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ABSTRACT

Precipitation hardened copper chromium zirconium (PH-CuCrZr) has good mechanical
properties, high electrical and thermal conductivity. As a result, thus find its wide application in
various industries such as nuclear, aerospace and automotive sectors. One of the specific
applications of PH-CuCrZr alloy is in international thermal experimental reactor (ITER) for
manufacturing of the first wall and cooling tubes of the diverter. In order to maintain the
structural consistency during the welding of PH-CuCrZr alloy components electron beam
welding (EBW) process is employed.

In the current work, numerical modeling of EBW process during welding of PH-CuCrZr
alloy components has been carried out. A three-dimensional finite element (FE) model is
developed to predict the output responses (bead penetration and bead width) as a function of
EBW input parameters (beam current, acceleration voltage and weld speed). A combined
conical and Gaussian heat source is used to model the deep penetration characteristic of the
EBW process. Numerical modelling has been carried out by developing user define function
(UDF) in Ansys. Present work illustrates that input power and weld speed has a considerable effect
on the EBW output responses (bead penetration, bead width). Simulated results are compared with the
experimental results and are in good agreement between the finite element model and

experimental results.
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CHAPTER 1
INTRODUCTION

Precipitation hardened copper chromium zirconium (PH-CuCrZr) alloy belongs to the group of
the alloys that has very high electrical conductivity. As a result this alloy has been considered to
be promising material in various industries such as nuclear, aerospace and automotive sectors for
joining applications.PH-CuCrZr alloy has been employed for the cooling tubes of the diverter
and first wall of the international thermal experimental reactor (ITER) because of its outstanding
thermal conductivity [1, 2]. This alloy possesses high conductivity because of very low solubility
of Cr and Zr in copper while the outstanding strength is characteristic to precipitation and
particle-dispersion strengthening mechanisms [3]. Number of researchers stated that mechanical
and electrical properties of welded PH-CuCrZr alloys shows a major decrease in their magnitude
due to the residual stresses and weld defects. Also there is a considerable difference of
microstructure between the welded joint and base material, [4, 5].Electron beam welding (EBW)
comes in the category of most famous fusion processes for the welding of various componentsin
aerospace and nuclear industries. EBW can produce welds by means of deeper penetration,
narrower bead width and insignificant heat affected zone in comparison with other fusion
welding processes [6].

In the current work numerical modeling of EBW process during welding of PH-CuCrZr
alloy is carried out. Finite element (FE) model is developed by using Ansys software.
Accelerating voltage, beam current and weld speed are used as input parameter during the
simulation. Developed FE model predicts temperature, bead width (BW) and bead penetration
(BP) as output responses. Results obtained from the simulation are compared with the

experimental work and found in good agreement.

1.1Electron-beam welding
The schematic representation of an EBW machine is shown in Fig. 1.1. The main components of
an EBW machine are as follows:
1. Electron-beam gun
2. Electro-magnetic (EM)focusing lens and the combination of deflection and oscillation
lens
3. Work chamber



Vacuum system for electron gun chamber and work chamber
High voltage power source
Electrical controls for power source, EM lenses, and vacuum systems

Beam viewing system

© N o o &

Work handling system [NC- control system]

The schematic view illustrates the axis-symmetric triode type gun and column assembly. The
triode gun design consists of high voltage power supply connections, cathode (filament), grid
cup, anode and vacuum pumping system. The other subassembly components compose of high
voltage cable, focusing and deflection coils. All the components positioned in the electron-beam

gun column are put up in a gun chamber.

~— High Voltage Cable
= Incandescent Cathode

Prism —__ —— Bias Cup

Telescope — N —— Primary Anode
il \ __— Electron Beam
Focusing Coil

+ Deflection Coil

Vacuum Chamber

Fig.1.1 Schematic illustration of an EBW Machine [7]

1.2 Working principle
During the EBW process electrons are emitted by thermal emission (emission temperature fall

normally in the range of 2500 °C -2800 °C) from a tungsten (W) or tantalum (Ta) cathode and
accelerated by an electrostatic field in the direction of the anode [7]. The beam current is
controlled by a control electrode (grid cup), which provides the purpose of accelerating and
focusing the electron-beam so that the highest beam current (< 200 mA) is transmitted through
the anode slit. This grid cup is usually negatively biased, as a result that the electrons generated
by this cathode do not depart and move towards the next element, anode, in the form of a beam.



The annular anode at this moment attracts the electron-beam and slowly gets accelerated. The
characteristic of this electron-beam is divergent in nature at the outlet of the anode.

As electrons depart the anode section, they may attain a velocity as high as half of that of light.
This deviating beam is focused through a series of magnetic slits. The magnetic lenses positioned
under anode forms the beam and attempt to reduce the divergence. On the other hand, the slits
permit only the convergent electrons to bypass through and at the same time confine the
divergent low energy electrons from the fringes. Therefore, the slit and magnetic lenses develop
the quality of the electron beam. Thereafter, the electron-beam passes throughout the
electromagnetic lens and deflection coil. The electromagnetic lens focuses the beam to the
required spot to attain high power density required for welding. The deflection coil can deflect
the electron-beam by a very small amount, such that the energy transfer takes place in almost
proper position inside this field with the lateral uniform division of energy, which results into the
enhanced shape of the weld profile.

Electron-beam (EB) comprises of charge carriers (electrons) accelerated by a potential difference
in the range of tens of kilovolts. Electrons have a speed equal to two-third of that of the light, and
therefore, it has a very high kinetic energy. When these energetic electrons hit the surface of the
work piece, a significant section of their kinetic energy is transformed into heat, when the beam
impinges at the target surface the electron encounters resistance from the lattice, causing a
progressive drop off in its velocity, until it finally comes to rest. The energy of the impinging
electrons is shifted to the lattice electrons, which, sequentially increases the vibrational energy of
the whole lattice and as a result, heating of the material takes place [8] to evaporation
temperature and metal vapor is produced with a very high pressure in that small volume. The
outline of the capillary formed by the beam will be determined by the balance of the forces
generated by the vapor pressure on one end, and the surface tension and hydrostatic pressure of
the molten metal on the other. If the power density of the incident beam is sufficient then the
vapor cavity remains and the area for the beam accomplishment shifts in the direction of the

deeper level of plate thickness.



1.3 Advantages of the electron beam welding

Following are the major advantages of EBW process:

Minimal distortion and shrinkage: Due to very narrow spot size generated during EBW
process it leads to minimum distortion and shrinkage of the component with a very narrow
heat affected zone.

No gas contamination: EBW process is performed in the vacuum hence there is no gas
contamination during the welding that results in very clean and high-quality weld. EBW is
the best option for the parts that required post weld testing process. This application of
vacuum allows welding of such materials which are highly reactive with atmospheric gases.
In case of other advance welding like laser beam welding (LBW), tungsten inert gas welding
(TIGW), and metal inert gas welding (MIGW) etc., no such arrangement of vacuum so there
are chances that metal can react with the atmospheric gases.

High thickness components: Due to small focal spot diameter (0.1 —5 mm), EBW has high
power density of around 106 W/cm?. As a result, EBW process has a potential to join large
thicknesses (0.025mm to 100 mm) components in a single pass.

High efficiency: The efficiency of EBW is around 80% to 95 %.

The only drawback of EBW is that there is a size limit for the work piece it can only weld the

material that can come or fit in its vacuum chamber not bigger than that of the vacuum chamber

size.

1.4Application of the electron beam welding

EBW process finds its wide applications in various industrial sectors due its accuracy and low

distortion in the welded component. During EBW process, control of the welding spot size can

be achieved easily with the help of magnetic coils.

Industries where the EBW is having very wide applications are as follows:

Aerospace industry: In the aerospace industry there are various components which are
electron-beam welded such as, compressor (Fig. 1.2) rocket engine actuators, turbine blades
(Fig. 1.3) and the air frames etc. [9].



Fig. 1.2 Compressor rotor welding[web source]

Fig. 1.3 Turbine blade repair[web source]

Oil and Gas industry: In these industries the weld joint required to maintain the high
strength and corrosion resistancefor the oil and the highly reactive gases. Hence, the EBW
process provides the best quality. Impeller is the main and the base part of the oil and gas
industries and the joining of cover to the impeller is accomplished by means of the EBW
process (Fig. 1.4).

Automotive industry: In this industry the synchronization of the multiple gears is done
with the help of EBW. Mainly the transmission components of automobile parts are welded
by means of EBW process.



Fig.1.4 Turbocharger impeller welding [web source]
e Power generation industry: The cover of the combustion chamber used in the power
generation is welded with the help of EBW process.
e Defense industry: Transmission components of the heavy-duty fighting jet are modeled by
EBW process.
e Medical industry: In the medical the orthopedic welding is accomplished by means of
EBW process (Fig. 1.5).

Fig. 1.5 Orthopedic implant welding [web source]



CHAPTER 2
LITERATURE REVIEW

Various research works carried out in the field of EBW process can broadly classify in following
three broad categories:

2.1 Experimental study

Experimental and theoretical work has been done onTi6A14Vand 21Cr6Ni9Mn alloy to measure
the temperature distribution during the EBW [10]. Output response of the model includes
velocity fields and temperature. The numerically simulated fusion zone (FZ) geometry and the
temperature were compared with experimentally determined outputs of each weld. Both the
numerically simulated and experimental results were compared with the output responses for the
keyhole mode in laser beam welding (LBW). EBW was done on Al alloy in concern with the
heat dissipation through the boundaries of the material, conduction and radiation both the heat
transfer modes were considered. The main objective in the present was to control the structural
deformation in the AL alloy [11]. The concept of partial penetration in case of EBW was
examined [12]. Zhang et al. [13] investigated the effect of different filler metals on the material
properties during EBW.Weglowski et al. [14] proposed that EBW process can be used for
various applications like coating, rapid prototyping etc. Kaur et al. [15] conducted the
experimental and numerical analysis of EBW to join two dissimilar metals alloy. Authors
compared the output responses predicted by simulation with the experimentally achieved results.
Experiments were carried out to check the influence of filler materials on Ti6A14V material
weldment in case of EBW [16] and found that effect was in a considerable amount in terms of its
geometry and on its microstructure. Sun and karppi [17] further showed that high power density
and control over the beam size during EBW process aids in producing good welding in between
dissimilar metals. The correlation between outputs parameters (distortion, temperature
distribution and weld depth etc.) of EBW process to the thermal efficiency etc. were studied [18,
19, and 20].

2.2 Theoretical study
Wei and Chow [21] proposed an analytical model to compare the various parameters like
temperature field around the keyhole and pool geometry with the experimental results. Authors

assumed the shape of electron beam following the Gaussian distribution. A 2D mathematical
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model was proposed to analyze the various results like heat transfer, keyhole dynamics and the
fluid flow during the EBW of Al 2219 aluminum alloy. To predict the penetration depth effect of
the keyhole an adaptive heat source model was developed. Authors concluded that results
predicted by using adaptive heat source are in good agreement with experimental results [22, 23].
Rouquette et al. [24] proposed the work to analyze the heat source model along the longitudinal
section in EBW. Finding the Gaussian parameter terms like energy distribution in the welded
zone was the main aim of this work. Hemmer and Grong [25] proposed an analytical model to
predict the penetration depth by combining the moving line source and cylindrical cavity for the
material like high strength steel, aluminum. A study was carried out by Elmer et al. [26] to
correlate the relationship between energy densities and the shape of the weld source. Authors
concluded that for energy value above a threshold the weld source behaves as point source else
behave like a line source for low energy density. Experimentally it is highly difficult to measure
the temperature around the keyhole developed during the EBW process. To overcome such
limitations authors proposed an analytical 3-D model to estimate the temperature distribution
around the keyhole. In their work they have assumed beam the shape of the keyhole was
parabolic and the input power of the EBW was followed Gaussian distribution. To find the
analytical solution, parabolic coordinate was utilized [27]. Turygin et al. [28] proposed an
algorithm to join the complex parts during the EBW process. Developed algorithm controls the

beam movement with accuracy to follow the complex path to be weld.

2.3Numerical study

The numerical study of EBW process helps in the prediction of various output responses such as
weld pool geometry, temperature field around the keyhole, residual stresses and distortion of the
weld plate. Authors carried out a transient thermal analysis during the EBW of steel tubes.
Results obtained after the thermal analysis used as input to carried out the mechanical analysis
[29]. Authors predicted the temperature field, heat affected zone and the residual stresses
produced during the EBW process. The obtained result further allows us to find the material
properties like stress and strain. This analysis also allows us to optimize some other process
parameter related to welding process such as input power and speed of the welding. ADINA
system is used to accomplish this simulation [30].

EBW process is typically employed to join the dissimilar metal parts and the super alloy. The

simulation of the butt joint type welded plat made up of Inconel706 was analyzed. Effects of the
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welding parameters on the weld pool geometry of the work part were studied. On this butt joint
some certain test was carried out such as X-ray diffraction, tensile test, and micro structural
analysis. To accomplish all these of test an uncoupled analysis was done. The heat source model
was modeled by combining a spherical with a conical shape type heat source model with
Gaussian power density distribution to get the result closer to the experimental results [31].
Lacki et al. [32] had done 49 welds on chrome-nickel steel plate by varying the various welding
input parameters to find the same results. The shape of heat source model made in this
simulation was designed on the basis of geometry of fusion zone.

A 3D model was prepared to examine the residual stresses and the distortion produced in the
welded plate during the EBW process. Butt type Welded plate of Inconel718 and Ti-6Al-4V and
Nickel-lead and nickel-Tinwere analyzed in the present work. A particular effort was made to
find out the input heat power to be given to the welding. The heat source model was prepared by
super imposing a conical and a double ellipsoidal heat source model to analyze the penetration
depth characteristics of EBW to validate the calculated results and the experimental result. And
hence found that by modeling this combine heat source model the result has good agreement
with experimental results [33, 34, and 35]. Gery et al. [36] were proposed a 3D model by
assuming the double ellipsoid (Goldak heat flux distribution). Temperature field and various
required parameters were found out. To implement the heat flux, C++ Programming was done.
Study presents a 3-D FE model to calculate the temperature history and distortion during the
EBW of a high strength aluminum alloy plate. A very fine meshing was done to incorporate the
heat source model for EBW simulation. A parallel computational was performed to reduce the
simulation time. Various parameters of EBW was studied such as the speed of welding and the
heat given to the EB welding and also found the impact of these parameters on the weld pool. An
ellipsoidal heat source model was prepared for this aluminum material [37].

A studied was carried out on the 304L stainless steel. The EBW process was done at different
power densities distributions. The results were observed by fixing the heat input and varying the
weld spot radius. Temperature also considered along the depth of the keyhole. Force balanced
method was used to calculate the vapor pressure on the wall of the keyhole. This model basically
focused to calculate the weld pool geometry and the fluid flow pattern in the electron-beam
welding [38].



Authors [39] carried out the study on the magnesium AZ61 alloy. The vacuum electron-beam
welding (VEBW), penetration depth, thermal field at fusion zone and the surface thermal
outcome of high temperature metal vapor were examine by means of the direct acting method.
To accomplish this kind of simulation a new heat source model was developed by combining the
Gaussian heat source model and the conical heat source model. Hence the Gaussian heat source
model was for the surface thermal field and the conical heat source model was to find the results
for penetration depth of the welding. And it was found that the current supply to the heat source
model will affect the thermal field of the key hole and the weld shape.

A simulation of EBW process by using a copper coating as the filler material was carried out.
The materials which joined by this welding were Ti-15-3 titanium alloy and 304 stainless steel.
Simulation was done to examine the temperature field and the distortion produced in the joint
during the welding and the result of accomplished simulation later validated with the
experimental results and it is found that results are nearly close to the calculated results.
According to the results the parabola body heat source model was the best heat source model for
this type of welding conditions. Using this parabola heat source model, it was found that all the
thermal forces are in asymmetric distribution. In the simulation it was also found that the
temperature produced in the Ti alloy is more than that of steel alloy. Hence it was concluded
from this papers that copper react as the good filler material in case of EBW process [40].

A study of EBW process by oscillating the beam inside the keyhole was carried out and the
impact of the oscillatory beam and its parameters was analyzed. Effect on the shape of the
keyhole, various weld parameters and the flow of the heat transfer was also studied. The model
was prepared as per the conduction and Navier-stokes heat equations. The keyhole shape was
developed with the help of experimental data. The keyhole was developed in this case by
superimposing a slanted elliptical cone with a spherical apex [41, 42]. A study of the micro-
structure of EB welded plate was done. The materials used in the present analysis were
HastelloyC-276 and crystalline Zr metal. In the study, energy dispersive system was used and
found that, microstructure of the molten pool was in lamellar form. After getting the result it was
clear that there were no welding defects like micro cracks and the voids. Heat affected zone was
also found very small. It was observed that after welding the hardness of the mote zone was
increased [43, 44].
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Effects of using activating flux in the EBW process to enhance the quality of deep penetration.
To analyze this, a coating of activating flux was placed on the one part and one part was kept
blank (without activating flux). Then the welding was done on both the part to find the effect of
activating flux. The results showed that activating flux coating has direct effect on the
penetration depth capability of the welding in case of stainless steel. A significant improvement
was occurred in the penetration when the welding carried out in the mode of conduction. This
paper presents the simulation work on the carbon nanotube to predict the covalent junction and
the effect of covalent structure on the mechanical response was considered [45].

2.4 Gaps in Literature

In order to understand and optimize any process it is necessary to understand its physics. As per
the literature survey, number of researchers experimentally studied EBW process on the material
such as stainless steel (30HGSA, 304L), aluminum alloy (Al 2219), magnesium alloy (AZ61)
and titanium alloy (Ti-15-3, Ti6A14V) etc. Very few literatures are available with the
experimental study of EBW process during the welding of PH-CuCrZr alloy. Also, no literature

is available which deals with its numerical study.

2.5 Objectives
Based on the literature review, the following are the broad objectives of the current work.

1. Numerical analysis by developing FE model of the EBW process during welding of PH-
CuCrZr alloy.

2. Developing a heat source model for accurately predicting the output responses of the EBW
process.

3. To study the effect of input parameters (beam current, accelerating voltage and weld speed)
of EBW process on its output responses (bead width and bed penetration).

4. Comparative study between the experimentally and simulated results.

11



CHAPTER 3
NUMERICAL MODELING

3.1 Finite element formulation

In the present work a 3D symmetric FE model for transient thermal analysis is developed with
the help of commercial ANSYS APDL 14.5 software. The model is having dimensions of
100x25%10 mm®. Developed model is meshed with a solid 8-noded brick element for the

analysis.

3.2 Steps in FE analysis
Steps that constitute the FEM analyses are as follows:

1. Pre-processing

2. Initial and boundary conditions

3. Solution

4. Post processing
Fig. 3.1 depicts sequence of steps followed for performing thermal analysis, as shown in flow
diagram a transient thermal analysis is performed by developing the model, meshing followed by
applying the proper boundary condition’s and material properties. Later, by setting the proper
solution controls in Ansys solver simulation is performed. The output results of the simulation

are nodal temperature, bead width and bead penetration.

Geometry, material properties and meshing

v

Loading the EBW heat source by UDF

v

Apply all the boundary conditions

v

Set the solution control

v

Solve

v

Write the thermal results (Nodal, temperature, BP and BW)

Fig. 3.1Flowchart for performing thermal analysis
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3.2.1 Pre-processing

Fig. 3.2 shows the two sheet of PH Cu-0.80Rr-0.06Zr alloy to be welded by EBW process along
the path A-B-C-D-E-F. The present analysis considers only one sheet A-1-K-C-F-N-L-D by
assuming the symmetry of the focused electron beam and the workpiece.

Fig. 3.2 Schamatic diagram of the developed FE model and original welded specimen.

3.2.1.1 Meshing

During meshing geometry is discretized into a number of small elements. To perform the mesh
convergence, thermal result is compared by meshing the workpiece at different element sizes
with same EBW input parameters.

1)During the first run the workpiece is uniformly discretized by solid 8-noded brick element with
size of 1 x 1 x 1 mm®. As shown in Fig. 3.3 temperature varies from a minimum of 300 K to a
maximum of 2346.06 K.

Fig. 3.3 Nodal temperature value at an elements size of 1 mm each

13



2) In the second case, model was uniformly meshed with an element size of 0.5 x 0.5 x 0.5 mm?
As shown in Fig. 3.4 the maximum temperature rises to 2606.86 K with a difference of 260 K

compared with case 1.

Fig. 3.4 Nodal temperature value at an elements size of 0.5 mm each
3)During the third trial the element size was 0.5 x 0.5 x 0.25 mm®. Maximum temperature
achieved is 2625 K (Fig. 3.5). Therefore, the variation between maximum temperature achieved
in case 2 and case 3 is negligible.

Fig. 3.5 Nodal temperature vaue at an elements size of 0.5 m Iong the Ingth and 0.25 mm
along the thickness side of the model
As shown in Fig. 3.6, in order to capture the thermal result accurately in the weldment region and
simultaneously saving the computational expanses, a fine mesh with element size of 0.5 x 0.5 x

0.25 mm?® is generated in the weldment region while a coarse mesh with an element size of 1 x

14



0.5 x 0.25 mm? is chosen for far of regions. In present analysis211191 nodes and 200000

elements are generated.

[2y]

ELEMENT

Fig. 3.6 meshed FE model
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3.2.1.2 Material properties
In order to develop an accurate FE model, temperature dependent material properties are given
as input during the simulation. Table 3.1 shows the variation of density, specific heat and
thermal conductivity for PH-CuCrZr alloy.

Table 3.1 Temperature dependent thermal properties of PH-CuCrZr alloy [46]

Temperature (K)
Properties
300 373 473 573 673 773
Density (gcm™3) 8.89 8.85 8.81 8.76 8.71 8.66
Specific 395 404 415 422 431 440
Heat(JKg~1K™1)
Thermal
Conductivity 355 358 358 354 350 354
(Wm™1K1)

3.2.1.3 Governing equation and heat source model
The 3Dgoverning equation for transient thermal analysis in Cartesian coordinate (x, y and z) is

given as:
a (, 0T 9 (, 0T

a (, 0T s .oT
(k5 + o (k) + 5 (k5) +0=pC (3.1)
Length, width and depth of the workpiece are considered along x, y and z direction. Also, the
electron beam moves along the positive y direction.

Where,
k = thermal conductivity (w/mK)
p = density
C = specific heat of material.
T = temperature (K).
t= time variable (s).

Q = internal heat generation rate per unit volume.

To carry out the thermal analysis in the current work beam source is modeled by employing
Gaussian distribution followed by conic distribution. As shown in Fig. 3.7 compound heat source

model was developed by combining Gaussian and conical heat source model [47]. Various
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constant parameters of the heat source are calibrated in the current work in such a way that the

simulated results follow the trend and are in a reasonable deviation with the experimental results.

Q(x,V,2)

=

v
X

v 7

Fig. 3.7Schematic diagram of the compound heat source model

Heat generation at a node (X, y, z) is given by equation (2) and (3).

21Q (x2+y?)
Qsury (0,7,2) = 5oz exp[—3 =] (3.2)
21Q 2+y2)
Arey(X,Y,2) = 107th?’§ exp[—3 (xsz (1 + %)] (3.3)

Therefore, total heat flux applied on the workpiece can be written as:
QT:CISurf(x' V Z)+quy(x' Y Z) (34)
Where,qs,rf is the heat produced by impinging of accelerated electrons, and vapor flux, Qe

shows the heat transferred due to vapor and plasma generated by energy input at the bottom of

the keyhole. Fig. 3.8 shows the various types of heat flux generated during the EBW process.
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Heat flux (qsur)

Fig. 3.8 Schematic with corresponding numerically modeled heat source showing the Gaussian
and conical heat flux
Where, Total heat input Qo=nx=xVxIl inwatt(W).
n= efficiency of the electron-beam welding machine.
V = voltage supplied in (kV).
I= current supplied in (mA).

Q= heat flux per unit volume in [I:n—M;].

h= thickness of the work piece (m).
o= initial electron-beam radius in (m).

3.2.1.4 Initial and boundary conditions
Some of the assumptions taken during the analysis are as follows:

1) The material used in the analysis is assumed as anisotropic continuum,
2) The flow of welding pool was not considered
4) Workpiece was considered with a uniform initial temperature of 300 K,
The boundary conditions used in the present study has a normal conduction (k,,), heat flux (q)
and radiation o £ (T*-T,). Hence the equation of complete boundary conditions can be given as
follows:

Kn-g+ o e (T*-Ty) =0 (3.5)
Where, K, denotes the thermal conductivity of the material normal to the surface of work
piece in W/mK, ¢ represents the emissivity of surface radiation and o is the Stefan

Boltzmann’s constant, which is given by 1.7 x 1075 W/m?2K*.
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3.2.1.5 Simulating the moving heat source
Weld path is defined by writing the user defined function (UDF) in Ansys parametric design
language (APDL) to be followed during the welding simulation. Fig. 3.9 shows the applied heat
flux on a three-dimensional model with the help of UDF developed in APDL. Heat flux
distribution at a particular load step is calculated by developing a cylindrical local coordinate
system at the center of the electron beam. While the heat source model is moved with the help of
Cartesian global coordinate system. The radius of the local coordinates system is equal to the
initial beam radius, ro. The weld path consists of applying heat source at various load steps for a
particular time step size that are calculated as follows:

Nis= {(Lt-2xro) / (SL)} (3.6)

Tss = (Su/ Ws) (3.7)
Where,

Nis = Number of load steps
L= Total length of model

ro= Initial radius of electron beam
S.= Step length

Tss=Time step size

Ws-Weld speed

Moving heat source

Load steps

’ Weld line 9L54
4 < Ls3u p

=)
Ll

Fig. 3.9Schematic with Ansys model showing various load steps along the weld path

Initially, heat flux is applied at various nodes for a particular load step. In the next load step heat
source is moved by a step length and heat flux is recalculated for various nodes by deleting the
heat flux of the previous load step. This process is repeated along the weld path, thus simulating

the moving electron beam during the EBW process.
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CHAPTERA4
RESULTS AND DISCUSSION

4.1 Thermal analysis of precipitation hardened (PH) CuCrZr alloy (Spot welding)

Initially, for carrying out the numerical study, a code is developed to simulate the spot welding
of PH-CuCrZr alloy by EBW process. To accurately capture the shape and size of weld bead
(BP, BW) at various EBW input parameters Gaussian heat source model and Conical heat source
model was employed in the simulation. The whole spot-welding simulation consist two steps one
is to apply the heat source model and another is to remove the applied heat source model to cool
the weld bead by allowing the heat loss due to conduction only. There is no heat loss due to
convection because of the vacuum chamber of the EBW. Fig. 4.1 shows the temperature profile
at 70 mA current and voltage of 50 kV applied for 1 second.

ANSYS) | e oo ANSYS

e | 4

7E 1¢ 08 ThE=L JE 18 214

2ed.33

(@) (b)
Fig. 4.1 Temperature profiles during spot EBW process at the current 70 mA and voltage 50
kV(a)top view (b) side view
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4.2 Thermal analysis of precipitation hardened (PH) CuCrZr alloy (Moving heat source)
After developing the numerical model of EBW process for spot welding, in the current section
model is further upgraded to simulate the moving electron beam during the EBW process. Heat
source model is applied in the form of multiple load steps along the weld direction for a given
time step size calculated from weld speed. Fig. 4.2 shows the temperature contours for a moving
heat source with a welding speed of 600 mm/min, beam current 110 mA and the beam voltage 50
kV.

(b)

Fig. 4.2Temperature distribution for moving heat source at time (a) 2 seconds (b)6 seconds

(current 110 mA, voltage 50 kV and weld speed 600 mm/ min).
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4.3 Validation of devdeloped numerical thermal model

Thermal model developed in the current work is compared with the experimental work carried
out by Kanigalpula et al.[48]. The right side of the Fig. 4.3 (a-b) is an optical micrograph of the
experimentally EBW welded plate while left side of the Fig. 4.3 (a-b) is showing cross section of
numericallysimulatedtemperature profile.Numerically predicted values of BW and BP are shown
by the horizontal and vertical extension of the red zone in the temperature contours. As shown in
Fig. 4.3 (a) percentage error between the experimental and simulated results of BW, BP is 16.67
% and 5.17 % respectively. While, in Fig. 4.3 (b) there is an error of 18.92 % for BW and 2.34
% for BP respectively.

J_ g00 2 & a0
1200 2000
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(b)
Fig. 4.3 Compariosion between the experimentally and simulated values of bead width and bead
penetration at various EBW input parameters (a) 1=110 mA,V =60 kV, S = 1000 mm/min (b) I
=90 mA, V=55 kV,S = 800 mm/min

4.4. Design of experiments

Parametric study of EBW process is carried out by using central composite design (CCD)
method. The primarily aim for conducting parametric analysis is to study the effect of EBW
input parameters viz. beam current (I), accelerating voltages (V) and the speed of the weld (S)
and their interaction on EBW output responses viz. BW and BP. Table 4.1 shows the actual
values of the various EBW input parameters used for carrying the numerical study. Range of
these parameters was selected by running few trial experiments. A total of 23+2x3+3=17
combination of processes parameters was taken into account for these experiments.

Table 4.1 Process parameters and their ranges used for EBW

S. No Inputs/unit Symbol Minimum Mid Maximum
value value value
1. Accelerating voltage (kV) Vv 50 55 60
2. Beam current (mA) I 70 90 110
3. Welding speed (mm/min.) S 600 800 1000
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Table 4.1 illustrates the comparative study between the numerically predicted results with the
experimental results [48]. As shown in the table 4.1 the maximum percentage error between the

experimental and simulated values of BW, BPare 20.85, 24.29 respectively.

Table 4.2 Detailed plans of experiments with corresponding output responses

Experimental Numerical
S. AC(_:eIe Beam Welding esonse esponse (I?rror % Error
No vr(?lttlgge current speed_ BP BW BPp BW in BP l(nm?nv)\/
k) | A | mmmin) p SO emy | mm) | my | ™™
1 55 90 800 5.56 3.69 5.43 3 2.34 18.70
2 55 70 800 4.64 3 469 | 331 | -1.08 -10.33
3 55 90 600 6.98 3.65 7.03 4 -0.72 -9.59
4 60 110 1000 5.8 4.32 5.5 3.6 5.17 16.67
5 55 110 800 6.26 4.35 6.03 3.8 3.67 12.64
6 50 70 1000 2.10 2.57 2.61 2.72 | -24.29 -5.84
7 60 70 1000 3.92 3.86 3.81 3.72 281 3.63
8 60 70 600 4.64 2.94 4.72 2.74 | -1.72 6.80
9 55 90 800 5.83 3.70 5.43 3 6.86 18.92
10 55 90 1000 4.93 3.98 4.83 3.15 2.03 20.85
11 50 110 1000 4.63 4.03 4.7 3.6 -1.51 10.67
12 50 90 800 3.62 3.98 3.4 3.3 6.08 17.09
13 60 90 800 5.5 3.7 5.36 3.35 2.55 9.46
14 60 110 600 9.1 4.97 9.24 5.06 | -1.54 -1.81
15 55 90 800 6.07 3.59 5.43 3 10.54 16.43
16 50 110 600 8.22 4.8 8.17 4.7 0.61 2.08
17 50 70 600 491 3.19 4.02 3.01 | 18.13 5.64
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As shown in the table 4.3 model-value of 0.018 and 0.007 for BW and BWx being less than 0.05
(significance level, a for 95 % confidence interval) imply that both models are significant.

Highest percent contribution in deciding BW is by linear order term I. Simulated results shows

that S and S*1 as significant terms which is not reflected in the experimental study.

Table 4.3 Analysis of variance for BW and BWx

BW BWx
Source F-Value | P-Value 0./0 . F-Value | P-Value 0./0 .
Contribution Contribution
Model 5.470 0.018* 7.680 0.007*

\Y 1.100 0.330 2.42 1.760 0.226 2.56
S 6.240 0.041* 13.71 0.740 0.418 1.08
I 23.330 0.002* 51.24 56.560 0.000* 82.29
V*V 0.000 0.981 0.00 0.390 0.552 0.57
S*S 1.470 0.265 3.23 0.230 0.643 0.33
I*1 1.250 0.301 2.75 0.090 0.770 0.13
V*S 0.870 0.381 1.91 4.080 0.083 5.94
V*| 0.140 0.715 0.31 0.500 0.503 0.73
S*1 11.130 0.012* 24.45 4.380 0.075 6.37

*Significant terms

ANOVA analysis of the simulated and experimental values of BP shows that all EBW input
parameters plays a significant role in deciding BP (Table 4.4). Model terms in decreasing order
of significance are I, S, V and V> Numerical study predicts 44.90 %, 32.49 %, 7.75 % and 4.45 %
contribution of I, S, V and V? respectively. Same trend is observed for the experimental results
with 44.85 %, 36.62 %, 7.08 % and 4.35 % contribution of I, S, V and V? respectively.

Table 4.4 Analysis of variance for BP and BPx

BP BPx
SOUTCe | Value | p-val 4 F-Value | P-Val 4
-value Value | contribution | VAUe | F-ValUe | ontribution
Model 17.400 0.001* 14.430 0.001*
V 12.390 0.010* 7.75 9.320 0.019* 7.08
S 51.910 0.000* 32.49 48.240 0.000* 36.62
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I 71.740 0.000* 44.90 59.080 0.000* 44.85
V*V 7.110 0.032* 4.45 5.730 0.048* 4.35
S*S 5.120 0.058 3.20 2.650 0.147 2.01

I*1 0.200 0.666 0.13 0.030 0.868 0.02
V*S 0.020 0.879 0.01 2.200 0.182 1.67
V*I 0.000 0.984 0.00 0.100 0.765 0.08
S*l 11.280 0.012* 7.06 4.380 0.075 3.32

*Significant terms

Regression equation for the experimentally obtained bead width, BWy and simulated bead width,

BW is given as:

BWx=14.9 - 0.565 V - 0.01041 S + 0.142 | + 0.00444 VxV + 0.000002 SxS -
0.000135 Ix1+ 0.000207 VxS - 0.00072 VxI - 0.000054 Sx| (4.1)

BW=4.9-0.044V-0.00816 S + 0.033 | + 0.00084 VxV + 0.000007 SxS + 0.000628 IxI|
+0.000073 VxS - 0.00087 Vx| - 0.000091 SxI (4.2)

Similarly, regression equation for the experimentally obtained bead depth, BPx and simulated
bead depth, BP are:

BPx=-83.2+3.47V -0.0357 S+ 0.092 | - 0.0332 VxV + 0.000014 SxS
+0.000150 Ix1 + 0.000298 VxS + 0.00063 VxI - 0.000105 Sx| (4.3)

BP =-116.6 + 4.479 V - 0.0158 S + 0.025 I - 0.03985 VxV + 0.000014 SxS
+ 0.000959 Ix1+ 0.000029 VxS- 0.00004 VxI- 0.000153 Sx| (4.4)

4.5 Effect of beam current

Fig. 4.4 (a-b) shows the variation of bead width and bead penetration with beam current. Bead
width and bead penetration increases with the increase in beam current due to the fact that a
higher current lead to increase in the number of the electrons that further results in high space

charge inside the weld pool which leads to an increase in EBW output responses.
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Fig. 4.4 Effect of beam current on (a) bead width (BW, BWYx) (b) bead penetration (BP, BPx)

4.6 Effect of weld speed

As shown in Fig. 4.5 (a-b) both simulated as well as experimental values of bead width and bead

penetration decreases with an increase in weld speed. This is due to the fact that as the weld

speed increases, heat input per unit volume will decrease which lead to a decrease in bead width

and bead penetration.
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Fig. 4.5 Effect of weld speed on (a) bead width (BW, BWYy) (b) bead penetration (BP, BPx)
4.7 Effect of voltage
Accelerating voltage is directly proportional to the kinetic energy of the beam electrons. As the
voltage increased, kinetic energy of the electron will increase which results in an increase of
bead width and bead penetration (Fig. 4.6 (a-b))
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CHAPTER 5
CONCLUSION AND FUTURE SCOPE OF THE WORK

In the present work, a transient thermal analysis was carried out in Ansys14.5. A moving heat
source model based on Gaussian and conical method has been implemented with the help of
UDF to predict the temperature profile, BP and BW as the simulated results. In the present study
shows that beam current has a major effect on EBW output responses followed by weld speed
and voltage. As found out from simulation study percentage contribution of current, weld speed
and voltage are 51.24 %, 13.71 % and 2.42 % respectively in determining bead width. Similarly,
44.90 %, 32.49 % and 7.75 % is the percentage contribution of current, weld speed and voltage
in deciding bead penetration. Developed numerical model accurately predicts the output
responses accept at very few experimental runs performed by Kanigalpulaet al.[19] on PH-
CuCrZr alloy. The maximum percentage error between the experimental and simulated value of
BW, BP is 20.85, 24.29 respectively.

Future work includes development of heat source model that can more accurately capture
the size and shape of the weldment. Numerical model can further be developed to predict
residual stresses generated during the EBW process. Also, numerical models can be developed to
study the effect of various input parameters on the microstructure and mechanical properties

such as hardness of the various zones generated during the welding.
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