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The overall aim behind the work presented in this thesis is to gain and apply an understanding of the cou-
pled mechanical and metallurgical effects of TIG welding of nickel-base super alloy (IN718) by using
experimentally validated finite element model, which employed for identify the location and size of
recrystallized zone (HAZ) and hot cracking susceptible zone in HAZ.

� To develop an efficient and reliable Finite Element Model of TIG welding moving heat source and
proper validation based on the experimental measurements.

� To experimental validation of thermal cycle predicted by FE model and study the data acquisition
(DAQ) process and effectiveness of thermocouple.

� To analyze the thermal stress distribution pattern, FZ size and HAZ size by using finite element model.
� To investigate the susceptibility of HAZ hot cracking in INCONEL 718 weldment using FEM solutions.

� 2020 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the International Confer-
ence on Newer Trends and Innovation in Mechanical Engineering: Materials Science.
1. Introduction

The most important reason for development model is the indus-
trial need to improve productivity, reliability and quality of prod-
ucts and to have better understanding of the influence of
different process parameters. The application numerical modeling
lies in determining the evolution of metallurgical changes, and
stresses to predict, for example, deformations, recrystallization,
and susceptibility to HAZ hot cracking. SYSWELD simulation tool
can be used to investigation of weldment.

Welding techniques are one of the most important and most
often used methods for joining pieces in industry.

1.1. Heat source modeling

Modeling the welding process can be a tedious and nontrivial
task due to the complex nature of the process, which involves sev-
eral physical phenomena [1–3]. A fully detailed process model
would need to include: accurate temperature history input or cal-
culation (heat flux and boundary conditions), temperature-
dependent material properties, addition of filler material (if any),
mechanical effects such as distortion and clamping (if any), metal-
lurgical transformations during heating and cooling phases, melt
pool phenomena such as fluid flow and electromagnetic forces,
chemical interaction with shielding gases etc. In order to reduce
the demands of modeling such a complicated process, some sim-
plifications are necessary [4–7].

Heat should be distributed throughout top surface and be dis-
tributed throughout the depth of the molten zone to reflect more
accurately the digging action of the arc. A non-axisymmetric
three-dimensional heat sourcemodelwasproposed, taking the form
of a ‘double ellipsoid’. This model is more accurate, based onmolten
zone observations, and more flexible than its predecessors [8–11]

1.2. Material

IN718 is often used in critical high temperature creep resistant
applications up to 650 �C [6]. One example of application within
the aerospace industry is the gas turbine engine, where IN718 is
ineering:
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Fig. 1.1. IN718 weld microstructural zones FZ Fine HAZ Coarse HAZ.

Fig. 1.2. Grain boundary liquation.

Fig. 2.1. Flow chart Methodology.

Fig. 2.2. Sequential coupling of the thermal and mechanical analyses.
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used for turbine disc forgings and shell structures such as the com-
bustor [12–15]. Hence, it is essential to develop techniques to pre-
dict the mechanical and metallurgical effects of the welding
process such as residual stress, recrystallisation (HAZ size and
shape) and susceptibility of cracking.
Fig. 2.3. Microstructure of weld pool profile - Transverse view (50X).
1.2.1. The heat-affected zone (HAZ)
In the region directly adjacent to the fusion zone (FZ) exists base

metal that undergoes a severe thermal cycle without melting. As a
result, the microstructure and properties of this heat-affected zone
(HAZ) change undesirably [16–19]. The HAZ can be divided into a
number of subzones, the total number and type depends on the
material being welded. Each subzone refers to a different type of
microstructure. Common changes in microstructure are recrystalli-
sation and grain growth. In IN718welds, there are twoHAZ regions:
one coarse-grained and one fine-grained (Fig. 1.1). Grain growth is
less pronounced in the fine-grained region directly adjacent to the
FZ due to grain boundary segregation and the subsequent pinning
of the grains, since temperatures are lower in the other subzone,
grain growth is not restricted in this way. The HAZ is a critical
region in a weldment and is often the site of failure [20–22].
Please cite this article as: S. Tamil Prabakaran, P. Sakthivel, M. Shanmugam et a
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The fine-grained HAZ could also be referred to as a PMZ due to
the incipient melting/liquation of the grain boundaries (Fig. 1.2).

1.2.2. Weld cracking in IN718
The severe thermal cycle and high restraint involved during the

welding of high strength metals can cause cracks to develop. Some
common types are:
l., Modelling and experimental validation of TIG welding of INCONEL 718,
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Table 2.1
IN718 chemical compositions.

Component C Cr Fe Mn Ni Nb S Si Al Ti Co

Wt. % 0.03 18.12 19.07 0.07 53.24 5.0 0.001 0.11 0.52 0.94 0.09

Table 2.2
IN 718 mechanical and thermophysical data.

Density 8.22 g/cm3

Melting Range 1336–1400 �C
Yield Strength Min (0.2% offset) 1,035 MPa
Ultimate Tensile Strength Min 1,240 MPa
Heat of dissolution of precipitate 100 J/g
Heat of fusion of matrix 320 J/g
Heat capacity: Matrix (Fe + Ni + Cr): 0.439 + 14.62 � 10�5T–0.015 � 105T�2 J/K g
Heat capacity: Nb Heat of fusion 0.25 + 4.325 � 10�5T J/K g
Heat capacity: NbC 0.43 + 6.95 � 10�5T–0.087 � 105T�2 J/K g
Thermal conductivity: Matrix 0.1145 + 0.0130156 � T + 0.07772 � 10�6T2 W/cmK
Coefficient of thermal expansion 14.4 � 10�6 cm/cm K
Diffusion coefficient: Nb in matrix 300 � exp (�35,800 T) cm2/s
Diffusion coefficient: Nb in liquid 10�5cm2/s

Table 2.3
Welding parameters.

S. No Current Velocity
mm/s

Shield gas flow rate L/h Observation

1 150 2.5 5 Center line hot crack
2 100 2.5 5 Center line hot crack
3 70 2.5 5 Center line hot crack
4 60 2.5 5 No Center line hot crack but under cut
5 50 2.5 5 No Center line hot crack, Full penetration
6 40 2.5 5 Lack of penetration

Fig. 2.4. Schematic diagram to specify the sample face a) Longitudinal plane b) Transvers plane.
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Solidification or hot cracking: occurs in the weld as it solidifies
due to the influence of tensile residual stress acting on low temper-
ature melting phases that form as a result of segregation liquation
cracking or microfissuring: occurs at grain boundaries in the HAZ
due to segregation aggravated by the melting of the boundaries

1.3. Tungsten inert gas (TIG) welding

TIG welding is an electric arc welding process that uses a non-
consumable tungsten electrode to produce the weld and an inert
Please cite this article as: S. Tamil Prabakaran, P. Sakthivel, M. Shanmugam et a
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gas for shielding from atmospheric contamination (Fig. 1.3). ASM
handbook defines a welding arc as ‘a sustained electrical discharge
through a high-temperature conducting plasma producing suffi-
cient thermal energy so as to be useful for the joining of metals
by fusion’ [23–26].

Certain stable higher density metal (e.g. zirconium, thorium,
lanthanum) oxides are often alloyed with tungsten to produce an
electrode with superior properties to that of pure tungsten (mini-
mum 99.5% by weight with no internal alloying elements). The oxi-
des lower the work function of the electrode, which effectively
l., Modelling and experimental validation of TIG welding of INCONEL 718,
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Table 2.4
Values of semi axis.

Semi axis Plane of measurement Values in mm

B Transverse plane 1.3
C Longitudinal plane 1.192
Af Longitudinal plane 1.592
Ar Longitudinal plane 2.52

Fig. 2.5. Schmatic digram of weld plate.

4 S. Tamil Prabakaran et al. /Materials Today: Proceedings xxx (xxxx) xxx
means a reduction in the amount of energy required to give off an
electron (i.e. to allow current to flow), lowering the voltage neces-
sary to strike an arc (thus making it easier). Since the oxides are
insulators and pure tungsten is a metallic conductor, oxide addi-
tion also increases the current carrying capability of the electrode
[27,28]. The key advantage of TIG welding is that it allows for high
precision, pure welds that are highly resistant to corrosion and
(a) 

(c) 

Fig. 2.8. Temperature distribution at different instent time on top sufa
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cracking over long time periods. This makes TIG the welding proce-
dure of choice for critical welding operations like sealing spent
nuclear fuel canisters before burial. TIG welding creates no slag
and no spatter since both are contained by the inert gas that
shields the weld, making TIG welding a relatively clean and time
efficient process. The concentrated nature of the TIG arc is one of
its strong points. Welds of great strength and quality can be made
with thin materials, light materials, dissimilar materials, in most
available metals, and all with minimal distortion or corruption of
the adjoining base metal. However, TIG welding does have disad-
vantages [29,30]. Therefore, it is clear that precise selection of
the process parameters is necessary.

The principle operating variables for GTAW are:

� arc voltage (arc length),
� welding current,
� welding speed (and filler wire feed rate if applicable), and
� shielding gas (inert gas such as argon or helium)

All of these variables interact with each other very strongly;
therefore, they cannot be treated as independent variables while
establishing welding procedures for fabricating specific joints.
2. Methodology

The development of numerical model involved modeling of
moving heat source and simulation with experimental welding
parameters and experimental validation. Sequences of the work
or methodology of project work has been explained in the flow
chart Fig. 2.1.
(b) 

(d) 

ce (a) time at 0 s (b) time at 20 s (c) time at 30 s (d) time at 800 s.

l., Modelling and experimental validation of TIG welding of INCONEL 718,
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Fig. 2.9. Temperature history for the top surface of the weld centerline.

(a) 

(b) 

Fig. 2.10. Temperatures distribution in a cross section to the weld (a) Transverse section: (b) Longitudinal section:

S. Tamil Prabakaran et al. /Materials Today: Proceedings xxx (xxxx) xxx 5
Thermal and metallurgical aspects of TIG welding process have
been studied for modelling input variables followed by simulation
or solving and experimentally thermal history and fusion zone
dimensions have been measured DAQ system for validating the
model. Finally investigation of weldment has been done using sim-
ulation results.
Please cite this article as: S. Tamil Prabakaran, P. Sakthivel, M. Shanmugam et a
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2.1. Modeling

2.1.1. Model definition
Three dimensional (3D) IN718 plate welding analyses per-

formed by Sequentially-coupled nonlinear thermal and elastic–
plastic FE analyses are used to generate a welding simulation
l., Modelling and experimental validation of TIG welding of INCONEL 718,
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Fig. 3.1. Schematic diagram of DAQ setup.

Fig. 3.2. Experim

Fig. 3.3. Schematic diagram of weld pla
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model, capable of measuring thermal cycles and calculating the
evolution of stress and deformation, and predicting the residual
stresses and distortions that occur as a result of the welding pro-
cess. The coupling procedure is illustrated in Fig. 2.2.

First, a conduction-based thermal analysis is run to determine
the entire temperature history for each node in the FE mesh. This
data is then used as input for a mechanical (stress-displacement)
elastic–plastic analysis, which allows the thermal history and its
mechanical effects to be equated via thermal expansion, hence
changing thermal effects into mechanical behaviour. Any
microstructural changes can also be determined using the temper-
ature history and implemented in the mechanical analysis
(Fig. 2.3).

3-Dimensional numerical simulations of fluid flow and heat
transfer in transient TIG weld of IN718 using SYSWELG package.

2.1.2. Material properties
Chemical compositions of IN 718 are shown in Table 2.1 and

thermophysical properties shown in Table 2.2 the empirical rela-
tionship for the variation of thermal conductivity of alloy IN 718
was taken from the work.

2.1.2.1. Bead on plate weld. Experimental study of TIG welding on
2 mm IN718 plate has been done with bead on plate welds for dif-
ental setup.

te and possession of thermocouple.

l., Modelling and experimental validation of TIG welding of INCONEL 718,
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Fig. 3.4. Thermal cycle plots measured at four different planes from centre line of weld (a) top surface (b) 0.5 mm from top surface (c) 1 mm from top surface (d) 1.5 mm top
surface.

Fig. 4.1. Comparison of Thermal cycles measured from (a) FE model (b) experimental work.
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ferent welding parameters Table 2.3. Except current all other weld-
ing parameters kept constant. Welding electrode diameter was
2.4 mm, DCENwelding polarity, stinger welding technique, manual
and autogenously TIG welding.
2.1.2.2. Measuring semi axis. For defining the double ellipsoidal
moving heat source required Af, Ar, B, C semi axis which are esti-
Please cite this article as: S. Tamil Prabakaran, P. Sakthivel, M. Shanmugam et a
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mated from cross sectional metallographic data and from weld
pool surface ripple markings.

Direction of solidification always in the direction of maximum
thermal gradient, orientation of columnar dendrite was perpendic-
ular to the fusion line or liquids temperature isotherm (1336 �C).
Fig. 2.4 have been used for measuring weld pool size and dates tab-
ulated in Table 2.4.
l., Modelling and experimental validation of TIG welding of INCONEL 718,
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Fig. 4.2. temperature distance curve from weld centre line on top surface and plane 2 mm from top surface at time 20th sec.

Fig. 4.3. Microstructure of weldment on transverse plane (200X).
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Semi axis values where used as input of model SYSWELD heat
source modeling for 2 mm IN718 plate.

2.2. Plate modeling

Weld plate modeled as 100 mm length with 100 divisions,
40 mm width with 80 divisions and thickness 2 mm with 4 divi-
sions. Element size is made finer in weld zone since temperature
gradient is high and coarser elements are used away from the weld
zone, shown in Fig. 2.5.
Please cite this article as: S. Tamil Prabakaran, P. Sakthivel, M. Shanmugam et a
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2.3. Clamping condition

Weld plate is rigidly fixed at corners by constrained the nodes
at corners have zero displacement. This clamping condition defines
the boundary condition to the mechanical analysis.

2.4. Simulation

As double ellipsoidal heat source used for simulate the TIG
welding of IN718, from Table 2.1. Welding parameters traverse
l., Modelling and experimental validation of TIG welding of INCONEL 718,
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Fig. 4.5. Microstructures 200X (a) centre line of weld fine equaxid grains (b) Away
from centre line coarse grains.
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speed 2.5 mm, current 50 A, voltage 22 V and arc efficiency 57% has
been taken from previous research work, from equation Q is the
energy or power input is 440 W along with non linear thermo
physical properties (Table 2.2) have been used while solving the
model in transient condition.

Fig 2.9. shows the temperature history for a point on the top
surface at the weld centerline of FE weld model, the maximum
temperature 1525 �C is achieved at 20 s and cooling is complete
after approximately 800 s. The temperature distribution approxi-
mately midway through the welding process is shown in Fig. 2.8.

Fig. 2.8 shows the isotherms of different temperature that is
interface of two different colors, each color indicating respective
constant temperature. Fusion temperature of IN718 is 1336 �C, iso-
therm 1336 �C indicating fusion line, zone within isotherm
(>1336 �C) indicating fusion zone. Prediction of fusion zone, HAZ,
PMZ size and shape of them are possible (Fig 2.10).
3. Experimental work

3.1. Measuring thermal history

Measuring thermalcycles have been done by using thermocou-
ple and NI-DAQ setup at the time weld the sample, online thermal-
cycle measuring setup shown in schematic diagram Fig. 3.1 weld
sample (100 mm long 40 mm width and 2 mm thick IN718 plate)
was prepared and clamped on work table as shown Fig. 3.1.
Fig. 4.6. Microstructures 500X at (a) centre line of w

Please cite this article as: S. Tamil Prabakaran, P. Sakthivel, M. Shanmugam et a
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There were four K-type thermocouple (chromal-alumel)
attached to the sample 6 mm from centre line of the weld with
7 mm pitch as shown in Fig. 3.2 in thickness array with 0.5 mm
gap between successive thermocouples. DAQ signals were decoded
in signal express 2011 package as temperature–time plot (Fig. 3.3).

Peak temperature on top plane, plane at 0.5 mm, 1 mm and
1.5 mm from top surface read respectively 436 �C, 440 �C, 443 �C
and 439 �C. Location of probe 6 mm away from centre line of the
weld, middle portion of the material in than bottom and top sur-
face due to convective heat loss and there is no contacted with heat
source. Except peak temperature slope of the plot (heating and
cooling rate) (Fig. 3.4).
3.1.1. Metallographic technique
Metallographic samples of weld of alloy IN718 were prepared

for metallographic examination by first grinding through 600A
paper, polishing through to ¼ m diamond paste and then final pol-
ishing with slurry. Electrolytic etching was carried out using fol-
lowing etchant: 1part chromic acid (5%) + 1 part sulphuric acid
methanol (10%).
4. Validation and discussion

It comprises validation of q model and investigation of weld-
ment. Model validated with two different aspects, comparing ther-
mal cycles and fusion zone dimensions.
4.1. Validation of the FE model

The validation of model includes Comparison of thermal cycles
which are measured by experimental work and numerical mod-
elling and size of the fusion zone measured by experimental work
and numerical model result.
4.1.1. Comparison of thermal cycles
Based on the Experiment and FE analysis, the thermal heat

source profiles were obtained as shown in Fig. 4.1.
Experimental peak temperature 442 �C from Fig. 4.1(b) and FE

model peak temperature 453 �C from Fig. 4.1 and it describes the
comparison of the peak temperatures of experimental and FEM
of location at 50 mm from starting point of weld and 6 mm from
centre line of the weld in transverse direction on plane which
1 mm from top surface, measured peak temperature of FE model
is 453 �C and peak temperature of experimental 442 �C. Variation
of FEM peak temperature is 2%.
eld fine equaxid grains (b) Near to fusion line.

l., Modelling and experimental validation of TIG welding of INCONEL 718,
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Fig. 4.8. Cooling rate curves from centre line of weld to one edge of plate on top surface.

Fig. 4.7. Thermal cycle from centre line of weld to one edge of plate on top plane.
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4.1.2. Fusion zone size and shape comparison
Based on the FE analysis, the width of bead on three different

planes was obtained from temperature distance plot as shown in
Fig. 4.2 and dimensions were list at quasi steady state condition.

Based on the metallurgical technique, the width of bead on
three different planes was obtained from microstructure of trans-
verse cross section fusion zone shown in Fig. 4.3.

The half width of the fusion zone (FZ) (temperature >1336 �C
the melting point of IN718) here is �1.4 mm for the top surface,
1.35 mm for middle plane and �0.95 mm for the bottom surface
(see Fig. 4.2), which compares well with measurements of half an
Please cite this article as: S. Tamil Prabakaran, P. Sakthivel, M. Shanmugam et a
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actual weld (top surface �1.59 mm, middle plane�1.17 mm and
bottom surface �0.82 mm (Figs. 4.4–4.7).

4.2. Investigation of IN718 weldment

4.2.1. Effect of peak temperature and cooling rate
Corresponding to composition of alloy 718 (Nb 5%) the pseudo

binary phase diagram is shown in Fig. 4.8 reveals the important
thermo physical properties, for example liquids temperature
1400 �C, solids temperature 1336 �C, eutectic temperature
1175 �C which are helped to measure the dimensions of FZ, HAZ.
l., Modelling and experimental validation of TIG welding of INCONEL 718,
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Fig. 4.9. Cooling rate curves from centre line of weld to one edge of plate on middle plane.

Fig. 4.10. Microstructures 200X coarse grains at HAZ.
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It has been observed that the higher the cooling rate, that is,
shorter the solidification time, the finer the dendritic structure in
the fusion zone. Dendrite arm spacing is function of the cooling
rate or solidification time. Slower the cooling rates during solidifi-
cation, the longer the time available for coarsening and longer the
dendrite arm spacing.

Fig. 4.8 shows cooling rate curves on top plane, higher the cool-
ing rate about 200 �C/sec at centre line of weld and lowering away
from centre line of weld hence finer grains at centre line and coar-
ser near to fusion line in the top plane of weld.
Please cite this article as: S. Tamil Prabakaran, P. Sakthivel, M. Shanmugam et a
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Fig. 4.9 shows the cooling rate curves on the transverse plane,
high cooling rate observed at middle plane compare to top and bot-
tom plane of plate it reveals that grains are finer at middle plane
compare to top and bottom plane.

Whenever the material experiences the peak temperature
above recrystallization temperature and below melting point tem-
perature gain growth taking place, zone known as HAZ Fig. 4.10.

Dimensions of Fusion zone FZ width and heat affected zone HAZ
on three different planes have been measured with the help of iso-
therms and temperature vs distance curve from Fig. 4.11. Width of
the fusion zone measured by liquids temperature isotherm and
width of the HAZ is measured distance between eutectic tempera-
ture and liquids temperature which are listed out in Table 4.5.
4.2.2. Susceptibility of HAZ hot cracking
The objective of this discussion is investigation of the formation

and solidification of the grain boundary liquid in the subsolidus
HAZ and type of stress distribution with help of thermo cycles
obtained of numerical model.

Zone where peak temperature observed between solids temper-
ature 1400 �C and eutectic temperature 1175 �C is known HAZ and
temperature range from 1225 �C to solids temperature 1327 0C
corresponds to the remaining portion of the thermal cycle during
which the precipitate is fully liquated and metastable liquid pro-
duced by precipitate liquation coexists with the matrix (Fig. 4.12).
4.2.2.1. HAZ hot crack susceptibility. Variables affecting Hot Crack-
ing Susceptibility on HAZ depends on many factors for example
peak temperature, Heating and cooling rates, Initial precipitate
film thickness, and tensile residual stress etc. within HAZ only par-
ticular distance have higher hot crock susceptibility depends on
above factors.
l., Modelling and experimental validation of TIG welding of INCONEL 718,
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Fig. 4.11. Temperature distance curve from centre line of weld to one edge of plate.

Table 4.5
Dimensions of weldment.

Top plane Middle plane Bottom plane

Width of FZ half width 1.4 mm 1.35 mm 0.0.95 mm
Width of HAZ 0.63 mm 0.66 mm 0.85 mm
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Grain boundary films form in the subsolidus HAZ as a conse-
quence of constitutional liquation. Liquation cracking in the sub-
solidus portion of the HAZ is due to the formation of grain
boundary liquid through constitutional liquation of precipitates
and the inability of the liquid films to support tensile stresses
which develop during cooling of the weld HAZ. In general, the tran-
sient stress in the HAZ becomes tensile only after the HAZ has
cooled through a certain temperature below the peak temperature.
At any given HAZ location, the time at which the stress becomes
tensile depends upon several factors, such as the specific heat
input, the thermophysical properties of the alloy, and the alloy’s
high temperature mechanical behavior.

Since liquation cracking depends on the simultaneous existence
of the liquid film and tensile stress, it becomes important to be able
to predict the rate of formation and solidification of grain boundary
films under various welding conditions. Liquation cracking suscep-
tibility in the subsolidus HAZ can be predicted by appropriately
combining models of transient stress generation with a model for
microstructural evolution which deals with the formation and
solidification of grain boundary liquid (Fig. 4.13).

In further discussion susceptibility of hot crack in INCONEL 718
weldment investigated in the temperature range from 1225 �C to
Please cite this article as: S. Tamil Prabakaran, P. Sakthivel, M. Shanmugam et a
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solids temperature 1327 �C only because which have more impact
on variables affecting Hot Crack susceptibility on HAZ as follows.

4.2.2.2. Heating and cooling rate. The thickness of the residual grain
boundary liquid film at a given HAZ location during temperature
range from 1225 �C to solids temperature 1327 �C depends on
the heating and cooling rates. It can be seen from Fig. 4.14 that
the film thickness decreases with decreasing heating and cooling
rates and vanishes completely for processes employing heating
and cooling rates less than about 17 K/s and maximum at interme-
diate cooling rates (100 and 1000 K/s), the net interface velocity
depends upon the relative contributions of the two competing
velocity components: the solidification component due to back dif-
fusion and the melting component due to the concentration gradi-
ent across the liquid film.

If the transient stress in the HAZ location is in tensile at the
eutectic temperature on cooling, amount of stress depends on cool-
ing rate, it can be concluded that low heating and cooling rates are
less likely to produce liquation cracking than higher heating and
cooling rates. However, the transient stress pattern in the HAZ also
depends on the heating and cooling rates employed. Figs. 4.15 and
4.16 shows tensile stress distributed in fusion and HAZ about
650 N/m2 of FE model.

4.2.2.3. Peak temperature. Fig. 4.15. Shows peak temperature
increase as the fusion zone is approached, the heating rate also
increased correspondingly, the heating rate is 575 �C/s at 1225 �C
isotherm, the heating rate at 1327 �C isotherm is 625 �C/s cooling
rate is 125 �C/sec at 1327 �C and 150 �C/sec at 1227 �C. which are
within the range of 100 �C/s and 1000 �C/s Although the difference
l., Modelling and experimental validation of TIG welding of INCONEL 718,
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Fig. 4.12. Thermal cycles at transverse direction from centre line of weld on top plane.

Fig. 4.13. Film thickness as a faction of heating and cooling rates [6].
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in the heating/cooling rates between the two locations is not very
significant, the residual film thickness at the eutectic temperature
is significantly lower at the 1327 �C isotherm than at the 1225 �C
isotherm, This is because of the additional time available for solute
back diffusion in the matrix during heating and cooling in the
1225 �C to 1327 �C temperature range. Hence, the HAZ microstruc-
ture at room temperature will consist of a greater volume fraction
of the second phase at the 1225 �C isotherm location than the
1327 �C isotherm location. However, this does not lead to the con-
clusion that the 1225 �C isotherm location is more susceptible to
cracking than the locations closer to the fusion zone. This is
because the residual film thickness at any time during cooling is
higher at locations closer to the fusion zone. Notice that the resid-
ual film thickness at the 1327 �C isotherm location is higher than
that at the 1225 �C isotherm location at any time during peak tem-
perature range (1400–1175 �C). Also, the 1327 �C isotherm location
will continue to have a grain boundary film even after the film at
the 1225 �C isotherm location has completely solidified. Hence
Please cite this article as: S. Tamil Prabakaran, P. Sakthivel, M. Shanmugam et a
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locations closer to the fusion zone are still preferred sites for crack
nucleation (Fig 4.18).

Susceptibility of hot crack on INCONEL 718 HAZ is in between
the temperature range of 1225–1327 �C especially near to the
fusion line that is near to the temperature 1327 �C isotherm. With
help of above details we can predict that the location of hot crack
susceptible zone 1.375 mm from centre line of the weld and width
0.375 mm.
5. Conclusions

The peak temperatures on middle surface at 6 mm from centre
line of weld were observed using experimental work (442 �C) and
FE model (453 �C) which ensures that the process has negligible
temperature change at the quasi-steady state condition. There is
good agreement between the predicted and measured thermal
cycles.

The fusion zone shapes and size were observed by the experi-
ment and by numerical model are found to be in good agreement
in quasi-steady state condition. The half width of the FZ is
1.4 mm for the top surface, 1.35 mm for middle plane and
0.95 mm for the bottom surface, which compares well with mea-
surements of half an actual weld on top surface 1.59 mm, middle
plane 1.17 mm and bottom surface 0.82 mm.

Predicted half width of FZ and HAZ respectively on top surface
1.4 mm and 0.63 mm, middle plane 1.35 mm and 0.66 mm and
bottom surface 0.95 mm and 0.85 mm.

Susceptibility of hot crack on INCONEL 718 HAZ is in between
the temperature range of 1225–1327 �C especially near to the
fusion line that is near to the temperature 1327 �C isotherm. Pre-
dicted susceptible location of hot crack zone is 1.375 mm from
centre line of the weld and width 0.375 mm.
l., Modelling and experimental validation of TIG welding of INCONEL 718,
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Fig. 4.14. Cooling rates at (1) peak temperature 1327 �C (2) peak temperature 1225 �C.

Fig. 4.15. Stress distribution along transverse direction on top plane at instant time 20th sec and middle of the weld.

Fig. 4.16. Stress distribution along transverse direction on top plane at instant time 20th s and middle of the weld.
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Fig. 4.17. HAZ hot crack susceptibility zone.
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