimental study of effect of pre heating and combined pre heating and post heating on
residual stress and distortion of autogenous and multi-pass welding of modified 9Cr-1Mo
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steel.

5. Thermo-mechanical analysis of welding with combined pre heating & post heating on

GTA welding of modified 9Cr-1Mo steel.

2.10. Objective and Scope of the Work

The objective of the present work is to develop a numerical model for autogenous and

multi-pass GTA welding of modified 9Cr-1Mo steel that would consider preheating and post

heating employed during welding aytnd capable of prediction residual stress and distortion with

reasonable accuracy. Hence, objective also includes validation of this model by preparation of

autogenous and multi-pass weld joints and experimental estimation of residual stress and

distortion. To achieve these objectives, scops of the work includes the following

1.

Creation of material database for modified 9Cr-1Mo steel by considering the effect of
phase transformation which will be an input for thermo-mechanical analysis.
Incorporation of the effect of phase transformation in the thermo-mechanical analysis of
modified 9Cr-1Mo steel welding.

Validation of the accuracy and consistency of double ellipsoidal model by carrying out
bead-on-plate experiments.

Thermal analysis of 3 mm thick plate autogenous and 6 mm thick plate multi-pass
welding and its validation with experimentally generated thermal cycles from
temperatures recorded using K type thermocouples at different locations.

Mechanical analysis of 3 mm thick plate autogenous and 6 mm thick plate multi-pass
welding and its validation with experimentally estimated residual stress values using X-
ray diffraction technique and displacement values measured on the welded plates using

electronic height gauge.
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Thermo-mechanical analysis of welding with pre heat for both autogenous and multi-pass
welding and its validations by comparing the predicted weld thermal cycles, residual
stress and vertical displacement at different locations with those obtained from
experiments.

Thermo-mechanical analysis of welding with preheating and post heating for both
autogenous and multi-pass welding and its validations by comparing predicted weld
thermal cycles, residual stresses and vertical displacement at different locations with
those obtained from experiments

Study of effect of pre heating and combined pre heating & post heating on residual stress
and displacement of both autogenous and multi-pass welding of modified 9Cr-1Mo steel

plates.
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CHAPTER-3

RESEARCH METHODOLOGY

3.1. Plan of Research Work

The entire research is for development of a finite element model that can be used to
carry out thermo-mechanical analysis of multi-pass GTA welding of modified 9Cr-1Mo steel
with filler addition so that this model can be used to predict residual stress and distortion in the
weld joint with a reasonable accuracy. This model considered the phase transformation that
take place during weld thermal cycle and able to handle pre heating and post heating given to
the weld joint. Experimental validation of the model is an important component of this research
work. This work is carried out progressively, initially, model is developed for autogenous
welds without filler addition and without preheating and post heating; the model is modified
progressively so that it can predict residual stress and distortion is multi-pass welds carried out
with preheating and post heating. Broadly three stages of development can be identified
Stage I: Numerical and experimental investigation of autogenous and multi-pass GTA

welding of 3 mm thick plate with square joint and 6 mm thick plate with V groove
joint of modified 9Cr-1Mo steel.

Stage II: Numerical and experimental study of effect of pre heating on autgenous and multi-
pass welding of modified 9Cr-1Mo steel of thickness 3 mm and 6 mm
respectively.

Stage I1I: Numerical and experimental study of effect of combined preheating and post
heating on autogenous and multi-pass welding of modified 9Cr-1Mo steel of

thickness 3 mm and 6 mm respectively.

The key aspects and steps involved in various stages are illustrated as block diagram
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in Fig. 3.1. In each stage, both thermal and mechanical analyses have been carried out
sequentially to evaluate thermal histories, residual stress and distortion. Double ellipsoidal

heat source distribution model is used for GTA welding analysis.

» : " Modified 9Cr-1Mo steel (Grade 91 steel) -

3 mm thick (Autogenous weld) and 6 mm thick (Multi-passsweld plate)

£ . ¥
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For pre heating disk shaped combined with double ellipsoidal heat source have been
employed to simulate the welding with pre heated plate. Temperature-dependent physical and
mechanical properties are used during the simulation study. In order to achieve real-time

results, the convection and radiation heat transfer coefficients have been incorporated in the
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model. Thermo-mechanical analysis of autogenous and multi-pass GTA welding of modified
9Cr-1Mo steel was carried out in two basic steps. First a transient heat transfer analysis taking
into account temperature dependent thermo-physical material for different phases was carried
out and in second step the generated temperature distribution was used as an input to the
mechanical analysis.

3.2. Methodology for numerical simulations

In this work, for thermo-mechanical analysis of GTA welding process, FE modelling
program SYSWELD is used on a Dual Intel Xeon E5-2687W @ 3.1 GHz (8 Core, 64 GB
RAM, 992GFLOPS) processor PC with a Windows 7 Operating System. The methodology of
welding simulation during this research is described as follows.

SYSWELD software involve three phases in welding simulation, these are modeling,
analysis using welding advisor and post-processing as shown in Fig. 3.2. Material, geometry

and heat source fitting belong to the first phase in weld simulation step [1].
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Fig.3.2. Steps in Thermo-mechanical analysis of welding in SYSWELD
Heat source fitting and thermal transient analysis are conducted to obtain heat source
distribution and temperature history with heating and cooling rate. Heat source fitting is
conducted by bead-on-plate welding to obtain GTA welding heat source distribution and

temperature history.

Heat source fitting involve the following procedure.
1) Preparation of bead-on-plate welds of different heat inputs.
2) Measurement of bead parameters like width of the bead and depth of penetration for

each of the bead-on-plate weld.
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3) Head source fitting (HSF) in which heat source parameters chosen for simulation are
adjusted in such a way that molten pool size simulated by the simulated heat source
matches with the bead parameters for different heat inputs.

4) Use of fitted heat source for thermo-mechanical simulation of weld.

Meshed model, material properties with boundary condition along with heat source
fitting file (.fct file) are the inputs for thermo-metallurgical analysis. Temperature histories and
its corresponding phase fractions at each node were employed as the thermal load for
subsequent mechanical analysis. Finally, visual viewer is used to display the result obtained
from the analysis as shown in Fig. 3.2.

Because of the complex nature of weld pool formation, it is extremely difficult to
include each and every phenomenon occurring within the molten zone in the modeling. Some
of the phenomena like vaporization, ions formation, molten metal circulation etc. are ignored
in this study.

The SYSWELD is a FEM based computational tool for simulation of heat treatment,
welding and corresponding welding assembly processes. It has the capability to consider
various aspects such as phase transformations, latent heat effects during phase transformation,
changes in microstructure, diffusion and precipitation of chemical elements, hardening
behavior (i.e. isotropic, kinematic and mixed), visco-plasticity and phase dependent strain
hardening etc. Temperature dependent material properties, phase proportions and proportion
of chemical composition can be considered. It is also possible to develop a user defined heat
source by a volume density of energy which moves along the weld trajectory witha FORTRAN
program using graphic user interface. In this work, the numerical simulation procedure was
performed by a sequentially coupled thermo-metallurgical-mechanical analysis. The term
‘sequentially coupled’ implies that initially, temperature histories and phase fractions were

computed at each node which is coupled with thermo-metallurgical analysis [2-11].
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3.3. Welding heat transfer

The mode of heat transfer in the welded component is mainly through conduction. In
order to predict the thermo-mechanical behavior of autogenous and multi-pass weld, the multi-
physics aspects were suppressed and the problem was simplified as conduction heat transfer
problem. Welding analysis was limited up to thermo-metallurgical-mechanical problem by
neglecting fluid flow effect in weld pool, plasma physics, electromagnetism etc. Hence the
equilibrium equations left to solve are the heat balance and force equilibrium for the thermal
and mechanical analysis.

In heat transfer analysis, the transient is conducted by solving the governing partial
differential equation for the transient heat conduction. The governing partial differential
equation for the transient heat conduction (temperature field in time) (¢) and space (x, y, z) is

by Eq. 3.1.

0 or, o
E(K )—(K—)+ (K ) q=pC—

-

dT

i 3.1

Where x, y, z are the Cartesian coordinates, ¢° is the internal heat generation. In addition, p
refers to the density, K to the thermal conductivity and C, to the specific heat, which is function
of temperature 7. Both base and weld metal are isotropic hence thermal conductivity value is
same in all directions.

Matrix form of above equation can be written as Eq. 3.2-3.3
oT
pC=, = (L) [|p|{LiT]+0 (3.2)

Where,
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3.4. Welding Arc Efficiency

It is safe to assume that all electric energy of the arc converts into heat energy. But not
all the energy is used for the heating of the filler and base metal. A part of this energy goes to
heat dissipation (losses through electrode tip heating, radiation to the surroundings, metal

spatter etc). So, the effective energy of the welding arc can be expressed in Eq. 3.4.
O=Vin (3.4)

Where Q is net heat input in Watt, V'is voltage, [ is current and 7 is weld efficiency, In general
the arc efficiency is very much dependent on the welding processes used, the penetration
achieved, the shielding gas and many other factors which make it difficult to be predicted.
Groove geometry also affects efficiency. The efficiency value in the range of 0.68-0.75 is

considered for the GTA welding process in the present study.

3.5. Heat source distribution model

Residual stresses in welds can vary widely depending on the transient temperature
distributions that occur during welding which in turn are related to total heat applied and the
type of heat source. Thus, for determination of realistic temperature profile in the target
application, a careful and accurate modeling of heat source is required.

Goldak’s Double ellipsoidal model is used for thermo-mechanical analysis [12]. This

model gives the Gaussian distribution and has excellent features for power and density
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distribution control in the weld pool and HAZ of base metal as shown in Fig. 3.3. The heat

input of the welding forms the basis for governing factors concerned with thermal cycle [7-12].

Heat Flux (watt /
3
mmn’) o

Fig.3.3. Double ellipsoidal heat source distribution model

In this model, the heat distribution is modelled as a double ellipsoidal configuration
combines two different ellipses, one in the front quadrant of the heat source and the other in
the rear quadrant. It is observed that this 3D power density heat source could overcome the
shortcomings of all previous models to predict the temperature for the welded joints with
deeper penetration. Calculation experience with the double ellipsoidal heat source distribution
revealed that temperature gradient in front of the heat source distribution was not steep as
expected. At the trailing edge because of moving heat source trailing edge molten pool is
steeper than experimental measurement.

Power densities of double-ellipsoidal heat source model are g7 (X, y, z) and ¢- (X, y, z),
which describe front and rear quadrant heat flux distributions of the heat source. Heat density

q(x,y, z, t) within the front and rear half ellipsoid is Eq. 3.5-3.6.

2
q (x V,z t):Me—3x2/afze_3y2/b26—3{Z+V(T—l‘)} /c?2
f 22
afbcm/; .

6310

2
2270 2232 = zv(r-1)| /e?
q,(x,y,z,t)=7e 3x=/ay e 3y=/b e [ ]
a,bczr\/z

(3.6)
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Where ay, ar, b, ¢ are the ellipsoidal heat source parameters, as is front length of molten pool,
ar 1s rear length of molten pool, c is depth of penetration in all cases and b is half width. v is
the velocity of the heat source, ¢ is the time and 7 is a lag factor needed to define the position
of the source at time # = 0. Q is net heat input, f and f proportional coefficient at front and rear
ellipsoid such that f;+ fr = 2, 63 is heat flux distribution parameter which characterize the
concentration level of heat flux distribution.

A double ellipsoidal heat source axes and parameters implemented in SYSWELD
are shown in Fig. 3.4.

Front half Ellipsoid

Rear half Ellipsoid

Fig.3.4. Axes and parameters as implemented in SYSWELD.

3.6. Pre heating heat source model

Pavelic et al. (1969) proposed disc shaped heat source model with Gaussian
distribution. The Gaussian heat source model is in bell shape as shown in Fig. 3.5. The heat

input within the space at a distance ‘r’ from the centre of the arc is given by Eq. 3.7 [14].
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~ End of Flame
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Fig.3.5. Circular heat source distribution

—cr?

q(r) = q(0)e 3.7)
Where

q (r) = surface flux at radius r (w/m?)

g (0) = Maximum flux at the centre of the heat source (w/m?)

C = Distribution width coefficient ()

r = Radial distant from the centre of heat source (m)

Friedman, Krutz and Segerland [15-16] suggested a coordinate system that moves with source

for Pavelic disc model with following equation

3 32 /2 3£252
gx.8) =L e
e (3.8)

O = Energy input rate
C, = Characteristic radius of heat flux distributions

With (x,y,z) system a lag factor 7 is needed for defining the positions of source as shown in

Fig. 3.6.
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Fig.3.6. Co-ordinate system form used for FEM analysis of Disc model

In this study for modeling the preheating effect, moving co-ordinate disk shaped model
as shown in Fig. 3.6 is used. For the purpose of pre heating analysis 7 mm and 14 mm radius
are considered for moving co-ordinate disk shaped model for 3 mm and 6 mm thick plates
respectively. Disk shaped model combined with doubled ellipsoidal model is used for analysis
of welds made with preheating for autogenous and multi-pass welding of modified 9Cr-1Mo

steel.

3.7. Metallurgical Transformation

For metallurgical computation, three different phases are considered. First phase of
material is ferrite which during heating transforms to austenite and during cooling, the austenite
transforms to martensite. Reactions for phase transformation were defined between
corresponding transformation temperatures.

Ferrite to austenite transformation occurs between (Ac; = 820°C and Ac; = 900°C)

and this transformation was computed according to Leblond’s equation [17].
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aP(r) _ . (;) R, (T)—P(T)

dt o(T) (3.9)
Where P (T) is proportion of phase, ¢ is time, 7 is temperature, Peq (7) is equilibrium phase
fraction and 1 is delay time. It should be mentioned that zis the function of temperature
while F is the function of heating rate.

Koistinen-Marburger (K-M) equation was used to describe the Austenite-Martensite
transformation Martensitic transformation was defined for austenite cooling below Ms

Temperature (375°C) and Martensite phase fraction was computed according to Koistinen-

Marburger equation [18].

P(T)=[1-exp(~b(M, ~T))] (3.10)
Where P (T) is proportion obtained at an infinitely low temperature ( fraction of Martensite
at a temperature). M artensite starts temperature (Ms) was taken as 375°C, (My) Martensite

finishing Temperature is 200°C for modified 9Cr-1Mo steel. b = 0.011 is a constant which

represents the evolution of Martensitic transformation process.

3.8. Boundary conditions

In a welding process, the cooling of the part due to radiation and convection plays a
significant role hence for the evaluation of realistic temperature history heat loss to the
surroundings has been taken into account by considering radiation and convection losses.
During thermal cycle, radiation heat losses dominate in and around the weld pool while the
convection losses dominate away from the weld pool. Combined radiation and convection loss

from the material to surrounding is given by Eq. 3.11-3.12.

Gy =hT"—T)+eo0(T"-T)) (3.11)

3 2, 72 R _
G, =|h+eo(I* + T +T,) [T ~T,)=h, (T~T,) (3.12)
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Where, the first term is convective heat loss and /=25 Wm~=K the convective heat transfer
coefficient. The second term is the heat loss due to radiation where, o= 5.67x10Wm2K*
Stefan’s constant, € = 0.8 as emissivity of plate [19].

Following assumption are made in the formulation of model during finite element analysis of

modified 9Cr-1Mo steel weld.

1- Initial temperature of plate and atmospheric temperature is considered as 26°C. In case
of welding with combined pre heating and post heating initial and atmospheric
temperature is considered as 200°C.

2- Material properties are homogenous and isotropic and temperature dependent.

3- Welding heat source is moving at a certain predefined speed in the welding direction
on weld trajectory only.

4- The convection stirring in the molten pool was balanced in the present analysis by

artificially increasing the thermal conductivity of the material after the melting point.

The temperature distributions obtained by solving heat conduction equation from
thermal analysis will be further used as input for mechanical analysis in order to obtain stress-
strain fields. The mechanical analysis is based on the solution of force equilibrium equations.
The elastic strain component is modeled using isotropic Hook’s law with temperature
dependent Young’s modulus and Poisson’s ratio. The plastic behavior is employed with Von-
Misses criterion, temperature dependant mechanical properties and isotropic hardening model.
To calculate the thermo-metallurgical strain, strains that arise due to temperature dependent
thermal expansion coefficient and phase change are included. During fusion welding, high
temperature thermal cycle period is very short period so creep behavior of material is neglected,

finally the total strain will be Eq.3.13.

Total _ nelastic + 8plasric + thermal Volume (3.13)

& & & +&
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3.9. Meshing of bead-on-plate

The accuracy of FEA depends upon the mesh density used. Fig. 3.7 shows the 3 mm
thick bead-on-plate meshed model of size 100 x 60 mm used for analysis. During welding,
temperature in weld centre line and Fusion Zone (FZ) goes beyond the material melting point,
away from weld centre line this peak temperature decreases sharply. Therefore, weld centre
line and surrounding zone (HAZ) should be meshed carefully for predicting correct
temperature [5-12]. Mesh density affects the thermal analysis and fine meshing predicts more
accurate results as compared to coarse meshing. Therefore, in order to predict correct
temperature in fusion zone and HAZ, fine meshing is done in those regions and similarly in
order to reduce the simulation time coarse meshing is done for the regions away from weld
centre line. Total number of nodes and elements used in model are 18602 and 18511

respectively.

Coarse Meshing

Fine Meshing

Fig.3.7. Bead-on-plate meshed model

3.10. Meshing of 3 mm thick square joint plate

For square butt joint weld plate, solid modeling technique is used in visual weld mesh

tool. In this tool fine meshing can be done as per requirement of complexity of weld plate.
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Sensitivity of the model was analyzed using variable mesh size by trial and error approach.
Square butt joint, high temperature and flux gradients are anticipated in and around the FZ and
HAZ and therefore a relatively fine meshing is used within a distance of 15-30 mm from weld
line in 3 mm thick plates of dimension 240 mm x 300 mm X 3 mm as shown in Fig. 3.8. The
element size of 0.5 mm was kept constant within 30 mm on each side of weld line in transverse
direction (to cover the HAZ on either side). Total number of nodes and elements used in 3 mm
thick 3D meshed model are 100307 and 119836. The model was created such that the welding

path was parallel to the X axis and it was placed on the XY plane.

Front View

Top View

0.3 mmI

Fig.3.8. 3D meshed model for 3 mm thick plate

3.11. Meshing of 6 mm thick multi-pass weld plate

Multi-pass welding is more challenging than single pass welding because of repeated
thermal cycles and deposition of filler material affecting the residual stress and distortion. For

studying the effect of meshing on distortion analysis of multi-pass welding, two types of 3D
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models with coarse and fine mesh were used. Study also includes thermo-mechanical analysis

using 2D model for multi-pass welding as shown in Fig. 3.9.

Fig.3.9. 2D meshed model for 6 mm thick multi-pass welding plate

100307 nodes

70302 nodes Coarse Inuhh\g
119836 elements

79686 elements

Minimum element size | mm Minimum element size 0.35 mm

Fig.3.10. Different meshed model of 6 mm thick multi-pass welding plate
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2D and 3D models were meshed using Visual mesh (Design and meshing tool) as
shown in Fig. 3.10 and saved as an ASC format [1]. In FE analysis of multi-pass welding process,
the role of filler material deposition is very important. The FE model of weld joint consists of
base metal and filler material in a single mesh.

Filler material activation is achieved by Chewing Gum method by assuming dummy
phase material. The chewing gum method is independent of the mesh type, whereas in case of
activation method the element activation is limited to solid only, not available for shells
elements. Another advantage of the chewing gum method is if the heat source intensity is
insufficient, the chewing gum material remains as chewing gum, which is easy to check. For
the element activation method, combined with heat sources that do not have enough heat
intensity, the solver can struggle to deal with elements that are activated with a significant
stiffness. This might lead to numerical oscillations and cause more computation time. During
first pass analysis remaining three passes are considered as a dummy so that they do not
contribute during first pass analysis. Similarly, for second and third passes the above
methodology was followed [8-10]. Dummy material has been assigned low stiffness (1 N/mm?
for solid elements and 5 N/mm? for shell elements) and yield stress equal to that of parent
material.

3D elements are used for meshing the weld bead and base plate. In order to reduce
computational time, different mesh size elements from weld line to end of weld plate are used.
High temperature and flux gradients are anticipated in and around the FZ and HAZ therefore a
relatively fine meshing is used within a distance of 30 mm from weld line as shown in Fig.
3.10.1 and 3 mm element size is used within 30 mm on each side of weld line (to cover the
HAZ of weld) in transverse direction for fine and coarse meshed model. Away from this, the
element size increases with an increase in the distance from weld line as shown in Fig. 3.10. In

weld direction, minimum element size is kept constant 0.35 mm in fine meshed model and 1
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mm in coarse mesh model. Total number of nodes used in 3D coarse meshed model is 70302
and total number of elements is 79686. Similarly, in case of 3D fine meshed model total number
of nodes and elements are 100307 and 119836 respectively.

Three types of elements are used such as 1D linear elements, 2D and 3D quadrilateral
elements. 1D linear element used for the weld trajectory and reference lines. Weld heat source
moves on weld trajectory on a predefined path. The reference line is parallel to the weld
trajectory line and having equal number of elements as shown in Fig. 3.11. The trajectory was
chosen to be along the center line of the whole substrate plate, with mesh size control of the

weld line to ensure that the nodes coalesced with those on the skin and volume elements.

Trajectory

Start Node

Reference

Fig.3.11. Weld trajectory and reference line

3.12. Clamping condition

If a metallic component is heated uniformly and if it has complete freedom toexpand in
all directions, it will return to its original form after cooling uniformly. During welding process,
heating is not uniform. The heat is concentrated at the joint location, with the arc temperature
being very much higher than the base metal temperature. Due to this uneven expansion and

contraction between the weld metal and base metal, stresses generate at the welded joint. These
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stresses are greatly influenced by different factors such as external constraint, material
thickness, type of weld process etc. As the extent of external constraint increases, magnitude
of internal stresses will increase. If no external constraint is applied during welding, the stresses
will cause the component to distort very freely. It can be concluded that the constraint is a
measure of structure’s ability to develop residual stresses and diminish distortions [20--28].
There are two types of clamping condition introduced in modelling, elastic and rigid. Elastic
constraints for elements are the simplest way to simulate real clamping conditions. In this
study, to match the experimental boundary condition, minimum clamping was applied as the
artificial boundary condition in order to prevent rigid body motion in the numerical simulation.
The rigid body motion is prevented by fixing the body by constraining three corners and one
corner is left free to allow the free expansion of the material. One of the corners is arrested in
all the three directions as shown in Fig. 3.12. Another corner is arrested in “y’ and ‘z” directions
whereas the remaining one is arrested in ‘y’ direction alone. Elastic clamping applied for
elements and nodes with a stiffness of 1000 N/mm?.

During thermal cycle, radiation heat losses dominate in and around the weld pool while
the convection losses dominate away from the weld pool. In order to generate the convection
and radiation boundary conditions, skin elements (2D) were constructed on all the exposed
domains of the model as shown in Fig. 3.12. As before, the mesh density of the surface mesh
was specified such that the skin element nodes were coincident with the volume element nodes
lying underneath them. Radiation loss is considered using skin effect with a emission

coefficient is 0.8 and 25 w/mm? convective heat loss is considered [19].
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Fig.3.12. Boundary condition in welding analysis
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CHAPTER-4

EXPERIMENTAL WORK

In this chapter, details about the experimental works carried out to validate finite
element modeling prediction on the thermal cycles, residual stresses and distortion are given.
The welding experiments were carried out in the welding laboratory of Advanced Welding
Processes and Modeling Section, Material Technology Division, IGCAR, Kalpakkam, India.
Weld thermal cycles experienced by the plate at different distances from the weld fusion line
was acquired while welding is in progress. Weld bead profiles, residual stress, distortion
(vertical displacement), and hardness of the weld metal and HAZ were measured using
appropriate experimental tools. Microstructure of the weld joint was also examined under
optical microscope.

Complete details about the thermocouple locations on the weld joints and data
acquisition system for temperature recording and procedures for the residual stress
measurement using X-ray diffraction technique and distortion measurements by height gauge
are also given. Autogenous and multi-pass GTA welding parameters employed for carrying
out welding of 3 mm and 6 mm thick modified 9Cr-1Mo steel plates are discussed. Hardness
measurements details are also provided.

Modified 9Cr-1Mo steel plates used in current study were normalized at 1080°C and
tempered at 760°C for 2 hours. The chemical composition of modified 9Cr-1Mo steel plates

provided by manufacturer is presented in Table. 4.1.
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Table.4.1. Chemical Composition of modified 9Cr-1Mo steel

0.10 | 0.43 | 040 | 0.015 | 0.06 | 85 [0.10 | 0.88 | 0.045| 0.23 | 0.018

Bead-on-plate experiments were carried on the modified 9Cr-1Mo steel plates for heat
source fitting at various heat input values and for verifying the accuracy of material data base.
Three set of plate welds of thicknesses 3 mm and 6 mm were fabricated employing Autogenous
and multi-pass GTA welding process respectively. Autogenous welding technique was used
for 3 mm thick square butt joint plate using Semi-Automatic GTA welding machine as shown
in Fig. 4.1. Multi-pass welding process is used for 6 mm thick plate with V groove joint (70°).
Four passes were required for completing the joint using matching composition filler wire (ER
90S-B9) of 1.4 mm diameter size by manual GTA welding process. The first set of weld joints
were made without pre heating, the second set with pre heating of 200°C and the third set with
combined pre heating and post heating at 200°C. The experimental setup of different welding

processes is discuused in detail below.

4.1. Bead-on-plate weld

For heat source fitting and checking the accuarcy or suitability of material datbase,
bead-on-plate experiments were carried out on 3 mm thick plate at a different heat inputs. Bead
on plate welding carried out on 3 mm thick plates using Semi-Automatic GTA welding

machine.
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Fig.4.1. Autogenous welding of 3 mm thick plate using Semi-Automatic weld machine

Sixteen numbers of bead-on-plates were made at 60, 100, 120 and 150 mm/min speed
for 90, 95, 100 and 110 A current with an arc length of 1.5 mm. Pure Argon is used as a
shielding and purging gas with flow rate of 10 lit/min. Square butt joint of 3 mm thick plate
was made using optimized welding parameters of 90 A at 100 mm/min weld speed. Fig. 4.2 (a-
e) shows different bead-on-plates at different heat inputs. After welding, weld samples were
cut, metallographically polished and etched using Villella’s reagent to examine the weld bead

profile as shown in Fig. 4.3.
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(d) 90 A at 120 mm/min
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Fig.4.2. Bead-on-plates at different heat inputs

Base Material HAZ Weld Zone

Fig.4.3. Weld sample
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4.2. Autogenous welding

In GTA welding, the electric arc is produced between non-consumable electrode and
the work piece. An autogenous welding process is employed for the study, in which the arc
moves over the substrate material and joining of plate is performed without any addition of
filler material. The argon gas shielding is used to prevent oxidation at the fusion zone. Fig. 4.4

shows weld bead produced during autogenous welding.

Fig.4.4. Weld bead using Autogenous weld

Fig. 4.5 shows the location of thermocouples, used for measuring temperature history
at 10, 15 and 18 mm. K type thermocouples are used for recording thermal cycles at a sampling
time 1 second. Sampling time is duration between two consequence recording temperatures, in
this case for duration of every one second temperature has been recorded. The thermal cycles
have been recorded down to room temperature. The temperature histories are recorded during
the entire period of heat source movement and the cooling period. A data logger interfaced with
computer is used for storing and analysis of thermal histories. The other end of the
thermocouple is connected to a multichannel temperature measuring system. Thermal history

has been recorded by thermocouple in terms of voltage, which converts to temperature by data
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logger and entire data is recorded in laptop. The experimental setup of the temperature

measurement with data logger and thermocouples is shown in Fig. 4.6.

eld Plate with clamped condition

L -

~
.

Thermocouples

A $

Fig.4.5. Autogenous weld plate

Automatic GTA
welding

Weld plate with

thermocouple

Fig.4.6. Experimental setup for thermal cycle measurement
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4.3. Multi-pass welding

Manual multi-pass GTA welding was performed with V-groove edge configuration as
shown in Fig. 4.7 (a). Run-in and run-out plates were tack welded to the weld joint. Stiffeners
were provided during experiment to avoid excess distortion of weld joint as shown in Fig. 4.7
(b). Plates with V groove joint preparation at 70° angle of dimension 240 mm x300 mm % 6
mm welded using matching filler wire of 1.4 mm diameter by manual welding process and the
electrode tip angle of 30° was used. Pure Argon is used for shielding and purging while the gas
flow rate was kept at 10 lit/min. Thermal cycle during welding was recorded using K type
thermocouple. After welding, weld sample was prepared by metallographic techniques. FZ and
HAZ size of each sample is measured using optical microscope. Average heat input paramters

used during welding of multi-pass welding for different cases is given in Table 4.2.

(a) V Groove weld joint (b) Schematic diagramme of welding

Fig.4.7. Multi-pass welding of modified 9Cr-1Mo steel

Table.4.2. Heat input for multi-pass welding
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Pass Current Voltage Average weld speed (mm/sec) Heat input
No (D V) (KJ/mm)
1 105 14.5 1 1.522
2 120 15 1.5 1.2
3 140 15.8 1.5 1.47
4 140 16 1.5 1.49

4.4. Pre-heating and Post-heating

In case of welding with pre heating, base metal is pre heated to 200°C using Oxy-
acetylene flame. The heated material is checked, whether it has attained the required
temperature by using thermal chalk “THERMELTIK” by striking on the surface of the plate.
During welding with pre heat, the joint area comprising fusion zone and the adjacent area of 7
mm (for 3 mm thick plate) and 14 mm (for 6 mm thick plate) wide on each side from the weld
centre line was heated up to 200°C using oxy-acetylene flame heating. During welding with
post heating, first tacked plates were pre heated up to 200°C and then welding was carried out.
After the weld joint cooled down to 200°C, the temperature of 200°C was maintained for next
0.5 hr by heating with Oxy-acetylene flame for studying the effect of post heating. During

multi-pass welding, inter-pass temperature of 200°C was maintained in between each pass.

93



4.5. Distortion /Vertical Displacement Measurement

The distortion of the weld joint was measured before and after welding process using a
digital electronic height gauge. Grids were marked on the weld joint surface prior to welding
to measure the vertical displacement as shown in Fig. 4.5. Vertical displacement at each grid
points were measured and plotted to understand the variations over a surface [1-5].

Displacement in a weld joint was measured on grid marked position at 50 x 20 mm
locations using electronic vertical height gauge (least count 0.001 mm) as shown in Fig. 4.8.
Difference in reading before and after welding was plotted as a vertical displacement in weld

joint.

Surface Plate

Fig.4.8. Vertical Displacement measurement using vertical height gauge

4.6. Residual Stress Measurement using X-Ray Diffraction Technique

Residual stress measurements are made using X-ray diffraction technique at an interval
of 5-10 mm from weld center line. This technique uses the distance between the

crystallographic planes as a strain gauge. If tensile stresses were present, the lattice spacing

94



will increase for planes perpendicular to the stress direction and decreases for planes parallel
to stress direction. The elastic strain and change in the value of lattice spacing is proportional
to magnitude of residual stress. Diffraction from the grains satisfy the Bragg’s law.

Fig. 4.9 shows the equipment used for the XRD based residual stress measurements in
the present study and it is a portable X-ray stress analyzer (Rigaku Strain flex MSF-2M) having
a back-reflection type goniometer with Chromium Ko radiation. The locations of
measurements were polished before the measurements to minimize/avoid errors due to surface
defects. The complete method of measuring the shift in the peak position of diffracted X-rays
of a selected set of planes and thereby calculating the residual stresses is discussed in detail in

the literature [7-10].

Fig.4.9. X-ray Diffraction equipment

In this technique, strain in the surface layers of a material is estimated by measuring the
shift in the position of the diffraction peak of a set of parallel planes. These strains are then

converted into stresses analytically using various assumptions. The description of fundamental
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relation between lattice spacing and stress in the specimen surface is given below. Fig. 4.10
depicts the pictorial representation of the angles and principal stresses for plane stress elastic
model.

XRD based stress measurement is confined to the surface of the sample. In the exposed
surface layer, a condition of plane stress is assumed to exist. That is, distribution of stresses
described by principal stresses o7 and o2 in the plane of the surface, and no stress is assumed
perpendicular to the surface, o3 = 0. However, a strain component perpendicular to the surface
& exists as a result of the poison’s ratio (u), contractions caused by the two principal stresses.

The expression of strain in terms of orientation angles is given below [10].

Epy = [(1+,u)/E(GlCos2¢+O'2Sinz¢)Sinzl;/J—[(,u/E)(O'1 +0o, )] 4.1)

Fig.4.10. Plane Stress Elastic Model

Angle ¢ denotes the angle between one of the principal stress axes and the projection of the

measured strain direction on the specimen surface. Angle y is the angle between specimen
normal and direction of strain measurement. E is Young’s modulus, u is Poisson’s ratio.

The lattice spacing for any direction is:
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dy, =|((1+ 1)/ E)  o,d,Sinty | (u/E), d, (01 +0,)+d, 4.2)

Eq. 4.2 describes the fundamental relation between lattice spacing and the biaxial
stresses on the surface of the sample. The lattice spacing is a linear function of the sin®y .
Schematic representation of this variation is shown in Fig. 4.11. The intercept of the plot (d vs.

sin’y ) at sin’y =0 is:

d

¢V/:d" ~(u/E),, d, (o +0,) (4.3)

hkl "~ 0
The slope of the plot (d vs. sin? y) given in Fig. 4.11 is

od,, 1dSin'y =((1+u)/ E) o,d, (4.4)

o¢p = (E/1+ 1) niiy1/do(0dy /0sin®y) 4.5)

Negative and positive slopes correspond to compressive and tensile stress and the slope gives

the value of & ” This instrument has a back-reflection type goniometer with a 2¢ scan range

from 140° to 170° having parallel beam geometry.

A multiple y method (Sin?y ) was used for the stress measurement. In this method,
diffraction measurements are made at several tilt angles i . The residual stresses are measured
within the top layer of about 20 to 50 um in thickness after electrochemically polishing at the
selected measurement locations. The X-ray tube is operated at 30 kV with a target current of 8
mA. The peak shift at various i angles defined as the angle between sample normal and
diffraction vector (ranging from 0° to 45° in steps of 9°) is related to the change in the d-spacing
of the (211) plane and is used for estimating the residual stresses. Scanning in steps of 0.2°
with a dwell time of 3 sec at each step was employed to obtain good statistics of the

measurements. The scanning was carried out within the angular range of 148° to 164°. At all
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the locations on the surface two sets of measurements were carried out and the values reported
are averaged stress values based on the combined analysis of the change in the peak location

with varying v . All the peaks were corrected for background and for absorption by fitting a

parabola to the 20% of the corrected peak and the peak of the parabola were taken as the peak
top. The conditions used for XRD measurements are given in Table 4.3.

In the present work only XRD technique has been used for residual stress measurements
and the results have not been verified with those obtained from another complimentary
techniques. However, it may be noted that the equipment and the procedure employed for
residual stress measurements using XRD technique is same as those used for results of residual
stress measurements carried out by XRD technique and those reported by Javadi et. al. In that
work results of residual stress values obtained by XRD technique on dissimilar welds between
P91 steel and 316LN stainless steel have been compared with those obtained by hold drilling
and neutron diffraction techniques. Residual stress estimated at distance of 4.6 mm distance
from weld line on P91 plate side is 221 MPa using hole drilling technique and the
corresponding value estimated using XRD techniques is 218 MPa. This confirms the reliability
of the technique and procedure adopted for the residual stress measurement and hence, only

this technique was employed for the residual stress measurement.

Compressive

Tensile

Sin’x

Fig.4.11. Slope of the Plot Provides Information about Nature of the Stress
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4.7. Hardness Measurement

For measuring hardness values across weld joint and microstructure of modified 9Cr-
1Mo steel, a metallography specimen was cut from 3 mm thick plate welds with weld at the
center of the specimens. The cross section of weld specimen was polished and etched using
Villella’s reagent (1 gm of picric acid, 100 ml ethanol and 5 ml of hydrochloric acid) [11].
Micro-hardness measurements (Vickers Hardness) were made at specified intervals (every 2-5
mm) from the weld centerline of as weld using 100 gm load with SHIMADZU, HMV-2000

Micro-hardness tester. The hardness profiles and microstructure were taken across the weld

joint.
Table.4.3. X-Ray diffraction Conditions
Characteristic X-ray Cr Ko Y Range 0° - 45°
Diffraction plane {211} Step width 0.2°
Diffraction angle (degrees) 156.5 Wave length 2.2896 A°
Filter Vanadium Spolier slit 1°
Tube voltage 30kV Aperture 2 x 4 mm
Tube current 7 mA Dwell time 3 sec
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CHAPTER-5

RESULTS AND DISCUSSION

This chapter is divided in to six different sections. In first section, creation of material
properties data base is presented and heat source fitting analysis for 16 bead-on-plates is
discussed in detail. Predicted weld profile and HAZ profile is compared with experimental
measured profile for different heat input. In second section thermo-mechanical analysis of
autogenous welding of 3 mm thick modified 9Cr-1Mo steel plate welding and its experimental
validation is presented. The results clearly bring out the effect of phase transformation during
weld thermal cycles on the residual stresses generated as well as distortion. In third section
thermo-mechanical analysis of multi-pass welding process for 6 mm thick plate of modified
9Cr-1Mo steel is discussed.

Thermo-mechanical analyses of welding made with pre heating are presented in the
fourth section. Disk shaped heat source distribution model is proposed for modelling the effect
of preheat. In the fifth section thermo-mechanical analysis of welding with both pre heating
and post heating are carried out. Different assumptions and boundary conditions considered
while modeling welding with post heating for autogenous and multi-pass welding is also
discussed. In each of these sections predicted residual stress and distortion in weld plates are
verified with experimental measured values.

In last six section comparison of results presented in the sections 2-5 are made to bring
out the role of pre heating and post heating in altering the residual stress distribution and
distortion in the weld and also to demonstrate the validity of the thermo-mechanical analysis
for autogenous and multi-pass welding and welding without preheating, with preheating and

with both preheating and post heating.
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5.1. Material data base creation and Bead-on-plate weld

Material data base for modified 9Cr-1Mo steel was not available in default SYSWELD
libraray. Hence two types of material data base considering with and without phase
transformation effect were created from the material property data collected from literature.
Using this data thermal analysis of bead-on-plate weld was carried out. Heat source fitting of
bead-on-plate was done using double ellipsoidal heat source model. Degree of accuracy of heat
source fitting and suitability of material datbase are checked using autogenous bead-on-plate

welds made on 3 mm thick plate at a different heat input.

5.1.1 Material data base of Modified 9Cr-1Mo steel

Material database is not available for modified 9Cr-1Mo steel in default database of
SYSWELD library, so material properties data base of modified 9Cr-1Mo steel is created using
data base tool. During heating part of the weld thermal cycles, ferrite phase with Body-
Centered-Cubic (BCC) structure transforms to austenite phase with Face-Centered-Cubic
(FCC) structure resulting in decrease in volume [1-4]. In the cooling part of weld thermal
cycles, austenite transforms in to martensite with Body-Centered-Tetragonal (BCT) structure
with a corresponding expansion in the volume. These phase transformations are considered in
material properties database. For modeling strain hardening behavior of ferrite and austenite
phases of this steel, properties provided for X20Cr13 steel are considered. For martensite phase
properties of modified 9Cr-1Mo steel, properties of martensite given for DP 600 steel (Dual
Phase steel) are considered. Composition of X20Cr13 steel is similar to that of the modified
9Cr-1Mo steel, but carbon content in this steel is high. Because of this, properties of ferrite and
austenite phases are similar for both the steels; but for martensite phase of X20Cr13 steel is
harder than that of modified 9Cr-1Mo steel. It is found that variation of yield strength with

temperature for martensitic phase in DP 600 steel is similar to that of modified 9Cr-1Mo steel
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and hence properties of this martensitic phase is taken for generating data base for modified
9Cr-1Mo steel [5]. Fig. 5.1.1-5.1.2 shows the different phase dependent thermo-physical and
mechanical material properties taken from literature [1]. During computation of the phase
fraction as a function of temperature. The effect of martensitic phase transformation is
calculated based on the Koistinen and Marburger model with coefficient is 0.0268 [6].
Martensite start temperature (Ms) and Martensite finishing (My) temperature are 375°C and
200°C considered. Ferrite to austenite transformation was defined between (Aci = 820°C and
Acs =900°C) and this transformation was computed according to Leblond’s equation [7-10].
Accuracy of FEA is depends upon the accuracy of material property data base. While
making the material data base as recommended in literature, curve fitting and sharp changes in

values are avoided [11-15].
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5.1.2. Heat Source Fitting of Bead-On-Plate Welding

Bead-on-plate welds of 3 mm thick plate were prepared using Semi-Automatic GTA
welding machine at a different heat inputs Fig.5.1.3 shows the Weld profile and HAZ profile
of weld plate measured vertically downward at each 0.3 mm distance.

Fig. 5.1.4 shows the top surface of bead-on-plate where sum of arand a- is weld length
and b are weld width parameters used for heat source fitting. Heat input parameters and
experimentally obtained weld length and width for all sixteen bead-on-plates are given in

Table. 5.1.1.
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Heat Affected Zone Weld Zone Heal Affected Zone
Weld Profile

Fig.5.1.4. Double ellipsoidal heat source parameters

During heat source calibration step the weld bead profile was calibrated with respect to
experimentally observed weld bead profile as shown in Fig. 5.1.5 (a). In this Figure the red
zone indicates the melting point of the material as 1510°C. FZ profile obtained by FEA is
validated with experimental profile measured by optical microscope; this comparison of results
shows a good matching weld profile. Final predicted weld profile is compared with
experimental results shown in Fig. 5.1.5 (b), it shows comparison of isotherms on the cross
section of the weld bead by FEA (left side of weld center line) with respect to fusion and HAZ
boundaries revealed in the cross section of experimental weld bead (right side of weld center
line) after etching. Heat affected zone and fusion zone width of all bead-on-plate welds were
measured using optical microscope and further compared with predicted values as given in

Table. 5.1.1.
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(b) Experiment and predicted weld profile

Fig.5.1.5. Heat source fitting of bead-on-plate

For all 16 bead-on-plate welds same procedure is repeated. Fig. 5.1.6 (a-d) shows
comparison of the predicted and experimental profiles of cross section of bead-on-plate weld
made with currents in the range of 90-110 A, voltage of 10.2-14.4 V and welding speed at 100
mm/min with arc length maintained at 1.3 mm. Variation of current changes the heat source
distributions and its magnitude, this influences the input of heat flux applied in weld regions,
consequently it affects the temperature distributions in FZ and HAZ. Comparison of
experimental and simulated results shows good agreement, overall error of 5-9% is observed,
which is because of difference in heat losses consideration in FEA and actual heat losses in

experiment.
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Fig. 5.1.6 (e) shows the finite element analysis of all bead-on-plates for different heat
input. Maximum weld width of 8.9 mm is obtained for 110 A current and 60 mm/min (heat
input=1.04 kJ/mm) weld speed while minimum weld width of 5.2 mm is obtained for 90 A
current at 150 mm/min weld speed (heat input=0.3 kJ/mm). For same heat input predicted
results are 9.4 mm and 5.9 mm respectively, which are nearer to measured values. For higher
welding speed the FZ profile are not wide because of short heat interaction time with weld
material, it transforms the FZ profile into conical shape, this type of conical fusion zone profile
is predicted as shown in Fig. 5.1.6 (¢) for 90 A current at 150 mm/sec weld speed. Based on all
16 bead-on-plates experiment, FZ profile is optimum for 90 A current at 100 mm/min weld
speed, selected for square butt joint weld plate. All bead-on-plate welds are fully penetration

welds for different heat input as shown in Fig. 5.1.6 (e).
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Fig.5.1.6. FZ and HAZ profile comparison

Measured FZ and HAZ compared with predicted results are as given in Table. 5.1.1.

Maximum HAZ width obtained for 110 A current at 60 mm/min weld speed is 4.08 mm, based

on heat source fitting it is 4.5 mm with 9% error. Similarly, minimum HAZ width is 1.8 mm

experimentally and 2.3 mm from heat source fitting analysis at 90 A for 150 mm/min weld

speed.

For all sixteen bead-on-plates experimental measured HAZ and FZ width are plotted

against finite element heat source fitting results as shown in Fig. 5.1.8. Heat source fitting

analysis results of FZ and HAZ are closer to experimental measured results, with an accuracy

of 97% as shown in Fig. 5.1.7. Root mean square error value for FZ width is 0.0946 and for

HAZ width is 0.083.
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5.1.3 Heat Power Density

Heat power density by FEA using Goldak’s heat distribution model is compared with
analytical results for 90 A current at 100 mm/min weld speed. Heat power density is the amount
of heat concentrated on welded plate for a particular heat input. Fig. 5.1.8 shows the heat power
density calculated using MATLAB.

Fig. 5.1.9 shows the heat power density profile comparison, in terms of weld nugget
profile obtained by SYSWELD, MATLAB (analytical) and experimental results. It is
calculated by MATLAB code, based on simple heat input calculations using double ellipsoidal
heat source distribution, which are 33 W/mm?® by MATLAB and 35 W/mm?® by SYSWELD

simulation.

Fig.5.1.8. Heat source distribution calculation using MATLAB
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Fig.5.1.9. Heat power density comparison for autogenous weld

Table 5.1.1 Heat affected zone and fusion zone width of bead-on-plates

Exp. Simulated
S. | Current | Voltage Weld Weld FZ Fz Heat | Experimental | Predicted
No speed length Input HAZ HAZ

(A) V) Width Width
(mm/min) | (mm) (mm) (J/mm) (mm) (mm)

(mm)
1 110 12.6 60 15.6 8.9 9.4 1039 4.08 4.5
2 100 12 60 15 8.8 9.4 900 4.01 4.48
3 95 12 60 14.6 8.74 9.31 855 4.002 4.23
4 90 114 60 14.5 8.6 9.1 769 3.6 39
5 110 14.4 100 7.5 6.3 7.1 711 3.45 3.83
6 100 114 100 7 6.6 7.05 511 3.01 3.42
7 95 11.3 100 8 5.7 6.1 482 2.86 3.12
8 920 10.6 100 6.8 52 6.1 428 2.61 2.86
9 110 12.8 120 7.9 6 6.8 528 3.002 3.43
10 100 12.6 120 8.54 6.74 7.3 472 2.84 2.96
11 95 12 120 8 6 6.8 427 2.71 291
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12 90 11.9 120 7.6 6.2 7.0 401 2.64 2.87
13 110 11.5 150 7.8 5.8 6.5 379 2.46 2.68
14 100 11 150 7.5 5.7 6.4 330 2.13 2.63
15 95 11.5 150 7.6 52 6.0 328 2.11 2.56
16 90 11 150 7.3 52 5.9 297 1.8 2.3
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3.2. Thermo-Mechanical Analysis of Autogenous Weld

In this section, a detailed numerical study and its experimental validation of
autogenous welding of modified 9Cr-1Mo steel is presented. Square butt joint of modified
9Cr-1Mo steel 3 mm thick plate of dimension 240 mm x 300 mm x 3 mm was prepared using

autogenous welding process as shown in Fig. 5.2.1.

Fig.5.2.1. 3 mm thick square joint weld plate

In the developed computational approach coupled thermal, metallurgical and
mechanical behavior was considered using SYSWELD software. SYSWELD is a welding and
heat treatment computational software used for predicting thermal history, residual stress and

distortion in weld plate using suitable heat source.
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5.2.1. Heat Source Fitting

Heat source fitting is carried out based on experimentally measured double ellipsoidal
parameters. Fig. 5.2.2 shows the comparison of weld and HAZ profile of predicted and
experimental measurement at 90 A and 100 mm/min welding speed. As the predicted bead
profile is close to the experimentally observed weld bead profile, this heat source fitting was
employed in the thermo-mechanical analysis of weld joint.

Double ellipsoidal heat source parameters used for thermo-mechanical analysis for
autogenous welding are given in Table. 5.2.1. Heat source fitting is carried out based on

experimentally measured double ellipsoidal parameters as shown in Fig.5.1.2.

Table.5.2.1. Double ellipsoidal parameters for Autogenous welding

ar ar b c Weld efficiency in terms of %
3.8 5.7 2.8 3 75
SECTIONS
Temp
Time 53,8922

Comput.Ref 6]

Measured Weld profile

Predicted weld profile

820
923
996
1070
1143
1216
1363
1436
1510

faiooegoam

Fig.5.2.2. Heat Source Fitting of 3 mm thick plate autogenous weld
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5.2.2. Thermal Analysis of Autogenous Welding

Thermal analysis is carried out using heat source fitting as an input. Fig. 5.2.3 shows
the transient temperature distribution during the welding process. The welding was started at
the run-in plate and completed in the run-out plate. A moving heat source model is applied to
the top surface of weld center line by setting up a heat flux distribution which varies with time.
The weld pad was allowed to cool down to room temperature after the completion of welding.
Maximum predicted temperature reached during welding is 1613°C, which is higher than
melting point of modified 9Cr-1Mo steel.

Double ellipsoidal heat source distribution is clearly visible in thermal analysis of

welding as shown in Fig. 5.2.4, liquidous temperature is kept as 1510°C (pink color).

1613.0
15072
1401.4
1295.6
1189.8
— 1084.0
_ 9782
_ 8724
766.6
660.8
555.0
449.2
3434
237.6
1318
26.2(]

] | |

Fig.5.2.3. Thermal Analysis of 3 mm thick plate autogenous weld
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Fig.5.2.4. Thermal Analysis showing temperature distribution for 3 mm thick plate
autogenous weld

Fig. 5.2.5 shows the temperature distribution on the top of weld plate at different
locations along the weld line is plotted for different locations. When heat source comes in its
contact node along the weld line it is heated to its peak temperature up to 1613°C, it starts
cooling once heat source moves further and during welding the peak temperature remains same
for each node along the weld line. The quasi-steady state condition produces almost same peak
temperature at different location along the center line of the weld in the plate during welding
as shown in Fig. 5.2.5. It is noticed that the heating rate is higher than the cooling rate because
of the accumulation of heat in front of heat source.

Fig. 5.2.6 shows temperature distribution on top surface of weld plate in transverse
direction. There is nonlinear variation in temperature at different locations from weld line
because of local heating by welding torch and non-linear variation of thermal properties of
weld plate. As shown in Fig. 5.2.6 the temperature was distributed and decreased towards room

temperature.
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TIME(sec)

Fig.5.2.5. Predicted thermal cycle at different locations along weld center line for 3 mm thick

plate autogenous weld

Comparison of predicted thermal cycles and recorded by the thermocouple at three
different locations from the weld center line are shown graphically in Fig. 5.2.7 (a-c). Each
thermocouple has attained its peak temperature when the arc has passed over the thermocouple
line. The peak temperature for 10 mm distance from weld center line measured by
thermocouple is 620°C and by FEA is 630°C, only 10°C difference is observed. Similarly, for
12 and15 mm distance temperatures are 493°C and 412°C by thermocouple and corresponding
temperature predicted from FEA are 518°C and 434°C respectively with 5.9% and 4.5%
difference between the measured and predicted values. Thus, the results of FE analysis closely
follow the experimental measurements. It is also seen that the heating and cooling periods of

test data are in very close agreement with double ellipsoidal heat source model.
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Fig.5.2.6. Predicted thermal cycle at different locations in transverse direction for 3 mm thick

plate autogenous weld
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Fig.5.2.7. Thermal cycle comparison for 3 mm thick plate autogenous weld
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5.2.3. Residual Stress Analysis of Autogenous welding

The validated temperature distribution is given as an input thermal load for mechanical
analysis for prediction of residual stress and distortion. Modelling for 3 mm thick autogenous
weld was carried out using two different material data-base, with and without considering the
phase transformation. For prediction made with phase transformation, properties of austenite,
ferrite and martensite and the transformation temperatures for these phases were considered
separately. For the case of without phase transformation only initial phase ferrite is considered.

Fig. 5.2.8-5.2.9 shows the predicted longitudinal stress in 3 mm thick plate considering
without and with phase transformation effect respectively. It can be seen that the tensile stresses
are present in the weld zone when plate is cooled to atmospheric temperature. Residual stress
profile across weld joints exhibited tensile nature at the region close to weld line and
compressive stress away from weld line. During heating the central region expands, but this
expansion is resisted by adjacent zone. During cooling weld region contracts, and it experience
more restraint due to joining of the two plates and being at high temperature, the weld zone
often deforms plastically. Away from the weld zone, residual stresses would be compressive
to balance the tensile stresses present in the weld zone. This is typically the distribution of
residual stress, if phase transformation is not considered, which is shown in Fig. 5.2.8. The
peak value of tensile residual stress appears at the region of fusion zone and HAZ. In contrast,
if phase transformation is considered, peak residual stress is not in the fusion zone, but in HAZ
as shown in Fig. 5.2.9. Peak value of longitudinal residual stress is tensile in nature and value
is 560 MPa and 635 MPa for the case with and without considering phase transformation

respectively.
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Fig.5.2.8. Residual stress analysis without considering phase transformation for 3 mm thick

plate autogenous weld
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Fig.5.2.9. Residual stress analysis considering phase transformation for 3 mm thick plate

autogenous weld
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Finite element analysis results of longitudinal stress distribution in transverse direction
(with and without phase transformation) are compared with experimentally measured results
of residual stress Fig. 5.2.10. The solid symbols are the average of the multiple values of
residual stresses measured at one point and scatter in the measurements is shown separately as
scatter bands. The residual stress distribution predicted after considering phase transformation
is in good agreement with the experimental results obtained.

Residual stress profile is of typical ‘M’ shape. This is in agreement with the results
reported in the literature for welds of this steel produced by EB [25], laser [18] and GTA [2]
processes. The ‘M’ shaped profile is the result of compressive residual stresses generated
during phase transformation (martensite) dominating the shrinkage residual stresses generated
during cooling cycle. For different welding process of modified 9Cr-1Mo steel, similar type of
longitudinal residual stress profile is reported in literature [1-5, 16-19]. The measured
maximum tensile stress value is observed at 10 mm from weld center line 542 MPa while
predicted residual stress value for same location is 560 MPa and this stress value is decreased
rapidly to 220 MPa at weld center line, where as in case of without phase transformation it
predicted to be 635 MPa.

It is clear that martensitic transformation shall be considered in the modelling for a
reasonable prediction of the residual stress distribution across the weld joint. Measured residual
stress at weld line is 269 MPa, which is less than that obtained for HAZ. This change in stress
profile is due to austenite to martensitic transformation which takes place at low temperature
range (375-200°C) which is accompanied by expansion in contrast to contraction that take
place for the weld while cooling after welding.

Numerically predicted longitudinal stress considering without phase transformation are
larger than the one predicted considering phase transformation and then that measured

experimentally. This shows that the phase transformation from austenite to martensite,
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especially the volume changes associated with it has a significant influence on residual stress
distribution at the end of cooling. Volume changes associated with transformation can largely
nullify the accumulated tensile stresses caused by contraction that accompany cooling of the
weld. It is concluded based on this simulation, that thermo-mechanical analysis without
considering phase transformation gives higher stress value, which significantly differs from
actual stress present in the weld joint Nature of residual stress predicted by simulation carried
out with and without considering phase transformations is matching with experimentally
measured value in HAZ, but in fusion zone there is large difference observed for the values
predicted with and without considering phase transformation. Hence for accurate simulation of
modified 9Cr-1Mo steel welding, phase transformation effects should be considered in material

data base properties.
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Fig.5.2.10. Residual stress comparison for 3 mm thick plate autogenous weld
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5.2.4. Hardness Measurement

Typical microstructures of weld metal, HAZ and base metal of 3 mm thick square butt
joint plate weld made with a current of 90 A are shown in Fig. 5.2.11 (a). The grain size in
weld zone and HAZ zone changes during welding, because of heat input and thermal cycles
and transformation.

Fig.5.2.11 (b) shows the measured Vickers’s hardness plotted at 7 different locations
for both sides of weld at 2.5 to 10 mm distance from weld line. Large variation in hardness is
noticed from weld metal (503 Hv) to HAZ (447 Hv) and to base metal (283 Hv). The hardness
value in HAZ and weld metal is higher than that of the base metal due to martensitic structure

of weld metal and HAZ formed during weld thermal cycles experienced by these zones.

Hardness Indentation Point

(a) Microstructure at different location
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Fig.5.2.11. Hardness measurement for 3 mm thick plate autogenous weld

5.2.5. Distortion Analysis of Autogenous welding

Distortion (vertical displacement) of a thin plate is predicted in the present analysis by
applying both small and large displacement theory with non-linear geometry also taken in to
account. According to large displacement theory equations related to strain and displacements
are essential to describe the buckling behavior and this kind of nonlinear response is considered
as a stability problem. If small displacement is assumed, then strains are given as a linear
function of displacement. In large displacement theory non-linear relationship between strain
and displacement is considered, Green-Lagrange strain which is second order function of the
displacement is given by Eq. (5.2.1). The first order term represents the linear response
behavior; second order term is essential to nonlinear behavior utilizing the large distortion

theory as given in Eq. (5.2.1-5.2.2). [20-23]
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(5.2.1)

(5.2.2)

Where &, &) and & are normal Green Lagrange strain in x, y and z directions respectively yx,

»zand yx- are shear Green-Lagrange strain on the x-y, y-z and z-x plane. », v and w are the

displacement in the x, y and z direction respectively.

Fig. 5.2.12 shows the predicted distortion in weld plate using finite element analysis.

In order to present distortion profile similar to experimental measured weld plate, meshing of

run-in-plate and run-out-plate was added. At the end of weld maximum displacement produced

is 0.6 mm as shown in Fig. 5.2.12 (a), at this stage plates are in clamped condition. Similarly,

just after removal of clamping it increased to 2.1 mm as shown in Fig. 5.2.12 (b). After removal

of clamp and plate temperature came down to room temperature after 7200 s, maximum

displacement in longitudinal direction is enhanced to 3.88 mm as shown in Fig. 5.2.12 (c).
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Fig.5.2.12. Predicted distortion for 3 mm thick plate autogenous welds

During welding of thin plate, temperature gradient across the thickness is negligible, so
out of plane distortion in weld plate is not produced. But at the end of welding and after removal
of clamp with plate cooled down to room temperature, peak displacement occurs in weld plate
as shown in Fig. 5.2.12 (c). For transverse direction simulated distortion result is showing out
of plane distortion at the end of welding and after plate cooled up to room temperature, this
type of distortion is produced because of compressive residual stress trying to balance tensile
stresses around weld line.

Vertical displacement induced in autogenous weld plate after cooling down to room
temperature in different direction is shown in Fig. 5.2.13. Vertical displacement is measured
using electronic height gauge over grids and plotted as a three-dimensional distortion profile

using origin software as shown in Fig. 5.2.14.
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(a) Transverse

(b) Longitudinal

Fig.5.2.13. Vertical displacement in different direction for 3 mm thick plate autogenous weld
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Fig.5.2.14. 3D experimental measured displacement in 3 mm thick plate autogenous weld

In finite element analysis, if large displacement theory is not employed, the buckling

type distortion produced by compressive stress can’t be predicted [21-23]. Fig. 5.2.15 shows
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the negligible out of plane distortion produced around the weld using small displacement theory
by accumulation of in-plane shrinkage. For the same heat input and Gaussian distribution
parameters (Fig. 5.2.12 (c)) shows the distortion produced in welded plate considering large
displacement theory, maximum vertical displacement produced at centre of weld plate is 3.88
mm for same location 0.26 mm distortion obtained using small displacement theory in FEA.
Simulated distortion result is showing out of welding distortion at the end of welding and plate
cooled up to room temperature, this type of distortion is produced because of compressive

residual stress trying to balance tensile stresses around weld line.
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Fig.5.2.15. Predicted distortion using small displacement theory

Predicted distortion (vertical displacement) is further compared with experimental
distortion in longitudinal and transverse direction as shown in Fig. 5.2.16. Displacement
measured at corner of weld plate line is in longitudinal direction (parallel to weld line) and in
transverse direction (perpendicular to weld line). Displacement in weld plate is plotted in such
a way that, bottom of weld plate is considered as a reference point. Fig. 5.2.16 (a-b) shows

deflection (in Z direction) of weld plate after cooling down to room temperature, by considering
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large displacement theory (nonlinear geometry) and small displacement theory (linear
geometry) at two different locations. Results shows maximum vertical displacement occurs at
the weld clamped location (corner of plate), whereas minimum occurs at mid length of weld
plate. The numerical results predicted by large displacement theory matches with experimental
results, whereas the vertical displacement result predicted using small displacement theory is
significantly lower than the experimental results. The trend of deflection curve is similar as in
experimental and simulation results.

Fig. 5.2.16 (a) shows vertical displacement results comparison in longitudinal direction
at corner of weld plate. Maximum vertical displacement obtained experimentally is 3.5 mm,
while vertical displacement obtained by large displacement theory is 3.88 mm which is nearer
to experimental values. Whereas numerically obtained maximum vertical displacement using
small displacement theory is 0.3 mm, which is 10 times smaller than former one. Maximum
vertical displacement produced at weld line in transverse direction is 5.2 mm and predicted
using large displacement theory is 4.9 mm, whereas small displacement theory it is 0.4 mm,
which is 12 times smaller than former one as shown in Fig. 5.2.16 (b).

It may be noted that for prediction of distortion of weld joints presented above, material
data base that considers phase transformation is used. Prediction was also done using data base
that does not consider phase transformation. However, not much difference is found in the
distortion of the autogenous welds of 3 mm thickness with both the predictions. Hence, results
obtained with the use of material data base that considers phase transformation alone is
presented here.

Based on above results, it is clear that prediction of thermal cycles, residual stress and
distortion of autogenous GTA welds of 3 mm thick modified 9Cr-1Mo steel using the FEM
model are reasonably accurate. Results also confirm that data base which considers phase

transformation should be used for accurate prediction of residual stress for the weld joints. It
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is also shown that distortion of the weld joints is predicted more accurately with the model

considering large displacement theory than that considers small displacement theory.
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Fig.5.2.16. Vertical displacement comparison for 3 mm thick plate autogenous weld
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3.3. Thermo-Mechanical Analysis of Multi-pass Welding

In this section, a detailed numerical study and its experimental validation of multi-pass
welding of modified 9Cr-1Mo steel is presented. For distortion analysis, numerical modelling
of multi-pass welding is carried out using 2D and 3D (coarse and fine) mesh models. The
weld joints were prepared using 6 mm thick modified 9Cr-1Mo steel plates of dimension 240
mm X% 300 mm x 6 mm was prepared using manual GTA welding process as shown in Fig. 5.3.1

Fig. 5.3.2 shows the weld cross section of the multi-pass welds of modified 9Cr-1Mo
steel. In order to obtain the welding heat input (the ratio of welding power to the welding speed)
and weld bead profile, the experimental trials were conducted before numerical modelling.
Heat input values obtained from the experimental trials and actual weld bead profile were used

as inputs for simulation. Then simulation was performed in two steps, the heat source

parameters were calibrated initially, followed by the thermo-mechanical welding simulation.

Fig.5.3.1. Multi-pass weld plate
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Fig.5.3.2. Weld profile of multi-pass weld

5.3.1. Heat Source Fitting of Multi-pass welding

Weld pool was represented using double ellipsoidal heat source model. The heat source
parameters were calibrated such that the simulated macrograph matches the experimentally
obtained weld bead profile as discussed in autogenous weld plate case. Finally, using the
calibrated heat source parameters, the thermo-mechanical analysis of welding was carried out.

The heat source model parameters adjusted as per experimental weld profile. Fusion
boundary weld profile was an output of heat source fitting analysis. During this analysis, the
initial temperature of the component was considered at 26°C. The double ellipsoid heat source
parameters as given in Table 5.3.1 and the arc efficiency parameter for heat input estimated from
the welding parameters was iteratively adjusted till the fusion zone shape was similar to actual
weld profile. Fig. 5.3.3 shows the results of heat source fitting carried out for each pass of multi-

pass welding.

Table.5.3.1. Double ellipsoidal parameters for multi-pass welding

Plate ar ar b c Weld efficiency in terms of %
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Fig.5.3.3. Heat source fitting for each pass of multi-pass welding

Weld profile and width of HAZ was measured using optical microscope. Predicted weld
profile based on heat source fitting is compared with experimental measured profile as shown in
Fig. 5.3.4. An experimentally measured value for weld width at the top side is 18 mm and
combined width of fusion zone with HAZ on either side is 28 mm. The corresponding values
predicted from HSF are 16.5 mm and 26.8 mm respectively. Based on this result it is concluded

that the heat source model is reasonably accurate.

Fig.5.3.4. Heat source fitting comparison for multi-pass welding
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5.3.2. Thermal Analysis of Multi-pass welding

Based on heat source analysis, thermal analysis of multi-pass welding is carried out.
Fig. 5.3.5 shows the thermal analysis of final pass of modified 9Cr-1Mo steel multi-pass GTA
welding analysis for fine meshed model. Peak temperature reached in thermal analysis is

1860°C, which is above melting point of modified 9Cr-1Mo steel.
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Fig.5.3.5. Thermal analysis of 6 mm thick weld plate

Predicted thermal cycles at 10 mm away from weld line is compared with thermal
cycles measured using K type thermo-couple as shown in Fig. 5.3.6. This comparison shows
that there is good agreement in peak temperature values for all the four passes for both the 3D
fine and coarse meshed models. Fast cooling rate is observed in case of coarse meshed model
as compared to fine meshed model. Peak value for first and second pass is deviated within 16°C
and 18°C due to difficulties in modeling the complex weld shape. Corresponding deviations in

the peak temperatures for third and fourth passes are only 5°C and 8°C respectively.
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Consequently, the validated thermal cycles were given as an input thermal load for further

mechanical analysis for prediction of residual stress and distortion in weld plates.
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Fig.5.3.6. Thermal cycle comparison for 6 mm thick weld plate

5.3.3. Residual Stress Analysis of Multi-pass welding

The longitudinal residual stress profile was predicted in the transverse direction at the
center line of the welded plate (same line at which residual stress measurements were carried
out) by taking average value of 4 nodes around the point in 0.35-1 mm depth from top surface
of meshed model. Fig. 5.3.7 shows the residual stress comparison between experimental and
simulated results. Effect of phase transformation on residual stress profile is exhibited with ‘M’
shape profile in the weld and HAZ, which is similar to experimental measured values.
Maximum residual stress measured at a location 15-17 mm right and left side of weld line was
400 MPa. Predicted residual stress value at same location is 428 MPa. Simulation considering
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without phase transformation shows maximum tensile stress 485 MPa nearer to weld line. At
weld line, 196 MPa stress is observed experimentally where as predicted value considering
phase transformation is 230 MPa. At the end of HAZ higher residual stresses exhibited in both
cases. The difference between predicted residual stress and measured values is small as shown
in Fig. 5.3.7.

In case of 3 mm thick plate autogenous welding, maximum predicted longitudinal stress
is observed at 10 mm location next to HAZ as 560 MPa. Where as in 6 mm thick multi-pass
welding maximum predicted longitudinal stress is 428 MPa at 17 mm location. This reduction
in stress is observed due to repeated thermal cycles and increase in the volume fraction of

molten metal multi-pass welding.
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Fig.5.3.7. Residual stress comparison of 6 mm thick multi-pass weld
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5.3.4. Distortion Analysis of Multi-pass welding

During welding, thermal cycle is very steep and during cooling it is highly non-uniform
along weld line. This effect cannot be modelled accurately using a standard 2D meshed model.
Hence it is necessary for actual prediction of weld plate displacement profile a 3D meshed
model should be used because out of plane displacement in transverse direction can be studied
using 3D model only. In this study, vertical displacements were predicted using both 2D and
3D meshed models and the predicted displacements values are compared with actual
measurements. Fig. 5.3.8-5.3.9 shows the 2D meshed model and 3D coarse-fine meshed model
distortion analysis. Maximum vertical displacement observed in 2D meshed model is 2.9 mm
as shown in Fig. 5.3.8. Similarly, maximum vertical displacement observed in 3D coarse and

fine meshed model is 4.85 mm and 5.6 mm respectively as shown in Fig. 5.3.9 (a-b).
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Fig.5.3.8. 2D distortion analysis of 6 mm thick weld plate
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Fig.5.3.9. 3D Distortion analysis of 6 mm thick multi-pass weld
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Table.5.3.2. Vertical displacement comparison for multi-pass weld in different directions

vertical displacement | Experimental | 2D Model | 3D Coarse model | 3D Fine model

Longitudinal direction 2.8 NA 1.9 2.5
Transverse direction 6.2 2.9 4.85 5.6
7 : T l T l T l | LE ! L}
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Fig.5.3.10. Comparison of displacement in transverse direction for 6 mm thick multi-pass

welding

Fig.5.3.10 shows the comparison of transverse vertical displacement predicted using

2D meshed model and 3D coarse and fine meshed model with experimental measured values.
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Though the displacement profiles are similar for all the three models, only the displacement
predicted with 3D fine mesh model matched reasonably well with the measured displacements.
Maximum predicted vertical displacement using 2D meshed model is 2.9 mm, where as
predicted vertical displacement using coarse 3D meshed model is 4.85 mm at same location.
Fine meshed model predicts 5.6 mm vertical displacement at weld line, which is nearer to
experimental value. 2D meshed model gives 53% error (Experimental measured value 6.2) in
vertical displacement prediction, whereas coarse and fine meshed model exhibit 21% and 9%
error respectively in distortion prediction.

Table.5.3.2 shows the vertical displacement comparison using all three meshed model
and experimental measured values in different direction. Maximum vertical displacement
produced in weld plate in longitudinal direction is 2.8 mm, similarly in transverse direction is
6.2 mm. Displacement comparison results confirm that distortion analysis using 3D fine
meshed model is fairly accurate with experimental values. Accordingly, all subsequent

analyses are carried out with 3D fine meshing model.

5.3.5. Effect of Phase Transformation in Distortion Analysis

Based on literature survey it is observed that the effect of phase transformation in
modified 9Cr-1Mo steel on distortion analysis is not available [1-5, 16-18, 24-26]. Hence, a
separate study is undertaken to find out the effect of phase transformation on distortion analysis
of multi-pass welding of modified 9Cr-1Mo steel. Fig. 5.3.11 shows the distortion analysis
considering without phase transformation in material database using 3D fine mesh model. In
case of 3 mm thick plate (thin plate) displacements predicted using model that consider phase
transformation and the model that does not consider phase transformation were not much

different. However, this is not the case for multi-pass weld of 6 mm thick plate weld.
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Comparison between predicted and measured vertical displacement along the
longitudinal direction at the edge of the plate (considering with and without phase
transformation) is shown in Fig. 5.3.12. Predicted vertical displacement without considering
phase transformation exhibited larger deviation from actual measured values, while the
predicted displacement considering phase transformation are in good agreement with the
experimental values. Maximum vertical displacement produced in longitudinal direction is 2.8
mm (at the corner of weld plate). FEM based distortion analysis without phase transformation
predicted the maximum vertical displacement value is 0.8 mm, where as in the case with phase
transformation is 2.5 mm as shown in Fig. 5.3.12. Thus, it is proved that not only residual
stresses but also the displacement is affected by the phase transformation that the weld
undergoes during welding. Effect of this transformation on distortion is only marginal in the
autogenous weld but significant in the multi-pass welds.

Results from multi-pass weld of 6 mm thick plate show that the FEM model also
predicts the thermal cycles, residual stress and distortion for multi-pass welds with a *“V’ groove
geometry and filler metal additions. For accurate results 3D fine meshing should be used for

FEM analysis.
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5.4. Thermo-Mechanical Analysis of Modified 9Cr-1Mo steel GTA welding

with Preheating

In this section thermo-mechanical analysis of welding with preheating is carried out for
autogenous and multi-pass welding of modified 9Cr-1Mo steel using GTA welding process.
Disk shaped heat source model is used first time for FEM analysis of the effect of preheating
during autogenous and multi-pass welding of GTA welding process.

Preheating analysis is carried out using weld heat treatment tool in SYSWELD
software. Combined disk-shaped heat source model with double ellipsoidal model is used for
preheating with GTA welding FE analysis. Double ellipsoidal parameters used for heat source

modeling are given in table 5.4.1.

Table.5.4.1. Double ellipsoidal parameters for welding with pre heating

Plate ar ar b c Weld efficiency in terms of %
3 mm 3 5 2.8 3 75
6 mm 4 6 5 3 68

5.4.1. Thermal Analysis of Autogenous welding

During welding with pre heating, the joint area comprising fusion zone and the adjacent
area of 8 mm wide on each side from the weld center line was heated up to 200°C using oxy-
acetylene flame heating. Fig. 5.4.1 shows the transient thermal analysis of pre heating of 3 mm
thick modified 9Cr-1Mo steel plate at 200°C. The GTA welding parameters are 90 A current

11 V at 100 mm/min weld speed. Thermal analysis of welding with pre heating of modified
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9Cr-1Mo steel autogenous welding is shown in Fig. 5.4.2. The peak temperature reached during
welding is 1642°C.

Fig. 54.3 (a-c) shows the comparison of thermal cycles for predicted and
experimentally measured values for welding with pre heating of 3 mm thick plate. Maximum
temperature reached at 10 mm from weld line is in case of welding with pre heating is 590°C
only as shown in Fig. 5.4.3 (a). Comparison of predicted cycles with experimental
measurement shows a good agreement for all three locations. Experimentally measured peak
temperature is 382°C at 15 mm away from weld line and 312°C at 18 mm location from weld
line. Difference between predicted and experimental measured peak temperature for the 10
mm, 15 mm and 18 mm locations from weld center was 13°C, 12°C and 28°C respectively

observed.

—— W 8

Fig.5.4.1. Thermal analysis of effect of preheating for 3 mm thick plate
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Fig.5.4.2. Thermal Analysis of autogenous welding with preheating
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5.4.2. Residual Stress Analysis of Autogenous welding

Fig. 5.4.4 shows predicted and measured residual stress profile for 3 mm pre heated

2

weld plates. As expected, ‘M’ shaped residual stress distribution representing the phase
transformation affect is obtained. Predicted peak tensile residual stresses are found to occur at
10 mm away from the weld center line. There was a good agreement between predicted and
experimental measured longitudinal residual stress with error of 4% at peak tensile stress value,
the predicted peak tensile stress values is 492 MPa and experimentally measured is 512 MPa
measured at 10 mm distance from weld center line as shown in Fig. 5.4.5. At weld line in case
of welding with pre heating, the predicted residual stress value is 179 MPa with an error of

13% (measured value is 208MPa). The predicted and experimental stress profile shows clearly

phase transformation effect by reduction in stress at the weld center.
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Fig.5.4.4. Residual stress analysis of autogenous welding with pre heating
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Fig.5.4.5. Residual stress comparison of autogenous welding with pre heating
5.4.3. Distortion Analysis of Autogenous welding

Distortion analysis of welding with pre heating for autogenous welding is shown in Fig.
5.4.5. Maximum displacement is observed at the corner of weld plate after releasing of clamps.
The weld joint undergoes distortion due to the release of induced residual stresses beyond the
yield point. Maximum verticle displacement oberved in Fig. 5.4.5 is 4.2 mm. Predicted

displacements at different locations are validated with experimental measured values.
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Fig.5.4.6. Distortion analysis of autogenous welding with pre heating

Fig.5.4.7 (a-b) shows the predicted displacement in longitudinal and transverse
direction compared with experimentally measured values. Verticle displacement comparison
shows a good agreement between the predicted and measured values. Maximum vertical
displacement predicted at the corner of plate (in longitudinal direction) is 2.3 mm with an error
of 4% (experimental measured value 2.2 mm). Peak vertical displacement in transverse
direction is observed at the weld line 3.9 mm, predicted vertical displacements values for same
locations is 4.3 mm respectively. Predicted vertical displacements values of welding with pre

heating were successfully validated with experimental values.
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Fig.5.4.7. Vertical displacement comparison in autogenous welding with pre heating
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5.4.4. Thermal analysis of Multi-pass welding

Fig. 5.4.8 shows the thermal analysis of pre heating on multi-pass weld plate before
root pass weld. Thermal cycle shows that plate was heated up to 200°C before start of welding
and after each pass 200°C is maintained for corresponding next passes. Thermal analysis of
last pass weld is shown in Fig. 5.4.9. Maximum temperature reached during welding is 1945°C,
which is above melting point of modified 9Cr-1Mo steel.

Fig. 5.4.8 shows the predicted thermal cycles for preheat welding of modified 9Cr-1Mo
steel. Predicted peak temperature at 10 mm from the centre line of the weld for root pass was
600°C and experimentally measured peak value was 592°C. Similarly predicted peak
temperature for second and third pass 638°C and 646°C and the corresponding measured values
were 631°C and 659°C. Predicted peak temperature value for final pass is 655°C at 10 mm

location away from weld centre line, while measured value for same location is 662°C.
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Fig.5.4.8. Thermal analysis for effect of pre heating of multi-pass weld
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Fig.5.4.10. Thermal cycle comparison in multi-pass welding with pre heating
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5.4.5. Residual Stress Analysis of Multi-pass welding

Fig. 5.4.11 shows the comparison of longitudinal residual stress for 6 mm thick plate
welding with pre heat. Peak value of predicted longitudinal stress is 405 MPa at 20 mm away
from weld line. Experimentally measured value for same location is 322 MPa on right side of
weld line and on left side of plate is 385 MPa at 15 mm. Predicted value at weld line is 165MPa

with 12.5% error with experimental value.
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Fig.5.4.11. Residual stress comparison in multi-pass welding with pre heating
5.4.6. Distortion Analysis of Multi-pass welding

Fig. 5.4.12 shows the predicted distortion profile of multi-pass welding with pre
heating. Predicted longitudinal verticle displacement at the corners of weld plates are plotted

and compared with experimentally measured values for the same locations in Fig. 5.4.13.
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Predicted displacement is plotted by taking midpoint of weld line in transverse direction

(perpendicular to weld line) as a reference point.
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Fig.5.4.12. Predicted distortion in multi-pass welding with pre heating

Fig. 5.4.13 shows that maximum vertical displacements (in longitudinal direction)
measured are 2.35 mm and 2.2 mm at the left and right corners of weld joint (at clamping
locations) and the corresponding predicted verticle displacement at these locations is 1.94 mm.
Maximum verticle displacement observed at weld line in transverse direction is 4.6 mm, where
predicted value is 4.3 mm with 0.3 mm difference only. Comparison of predicted and measured

verticle displacement shows a good agreement.
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Fig.5.4.13. Vertical displacement comparison in multi-pass welding with pre heating
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The results clearly show that FEM model modified with disk shaped heat source for preheating
along with double ellipsoid heat source for welding is able to predict the weld thermal cycle
residual stress and distortion in both autogenous and multipass welds with reasonable accuracy.
It may also be noted that accuracy of prediction for welds made without preheating and for

welds made with preheating are comparable for both residual stress and distortion.
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3.5. Thermo-mechanical Analysis of GTA Welding of Modified 9Cr-1Mo steel

with combined effect of Pre-heating and Post-heating

In this section, combined effect of pre heating and post heating on the residual stresses
and distortion for modified 9Cr-1Mo steel weld joints is presented. Meshing model for both
thickness of weld plates is same as in previous cases of with and without pre heating welding
cases. Thermo-mechanical analysis of welding with combined pre heating and post heating for
both autogenous and multi-pass welding is validated with experimentally measured thermal
cycles, tensile residual stress and vertical displacement. Double ellipsoidal parameters used for
thermo-mechanical analysis are given in Table 5.5.1.

During thermo-mechanical analysis, the effect of pre heating was considered by
assuming initial temperature of weld plate as 200°C. Similarly, after welding for the post
heating analysis when weld joint was cooled down to 200°C, same temperature was maintained
up to next 0.5 hr. However, cooling down from 200°C to ambient temperature has not been

considered

Table.5.5.1. Double ellipsoidal parameters for welding with combined pre heating and post

heating
Plate ar ar b c Weld efficiency in terms of %
3 mm 3 5 2.8 3 75
6 mm 4 6 5 3 68
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5.5.1. Thermal Analysis of Autogenous welding

Thermal history was calculated in thermal analysis and results were used as an input
file for mechanical analysis. Fig. 5.5.1 shows the thermal analysis of GTA welding. Maximum
temperature reached during welding is 1647°C. FEM based calculated thermal cycles at 5 mm
and 10 mm away from weld line are compared with measured cycles for autogneous welding
of 3 mm thick plate as shown in Fig. 5.5.2. Predicted thermal cycle shows the initial
temperature of weld joint as 200°C, which is due to pre heating of weld plate. Thermal cycle
comparison at 5 mm away from weld line shows that during welding, maximum temperature

reached is up to 852°C while the experimentally measured temperature is 828°C.

375

287
200

Fig.5.5.1. Thermal analysis of autogenous welding with post heating
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Fig.5.5.2. Comparison of predicted thermal cycles in autogenous welding with post heating
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At 10 mm distance location predicted peak temperature value is 573°C whereas
experimental value is 525°C. There was good agreement between the predicted and measured
thermal cycles and the peak temperatures at various locations. During cooling when the weld
joint reached 200°C temperature near to the fusion zone, weld joint was post heated at same

temperature for next 0.5 hr as shown in both predicted and experimental thermal cycles.

5.5.2 Residual Stress Analysis of Autogenous welding

Fig. 5.5.3 shows the comparison of predicted and experimental measured residual stress
at 11 different locations for 3 mm thick plate welded with combined pre and post heating GTA
welding. Stress comparison shows clearly the phase transformation effect by shifting the peak
stress position from weld line to HAZ. “M” shaped residual stress profile is observed. Residual
stress distribution is looking wider than that obtained for welds made with preheating and
without pre heating (previous two autogenous weld cases). This could be due to wide HAZ
(not marked in figure 5.5.3) produced by combined effect of preheating and post heating.

Maximum predicted longitudinal stress of 405 MPa which is tensile in nature is found
next to HAZ with the maximum error is 6% (experimentally measured value at 381 MPa).
Predicted residual stress value at 15 mm left side of weld line is 196 MPa with error of only
1%. Experimentally measured stress value at the weld line is 221 MPa, for the same location
the predicted stress value is 98 MPa only.

The reason for the deviation of predicted residual stress value at weld line could be due
to the fact that for prediction 200°C is taken as ambient temperature; i.e. after 30 minutes of
post heating decrease in temperature from the post heating temperature to the actual ambient
temperature is not considered in the model. It should be noted that martensitic finish
temperature is also close to this post heating temperature. Hence, model does not estimate
contribution to residual stress resulting from this cooling. In fact, martensitic transformation is

complete at ~200°C, subsequent cooling only results in contraction and hence would contribute
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to generation of tensile residual stresses. As this contribution is not added in the result from
modeling, it gives lower residual stresses in the weld center line, where complete weld metal

transforms to martensite, than the values measured at room temperature.
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Fig.5.5.3 Residual stress comparison in autogenous welding with post heating
5.5.3. Distortion Analysis of Autogenous welding

Distortion analysis is carried out using 3D meshed model by employing large
displacement theory (non-linear geometry). Fig. 5.5.4 shows the predicted vertical
displacement profile in longitudinal and transverse direction of weld joint which is similar to
that of the experimentally measured profile.

Predicted longitudinal vertical displacement at the corner of weld plate is plotted and
compared with experimentally measured values for the same locations as shown in Fig. 5.5.5.

Predicted vertical displacement is plotted by assuming midpoint of weld line in transverse
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direction (perpendicular to weld line) as a reference point. Displacement profile is similar in

predicted and experimentally measured profiles.
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Fig.5.5.4. Predicted distortion of autogenous welding with post heating

Fig. 5.5.5 shows the comparison of predicted and experimentally measured vertical
displacement produced in two different directions. The maximum predicted vertical
displacement observed at the corner of weld plate in longitudinal direction is 2.1 mm.
Experimentally measured vertical displacement value in same locations is 1.9 mm and 2 mm
at the left and right corners of weld joint respectively (at the clamping locations). In transverse
direction peak value of predicted vertical displacement is 3.35 mm which is same as

experimentally measured value as 3.4 mm as shown in Fig. 5.5.5 (b).
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Fig.5.5.5. Comparison of vertical displacement in autogenous welding with post heating
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5.5.4. Thermal Analysis of Multi-pass welding

FEM based calculated thermal cycles at 10 mm distance away from weld centre line is
compared with experimentally measured cycles for multi-pass welding of 6 mm thick V groove
joint as shown in Fig. 5.5.6. In case of 6 mm thick plate thermal analysis, the initial temperature
of weld joint is mainatined 200°C before start of welding and after each pass 200°C is
maintained as interpass temperature for sucessive passes. Finally post-heating was carried out
by maintaining 200°C temperature for next 0.5 hr. Predicted peak temperature for root pass
was 580°C while experimentally measured peak value was 600°C. Similarly predicted peak
temperature for second and third passes are 630°C and 670°C and experimentally values ar
645°C and 678°C respectively. There was a good agreement between 2 and 3 passes. After
completion of welding 200°C was maintained constant for next 0.5 hr for post-heating purpose

as shown in Fig. 5.5.6.

800 Ll '[ L ‘[ Ll l' L] '[ Ll
6 mm multi-pass Pre-post heated 10 mm location |

700 -

—_— Experimental
= Predicted

Temperature °C

1 1
3000 4000 5000

Time (sec)

L - I
1000 2000

Fig.5.5.6. Thermal cycle comparison in multi-pass welding with post heating
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5.5.5. Residual Stress Analysis of Multi-pass welding

Predicted longitudinal residual stresses for welding with combined pre heating and post
heating for 6 mm thick multi-pass weld joint are compared with experimentally measured
residual stress at 10 diferent locations using X-Ray diffraction technique as shown in Fig. 5.5.7.
Maximum predited longitudinal stress of 245 MPa which is tensile in nature is found next to
HAZ (at 15 mm left side of weld line) as shown in Fig. 5.5.7. For the same location,
exeprimentally measured stress value is 190 MPa. Experimental measured residual stress value
at 10 mm left side of weld line is 186 MPa and 142 Mpa on right side of weld line.

Experimentally measured stress value at the weld line is 108 MPa, for the same location the

predicted stress value is 153 MPa only.
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Fig.5.5.7. Residual stress comparison in multi-pass welding with post heating
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A comparison of the residual stress prediction for autogensous weld with that of the
multipass weld shows that in the case of autogenous weld, residual stress predicted at the weld
centre line is lower than actually measured. In contrast in the case of multipass weld, predicted
values are slightly more than actually measured. Exact reasons for this difference is not known
at present. It could be that multiple weld thermal cycles and associated phase transformation
should be altering the residual stress distribution bringing down the tensile residual stress at
the weld centreline from that present in the single pass autogenous welds. This is supported by
the fact that in all the previous cases also (without preheating and with preheating alone)

residual stress at the weld centre line is more for autogenous weld than for the multipass weld.

5.5.6. Distortion Analysis of Multi-pass welding

Fig. 5.5.8 shows the predicted distortion in 6 mm thick multi-pass weld joint. Predicted
verticle displacement in longitudinal and transvserse direction measured is compared with

experimental measured values shown in Fig. 5.5.9.

Fig. 5.5.8. Predicted distortion for multi-pass welding with post heating
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Fig.5.5.9. Comparison of vertical displacement in multi-pass welding with post heating
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Maximum experimentally measured verticle displacement value observed in
longitudinal direction is 1.7 mm and 1.62 mm at the left and right corners of weld joint (at
clamping locations). Predicted verticle displacement observed for same locations is 1.48 mm
in longitudinal direction. Peak verticle displacement in transverse direction observed is 4.12
mm and predicted values for same locations is 3.85 mm with 7% error only.

In summary, FEM model that consider preheating effect has been modified to
incorporate effect of post heating in residual stress and distortion. Limitation in this model is
in modelling of the cooling down of the weld to the ambient temperature from post heating
temperature. Apparently, this limitation has led to some variaion in the predicted residual stress
values in the weld centreline from the measured values. Howver, prediction of the peak tensile

residual stresses and its location in the weld joints are reasonably accurate.
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5.6. Effect of Pre-heating and combined Pre-heating and Post-heating on

Residual Stress and Distortion of Modified 9Cr-1Mo steel GTA welding

From the above results it is clear that there is reasonable agreement with predicted and
measured residual stress and displacement of the autogenous and multi-pass welds of modified
9Cr-1Mo steel welds produced without preheating, with preheating and with preheating and
post heating combined. Hence, by comparing these results one can find out what is the effect
of preheating and preheating + post heating on residual stress and distortion of the weld joints
of this steel. In this section this comparison is attempted and significance of the results in the
context of weldability of modified 9Cr-1Mo steel is discussed.

Fig. 5.6.1 shows comparison of the longitudinal residual stress in the transverse
direction of both autogenous and multi-pass welds produced without preheating, with
preheating alone and with combined preheating and post heating. Results show that residual
stresses are lower in the weld zone for multi-pass welds than for the autogenous weld. Further,
peak residual stress decreased, when preheating or preheating + post heating are employed.
Reduction is significant for preheating and post heating is combined.

In the case of autogenous welds, only preheating reduces the peak stress value down to
6% from 542 MPa to 512 MPa where as in case of combined pre heating and post heating, it is
decreased 30% from 542 MPa to 381 MPa. Similarly, for multi-pass welds of 6 mm thick plate
stress is reduced 52% from 400 MPa obtained for weld without preheating to 190 MPa for the
welds prepared with preheating and post heating. At the weld center, combined pre and post
heating reduces the residual stress value 18% from 269 MPa to 221 MPa for 3 mm thick plate,

where as in case 6 mm thick plate it is reduced 45% from 196 MPa to 108 MPa.
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These results are important in the context of weldability of modified 9Cr-1Mo steels. It
is known that, being highly alloyed, this steel is known for hydrogen assisted cracking (HAC)
and the most common practice employed to minimize the risk of HAC is to employ preheating
and post heating. For steels like modified 9Cr-1Mo steel, the purpose of preheating and post
heating is to reduce the hydrogen levels in the weld joints. Along with hydrogen, a susceptible
microstructure (martensite) and high tensile residual stress are also prerequisite for HAC to
occur. Due to high hardenability of this class of steels, irrespective of preheating and post
heating, the microstructure of the weld metal and HAZ would be martensitic. However, the
present result shows the preheating and post heating can bring down the peak residual stresses
considerably and thus reduce the susceptibility. Results also confirm that combining preheating
with post heating is more effective in bringing down residual stress than preheating alone.
Hence, the present study proves that preheating and post heating reduced the susceptibility of
modified 9Cr-1Mo steel welds to HAC not only by reducing the diffusible hydrogen content

but also reducing the peak tensile residual stresses in the joint.
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Preheating and post heating also helps to reduce the distortion of the weld joints. Effect
of preheating and combined effect of preheating and post heating on the displacements
measured for the weld joints are given in Fig. 5.6.2-5.6.3. For 3 mm thick plate welded by
autogenous welding process, peak value of longitudinal vertical displacement is reduced from
3.5 mm to 1.9 mm due to combined effect of pre heating and post heating as shown in
Table.5.6.1. Peak value of verticle displacement in longitudinal direction is reduced up to 34%
in second case (pre heating alone) where as combined effect of pre heating and post heating
peak verticle displacement value reduced down to 45%. In case of 6 mm thick plate longitudinal
verticle displcaement is reduced 39% from 2.8 mm to 1.7 mm due to combined effect of pre
heating and post heating. Based on verticle displacement comparison as shown in Fig. 5.6.3 (a)
it is observed that effect of pre heating reduces verticle displacement 16% from 2.8 mm to 2.35
mm in longitudinal direction.

Similarly in case of transverse directions, due to combined effect of pre heating and
post heating verticle displacement is reduced 38% from 5.2 to 3.54 mm and 34% from 6.2 mm
to 4.12 mm, whereas in case of only preheating verticle displacement is reduced up to 25%
from 5.2 mm to 3.9 mm and 26% from 6.2 mm to 4.6 mm in 3 mm and 6 mm thick weld joints
respectively. Hence welding with preheating is not reducing verticle displacement much.
However,results of the the current study.indicate that combined preheating and post heating is
significantly reducing verticle displacement

Thus, outcome of the present work is not just providing a FE model for predicting
thermal cycle, residual stress and distortion with reasonable accuracy during welding of
modified 9C-1Mo steels but also revealing the beneficial effects of preheating and post heating
in reducing peak tensile residual stresses and distortion of the joints. This is significant, because
reduction in residual stresses can bring down the risk of HAC during welding of this class of

steels.
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Table.5.6.1. Experimental measured vertical displacement in 3 mm and 6 mm thick plate

Verticle 3 mm thick plate 6 mm thick plate

displacement in | Without With With Without With With

different Preheat _ Preheating | Preheat , Preheating
Preheating Preheating
direction (mm) | welding . and welding _ and
welding welding
Postheating Postheating
welding welding
3.5 2.24 1.9 2.8 2.35 1.7
Longitudinal
Transverse 5.2 3.9 34 6.2 4.6 4.12

Though the present study does not explore the reasons for the beneficial effect of post
heating in reducing both tensile residual stresses levels and distortion in the welds, it is not
difficult to see that they are linked to the reduction in the temperature gradient across the weld
as a result of the post heating. This in turn bring down the differential thermal expansion and
the stresses and distortion arising out of this. Use of preheat alone is not as effective as use of
preheating + post heating because in the former case, after welding, both the weld zone and the
preheated part of the joint cool down together to room temperature, unlike in the case of
preheating and post healing in which this zone is held at the post heating temperature.
Accordingly, effect of differential expansion on residual stress and distortions would be higher

in the case of preheating alone than in the case of combined preheating and post heating.
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Similarly, in the case of multi-pass welding, repeated deposition of weld metal maintaining
inter-pass temperature of ~200°C keeps the weld zone at a higher temperature than that of an
autogenous weld. This also effectively brings down the cooling rate and the differential thermal

expansion aiding in bringing down the residual stress level and distortion.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

Summary of the results and major conclusions derived from these results are given in
this chapter. It is given separately for each of the sections identified in Chapter 5: (1) Heat
source fitting and material property data generation, (2) thermo-mechanical analysis of the
autogenous welds of 3 mm thick plate welds, (3) thermo-mechanical analysis of 6 mm thick
plate multi-pass welds, (4) thermo-mechanical analysis of welds prepared with preheating, (5)
thermo-mechanical analysis of welds prepared with both preheating and post heating and (6)
effect of preheating and post heating and residual stress and distortion of the weld joints

6.1. Material data base creation and Bead-on-plate weld

1. Using the weld bead dimensions obtained from bead-on-plate welds made with
different heat input, heat source fitting for double ellipsoidal model was successfully
carried out

2. Material data base for modified 9Cr-1Mo steel, which considers phase transformation
in the steel was generated and provided as material data input file for SYSWELD for

thermo-mechnical analysis.

6.2. Thermo-Mechanical Analysis of Autogenous welding

1. A numerical model which can predict weld thermal cycles, residual stress and
distortion in the autogeneous welds of modified 9Cr-1Mo steel plate was developed.
Material data base generated for this steel and double ellipsoid heat source model with
its parameters adjusted to match the experimentally measured bead parameters were
used as input for this model.

2. Results of prediction from this model was compared with weld thermal cycles

186



experienced, residual stress present and distortion that took place in actual weld and it is
demonstrated that the predictions are reasonably accurate.

3. For accurate prediction of residual stress distribution, phase-transformation that takes
place in the material during weld thermal cycle should be considered in the material
data base. It is shown that ‘M’ shaped distribution of the longitudinal residual stress in
the transverse direction of the weld is a direct consequence of solid-state phase
transformations (ferrite to austenite during heating part and austenite to martensite
during cooling part) that occur during weld thermal cycle.

4, Distortion analysis using two different theories (large and small displacement) showed
that distortion is predicted correctly only for models that considers large displacement

theory.

6.3. Thermo-Mechanical Analysis of Multi-pass welding

1. The numerical model developed to simulate the thermo-mechanical behavior of
autogenous weld was suitably modified for multi-pass welding involving V groove
geometry and filler addition. Heat source fitting was also modified to match the multi-
pass weld based on bead-geometries.

2. Predictions of weld thermal cycles, residual stress distribution and distortion made using
this model matched reasonably well with those obtained from experiments.

3. It is shown that prediction of residual stress and distortion that match the experimental
results is obtained only when 3D model with fine mesh is employed. Deviations for
the results obtained for the predictions based on 2D model from that measured
experimentally is high; 2D model predicts lower displacements than actually measured
values.

4. Results of the distortion estimation both from modeling and measurements on

multi-pass welds reveal that solid state phase transformations that occur during
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weld thermal cycle influences not only the residual stress distribution but also the
distortion of the weld joint. This was not revealed in the study carried out on

autogenous welds.

6.4. Thermo-Mechanical Analysis of Modified 9Cr-1Mo steel GTA welding with pre heating

1. The numerical models developed for autogenous welds and multi-pass welds were
modified by incorporating preheating of the joint prior to welding. A disk shaped heat
source with gaussian distribution was used for simulating the effect of preheating.

2. The developed models were able to predict the effect of pre heating on residual stress
and distortion with reasonable accuracy. The analysis showed that pre heating before
welding reduced the peak tensile residual stress value, caused wider distribution of
residual stresses as compared to those without pre heating weld plate in both cases.
There was good agreement between the simulated and measured values.

3. Predicted vertical displacements in both transverse and longitudinal direction were
validated with experimental measured values. There was a good agreement between
predicted and experimental measured displacement values. In case of autogenous welds
maximum vertical displacement reduced to 12% from that obtained for weld without
preheating. Similarly, in case of longitudinal direction peak value of vertical
displacement was reduced by 41%.

4. In case of 6 mm thick multi-pass welding of modified 9Cr-1Mo steel peak value of
predicted verticle displcament in transverse direction was redcued 23%, where as in

longitudinal direction this reduction was 24%.
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6.5. Thermo-Mechanical Analysis of Modified 9Cr-I1Mo steel GTA welding with combined

pre heating and post heating

1. The numerical models for autogenous and multi-pass welds with preheating was
further modified to incorporate post heating of the weld joint after welding. However,
this model does not cover cooling of the weld from post heating temperature to ambient
temperature i.e. model considers post heating temperature as ambient temperature
during cooling part of the weld thermal cycle.

2. Predicted longitudinal residual stress at the weld centerline using this model for
autogenous weld is slightly lower than actually measured, though in other location the
values are comparable. Similarly, for multi-pass welds, predicted residual stress values
are slightly higher than actually measured in most of the cases. These differences are
attributed to limitation of the model to consider cooling down of the weld joint down
to ambient temperatures.

6.6. Effect of pre heating and combined pre heating & post heating on residual stress and

distortion

Residual stresses in a weld plate generated due to localized heating and fast cooling
causing generation of differential expansion and contraction at different location of weld joint.
Due to pre and post heating, the heating becomes more distributed, it reduces the temperature
gradient and it decreases the cooling rate this indirectly reduces thermal expansion and
contraction, which reduces the residual stresses. A comparison of both the predicted and
experimentally estimated values of residual stress and distortion in the welds made
without any preheating, with preheating and with combined preheating and post heating
reveals that preheating + post heating significantly bring down residual stress levels in
the weld joints as well as distortion from those reported for welds made without any

preheating or post heating. In the case of autogenous welds, the reduction in the peak
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residual stresses is ~30% while in the case of multi-pass welds it is ~50%. Reduction in
peak vertical displacement for the weld joints of autogenous and multi-pass welds made
with both preheating and post heating are 45 and 39 % respectively from that of the weld
made without any preheating and post heating. Corresponding reduction for the welds
made only with preheating are 35 and 16% only. Based on this study it can be concluded
pre heating and post heating is more beneficial than only pre heating to bring down
residual and distortion for modified 9Cr-1Mo steel welds.

Overall, the results from the present study offer a FE based numerical model for
predicting residual stress and distortion in the plate butt welds of modified 9Cr-1Mo
steels. This model incorporates the material data base for this steel, uses heat source
parameters optimized from experimental trials, considers solid state transformations that
material undergoes during welding, chooses large displacement theory for prediction of
displacement, select 3D fine meshing for multi-pass weld joints and proposes disk shaped

heat source for modeling preheating.

6.7. Scope for future work

1. At present the numerical model developed is validated up to 6 mm thick weld joint with
‘V’ groove weld geometry with single pass for each layer of weld deposition. Model
can be validated for large thickness plates and multi-pass welds with multiples passes
for the same layer.

2. Numerical model can be developed for tube and pipe weld joints. It may be noted that
modified 9Cr-1Mo steels are used extensively in these product forms.

3. The present model can be modified to cover different arc (SMAW, GMAW, SAW etc.)
and beam (laser and electron) welding processes. Similar modifications can be
attempted for Narrow Gap-Tungsten Inert Gas (NG-TIG) process for which

modification in heat source may be required.
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In the present model that considers post heating, it is not possible to incorporate cooling
of the weld joint from the post heat temperature to ambient. This seems to affect the
accuracy of the predictions from the model. Hence, modification is needed in the model
to overcome this limitation.

The present model considers only conductive heat transfer; convective and radiation
losses from the molten pool have been neglected. Similarly effect of electromagnetic,
buoyancy forces on molten pool is also neglected. Hence, the present model can be

modified to include these aspects so that accuracy of prediction can be improved.
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using simulation. Validation of the simulated results on the residual stresses and displacements
employing suitable experimental tools such as XRD technique and height gauge respectively is
envisaged. Two different thicknesses of plates 3 mm and 6 mm were preheated at 200°C and
after welding; the joint was post heated at 200°C for 30 minutes. Thermo-mechanical analysis of
GTA welding was carried out using SYSWELD software. Predicted and measured values are
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preheating before welding and the combined effect of pre heating and post heating on the residual
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simulated results on the residual stresses and displacements employing suitable experimental tools
such as XRD technique and height gauge respectively is envisaged. To study the effect of pre heating
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