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Abstract: In order to maintain the structural consistency during the welding of precipitation hardened copper—
chromium—zirconium (PH-CuCrZr) alloy components, electron beam welding (EBW) process was employed.
Experimental study and numerical modeling of EBW process during welding of PH-CuCrZr alloy components were
carried out. A 3D finite element model was 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 circular and
conical source with Gaussian heat distribution was used to model the deep penetration characteristic of the EBW
process. Numerical modeling was carried out by developing user defined function in Ansys software. Numerical
predictions were compared with the experimental results which had a good agreement with each other. The developed
model can be used for parametric study in wide range of problems involving complex geometries which are to be
welded using EBW process. The present work illustrates that the input current with a contribution of 44.56% and

81.13% is the most significant input parameter for the bead penetration and bead width, respectively.
Key words: electron beam welding; bead width; bead penetration; modeling; copper—chromium—zirconium alloy

1 Introduction

Precipitation hardened copper chromium
zirconium (PH-CuCrZr) alloy belongs to the group
of copper alloy that has very high strength and
thermal conductivity. 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  [1].
PH-CuCrZr is the key material used in the
manufacturing of heat sink components that are
subjected to high heat flux. Some of the examples
include swirl tubes, toroidal pump limiter, cooling
tubes of the diverter which are employed in the
international thermal experimental reactor (ITER)
applications [2]. It is reported that the mechanical
and electrical properties of welded PH-CuCrZr

alloy decrease due to the weld stress and weld
defects produced by the traditional welding
process with a considerable difference of
microstructure between the welded joint and the
base material [3,4].

Electron beam welding (EBW) is a highly
dependable process, which is best suited for close
tolerance parts with challenging requirements of
various industrial applications. EBW is mainly used
in welding of refractory, reactive and dissimilar
materials. The characteristics, such as high
depth-to-width ratio (as high as 40:1), high purity
and reliability of the joints make EBW a useful
joining process in nuclear, aerospace and
automotive sectors. It is a fusion welding process,
in which a highly focused electron beam (spot
diameter of a few microns to a few millimeters), is
utilized as an intense heat source for joining two
metals. When the electron beam strikes the surface,
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its kinetic energy is transferred into the work
material generating extreme heat in a short duration
of time and thus, resulting into a very fine and deep
weld with insignificant heat affected zone [5]. As
per the available literature [6,7], it is found that the
formation of keyhole shape weld bead takes place
during the EBW process. It is due to the local
heating and locally vaporizing of the molten
material by the high-energy density of the electron
beam. As for the formation of keyhole, high energy
passes through the thickness rather than the width
of the part. This helps for producing CuCrZr alloy
weldments with a less change in microstructure and
small heat affected zone (HAZ) which lowers the
residual stress and distortion generated after the
EBW process.

Figure 1 shows the axisymmetric triode type
gun and column assembly. The triode gun design
consists of high voltage power supply connections,
cathode (filament), grid cup (wehnelt cup), anode
and vacuum pumping system. The other
subassembly components consist of high voltage
cable, focusing and deflection coils. During the
EBW process, electrons are emitted by thermal
emission from a tungsten or tantalum cathode and
accelerated by an electrostatic field in the direction
of the anode. Electron beam comprises of charge
carriers (electrons) accelerated by a potential
difference in the range of tens of kilovolts.

Literature shows that a considerable amount of
experimental, analytical and numerical work is
done on EBW process by different researchers.
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TOSHIYUKI and GIEDT [6] proposed a cylindrical
heat source with an elliptical cross section to model
the electron beam of the EBW process. Authors [7,8]
developed a 3D thermo-mechanical model to
predict temperature, distortion and residual stresses
during the EBW of Inconel. Similar experimental
and numerical analysis of the EBW process was
carried out by CHIUMENTI et al [9] using Ti64 as
the work material. It was shown that the distortion
and generated residual stresses were minimum due
to the focused heat input during the EBW process.
RALI et al [10] modeled the temperature and fusion
zone geometry with respect to time during the EBW
of Ti64 alloy. LUO et al [11] carried out the
simulation and experimental study on the
magnesium alloy. It was concluded that the heat
input significantly affects the weld shape. 2D
thermo-mechanical modeling of the EBW process
during the welding of two different alloys of steel
was carried out by CARIN et al [5]. ZHANG
et al [12] performed the EBW simulation study
during the joining of steel alloy and titanium alloy
sheet. The electron beam shape was modeled as a
rotated parabola with temperature and residual
stresses as the outputs of the simulation. RAJABI
and GHOREISHI [13] carried out the numerical
study to investigate the effect of the workpiece
thickness on the residual stresses. It was found that
the more the thickness was, the larger the residual
stresses were in the workpiece. BONAKDAR
et al [14] performed the numerical modeling of the
EBW process to investigate the residual stresses
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Fig. 1 Schematic diagram of electron beam welding setup
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and distortion developed in the fusion zone (FZ)
and HAZ of the Inconel weldments. Modeling of
residual stresses and distortion was also carried out
by LACKI and ADAMUS [15] during the pulsed
electron beam welded pipes with different
thicknesses. To reduce the computational cost
during the EBW of large Al alloy sheets, parallel
computation techniques were explored by TIAN
et al [16]. It was found that the welding speed and
power had a direct influence on the temperature
generated during the EBW process. LIU and HE
[17] developed a 2D mathematical model to study
the fluid flow and heat transfer during the EBW
process. TRUSHNIKOV and PERMYAKOV [18]
also modeled the effect of electron beam oscillation
on the shape of the weld zone. JAYPURIA et al [19]
modeled the electron beam as a conical heat source
and predicted the residual stress in the PH-CuCrZr
alloy plates after the EBW process.

As found from the literature review [6—18],
most of the work related to the numerical and
experimental studies of the EBW process has been
done on stainless steel, Inconel, magnesium and
titanium alloys. However, very limited work has
been carried out during the EBW of PH-CuCrZr
alloy. Detailed experimental study needs to be
carried out to investigate the individual as well as
the combined effect of EBW input parameters on
the output responses. The present work contributes
to the development of a 3D thermal model in
combination with a heat source for simulating the
EBW process during the welding of PH-CuCrZr
alloy plates. The work illustrates the formulation
carried out for numerical simulation of the EBW
process which was validated using the experimental
results in terms of weld geometry, i.e., bead width
and bead penetration.

2 Finite element formulation of electron
beam welding process

The following section discusses the governing
equations for the thermal analysis of electron beam
welding process, discretization and boundary
conditions for the finite element analysis of the
process.

2.1 Governing equation and heat source model
The 3D governing equation for transient
thermal analysis in cartesian coordinate system is

given as [20]

o ,or., o ,0r, o  oT
a(kg)+§(k5)+g(kg)+Q—PC(——V—xj

where p denotes the density of the material, C
denotes the specific heat capacity, k is the thermal
conductivity, T is the transient temperature, QO
represents the heat generation rate per unit volume
and v is the velocity of electron beam. Width, length
and depth of the workpiece are considered along x,
y and z directions, respectively. It was assumed that
the electron beam moves along the positive x
direction of the coordinate system.

The workpiece material in the present analysis
is assumed as isotropic and homogenous. The key
component in carrying the finite element analysis of
the EBW process is the modeling of the electron
beam. As found from the literature [7,8], EBW
process is capable of forming deep welds due to its
keyhole characteristics. Due to the keyhole shape of
the weld, a compound heat source model was
developed in the present work by combining
circular and conical heat source models by means of
moving local coordinate system. EBW process is a
highly efficient process with minimum energy loss
during the welding. In the present work, it is
assumed that 90% of the generated electron beam
energy is absorbed by the workpiece material. Out
of 90% of the power, 20% 1is considered to be
absorbed on the workpiece surface (Q;), while 70%
of the power (Q) is responsible for the formation of
keyhole. Figure 2 shows the circular heat source
with Gaussian distribution of heat flux which is
applied on the workpiece surface (x and y
directions). To simulate the formation of a keyhole,
a conical heat source is modeled along the
thickness, i.e., z direction, of the workpiece.

For circular heat source, Gaussian heat flux
distribution at any point on the workpiece surface,
O (x, y), can be given by

2 2 2
Q(x,y)=101—Q;exp(—x ty J @

2
T, I

The heat flux distribution, Q (x, y, 2)
simulating the generation of keyhole is given by

210, x*+y° ( zj
x: aZ = €X - 1_— 3
0(x,y,2) Tom2 i p[ 2 7 (3)




Rajveer SINGH, et al/Trans. Nonferrous Met. Soc. China 30(2020) 2156—2169 2159

Fig. 2 Schematic diagram of compound heat source model with corresponding numerically modeled heat source

showing Gaussian and conical heat flux

The total heat flux absorbed by the workpiece
is given by

Qo=nVI1 4
where 7 is the efficiency of the electron beam
welding machine, V' is voltage supplied (kV), [ is
current supplied (mA), Q is heat flux (W/mm?®), H
is thickness of the work piece (m) and 7y is radius of
electron beam (m).

2.2 Geometric modeling

Bead-on-plate (BOP) welding simulations are
performed on 100 mm % 65 mm % 10 mm sheet of
PH Cu—0.83Cr—0.06Zr alloy using the EBW
process (Fig. 3). During the simulation, considering
the symmetry of the plate and the heat source, a 3D
symmetric finite element (FE) model (4—[-K—C—
F-N-L-D) for transient thermal analysis is
employed. To simulate, electron beam is moved
along the interface A—B—C—D—FE—F as shown in
Fig. 3.

Developed model is discretized using solid
eight-noded brick elements for the thermal analysis
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Fig. 3 Schematic representation of typical BOP geometry

with a single degree of freedom, i.e., temperature
at each node. In order to capture the thermal
results accurately in the weldment region and
simultaneously to save the computational expenses,
a fine mesh is generated in the weldment region
while a coarse mesh is chosen for far-off regions, as
shown in Fig. 4. The convergence study was done
and the model was finally discretized using 211191
nodes and 200104 elements.

Fig. 4 Finite element mesh generation of domain

2.3 Material properties

Temperature gradient around the welding zone
leads to a considerable change in the material
properties. Therefore, temperature dependent
material properties are incorporated to enhance the
accuracy of the developed thermal model. However,
PH-CuCrZr alloy does not have an entire database
for modeling in the commercial area. The present
study used data (Fig. 5) [21] which gave the
properties upto the temperature of 773 K. These
properties were assumed as constant above the
temperature of 773 K. Melting and vaporization
temperatures of PH-CuCrZr alloy are considered as
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Fig. 5 Variation of PH-CuCrZr alloy properties with

temperature [21]: (a) Specific heat; (b) Thermal
conductivity; (c) Density
1356 and 2850K, respectively, during the

simulation to determine the weld pool geometry and
keyhole boundary [22].

2.4 Boundary conditions

Essential boundary conditions are applied at
the start of the EBW process. At time, =0, the
workpiece has a uniform ambient temperature of

300 K (27 °C). Heat supplied by the electron beam
to the workpiece is conducted to the workpiece
edges. Major amount of heat loss in the form of
radiation occurs during the EBW process due to the
large temperature difference between the workpiece
and the environment. Therefore, the boundary
conditions defined on the surface of the workpiece
are given as

kna—T+Ha)(T4 ~TH=0 (5)
on

where k, is the thermal conductivity of the material
normal to the surface of the workpiece, n is the
normal vector to the surface, w is emissivity, 6 is
the Stefan—Boltzmann constant which is taken as
1.7x10° W/(m*K*) and 7, is the ambient
temperature. The first and second terms in Eq. (5)
depict the heat loss due to conduction and radiation,
respectively.

3 Simulation of moving heat source

Heat flux is calculated as a function of laser
power, beam dimensions and the fraction of energy
absorbed by workpiece material, given by Egs. (2)
and (3). Heat flux is incorporated in the simulation
by the user defined function (UDF) written in
Ansys programming design language (APDL).
The weld path that is to be followed during the
welding simulation is also defined through UDF.
Figure 6 shows the applied heat flux on a 3D
model. Heat flux distribution at a particular load
step is calculated by developing a local cylindrical
coordinate system at the center of the electron
beam, whereas the heat source model is moved with
the help of global cartesian coordinate system. The
radius of the local coordinate system is equal to the
initial beam radius. The weld path consists of
applying heat source at various load steps for a
particular time step size which is calculated using
Egs. (6) and (7):

-2
Ny 2) 5 ) ©)
— SL
T ™)

where Nig is the number of load steps, Lt is the

total length of the weld path, Sy is step length, Tssis

the time step size and Ws is the weld speed.
Initially, heat flux is applied at nodes for a
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Fig. 6 Model with various load steps along weld path

particular load step at time, #'. At time, "' heat
source is moved by a step length which is the
subsequent load step along the weld path and heat
flux is recalculated for various nodes by deleting
the heat flux of the previous load step. This process
is repeated until the electron beam reaches the end
of the workpiece, thus simulating the moving
electron beam during the EBW process. The
relation between ¢ and #""' is given by

="+ Tss (8)
3.1 Thermal analysis of 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 using the EBW process. To
accurately capture the shape and size of weld bead
(bead penetration and bead width) at various EBW
input parameters, circular and conical heat source
models with Gaussian distribution of heat flux are
used in the simulation. The complete spot welding
simulation consists of two steps: first, to apply the
heat source model and second to remove the
applied heat source model to cool the weld bead by
allowing the heat loss due to conduction and
radiation. There is no heat loss due to convection as
EBW setup is enclosed in a vacuum chamber.
Figure 7 shows the temperature profile at current of
70 mA and voltage of 50 kV applied for 1 s.

3.2 Thermal analysis of PH-CuCrZr alloy

(moving heat source)

After developing the numerical model of the
EBW process for spot welding, the model is further
enhanced to simulate the moving electron beam
during the EBW process. Heat source model is

—
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(b) Nodal solution ANSYS
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Fig. 7 Temperature profiles during spot EBW process at
current of 70 mA and voltage of 50 kV: (a) Top view;
(b) Side view

applied in the form of multiple load steps (Eq. (6))
along the weld direction for a given time step size
(Eq. (7)) calculated from the weld speed. Figure 8
shows the temperature contours for a moving heat
source with a welding speed of 600 mm/min, beam
current of 110 mA and the beam voltage of 50 kV.
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As the heat source is moved along length of the
workpiece, it causes changes in the temperature
distribution with the highest temperature at the
center of the electron beam.

4 Experimental

Experimental work for studying the effect of
EBW input parameters on bead geometry (bead
width and bead depth) for bead-on-plate welded
CuCrZr alloy plate with dimensions of 100 mm X
65 mm x 10 mm (Fig. 9(a)) is carried out on EBW
facility available at Bhabha Atomic Research
Centre (BARC), Mumbai, Maharastra, India. The
pressures of 9.2 mPa and 0.68 mPa are maintained
in the work chamber and gun chamber of the EBW

machine, respectively. The setup has a capacity of
80 kV, 24 kW and is shown in Fig. 9(b).

Parametric study of the EBW process is
carried out by using the central composite design
(CCD) method. The aim of conducting parametric
analysis is to study the effect of EBW input
parameters, viz., beam current (/), accelerating
voltages (V), the weld speed (S) and their
interaction on EBW output responses, viz., BW and
BP. Table 1 shows the actual values of the various

EBW input parameters used for carrying the
numerical study. Range of these parameters is
selected by conducting initial trial experiments. A
total of 2°+2x3+3=17 combination of process
parameters was taken into account for these
experiments.

Fig. 8 Temperature distribution for moving heat source at different time: (a) 2 s; (b) 6 s (current 110 mA, voltage 50 kV

and weld speed 600 mm/min)

Electron beam
gun chamber

Control desk

Work chamber

Fig. 9 PH-CuCrZr alloy specimens with bead-on-plate welding (a) and electron beam welding machine (b)

Table 1 Process parameters and their ranges used for EBW process

No. Value VIkV I/mA S/(mm-min ")
Minimum 50 70 600
2 Mid 55 90 800
Maximum 60 110 1000
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5 Results and discussion

In the following section, results of the
experimental and numerical modeling of the EBW
process during the welding of PH-CuCrZr alloy
plates are reported. The effect of EBW process
input parameters, i.e., beam current, voltage and
welding speed on the experimental and simulated
values of the bead width and bead depth are
discussed.

5.1 Validation of developed numerical thermal

model

Thermal model developed in the present work
is compared with the experimental results in terms
of weld bead geometry, i.e., bead width and bead
depth. Table 2 illustrates the comparative study
between the numerically and experimentally
predicted results. In Table 2, BPg and BWg are the
experimental values of bead penetration and bead
width, while BPs and BWg are their corresponding
numerically predicted values. As can be seen from
Table 2, the experimental and simulated results are

in fairly good agreement with each other.

Figure 10 shows the comparison of
experimental and numerical results. The right sides
of Figs. 10(a) and (b) are optical micrographs of the
experimentally welded plate using the EBW process
while the left sides of Figs. 10(a) and (b) show the
cross sections of numerically simulated temperature
profile. EBW process passes high energy through
the thickness rather than the width of the plate,
resulting in a narrow and deep cavity called
‘keyhole’ as shown by the contour in Fig. 10, at the
vaporization temperature of 2850 K for PH-CuCrZr
alloy. Keyhole is shown as “V” shape of the weld
bead predicted by simulation, with the same shape
obtained by the experimental results. Numerically
predicted values of BW and BP are shown by the
transverse and longitudinal extension of the red
zone in the temperature contours. As shown in
Fig. 10(a), errors between the experimental and
simulated results of BW, BP are 16.67% and 5.17%,
respectively. While in Fig. 10(b) there is an error of
18.92% for BW and an error of 2.34% for BP,
respectively. Thus, experimental and simulated
results are in fairly good agreement with each other.

Table 2 Detailed plan of experiments with corresponding output responses

Accelerating ~ Beam Welding

Experimental Numerical Errorin Error in
No.  voltage/ current/ speed/
kv mA (mm'min”")  BPy/mm BWg/mm BP¢ymm BWg/mm BPPo — BWI%
1 55 90 800 5.56 3.69 5.43 3.00 2.34 18.70
2 55 70 800 4.62 3.00 4.69 3.31 -1.52 -10.33
3 55 90 600 6.98 3.65 7.03 4.00 -0.72  -9.59
4 60 110 1000 5.80 4.32 5.50 3.60 5.17 16.67
5 55 110 800 6.26 4.35 6.83 3.80 -9.11 12.64
6 50 70 1000 2.10 3.03 2.51 2.72 -19.52  10.23
7 60 70 1000 3.92 3.86 3.81 3.72 2.81 3.63
8 60 70 600 4.64 2.94 4.72 3.05 -1.72 374
9 55 90 800 5.83 3.70 5.43 3.00 6.86 18.92
10 55 90 1000 4.93 3.98 4.83 3.25 2.03 18.34
11 50 110 1000 4.63 4.03 4.70 3.60 -1.51  10.67
12 50 90 800 3.51 3.75 3.40 3.30 3.13 12.00
13 60 90 800 5.50 3.70 5.36 3.35 2.55 9.46
14 60 110 600 9.10 4.52 9.24 5.06 -1.54 -11.95
15 55 90 800 6.25 3.59 5.43 3.00 13.12 1643
16 50 110 600 8.22 4.80 8.17 4.70 0.61 2.08
17 50 70 600 491 3.19 4.02 3.01 18.13 5.64
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Fig. 10 Comparision between experimentally and simulated values of bead width and bead penetration at various EBW
input parameters: (a) /=110 mA, V=60 kV, S=1000 mm/min; (b) /=90 mA, V=55 kV, §=800 mm/min

5.2 Analysis of variance

To study the contributions of individual EBW
input parameters as well as their interactions on the
EBW output responses, ANOVA analysis was
carried out. Tables 3 and 4 show the results of
ANOVA analysis carried out on bead width and
bead penetration for experimental and numerical
results, respectively. As shown in Table 3, the
model-values of 0.01 and 0.00 for simulated and
experimental results for bead width, i.e., BWs
and BWpg, respectively, being less than 0.05
(significance level, a for 95% confidence interval)
imply that both models are significant. It can be
seen that the linear order term, /, have the highest
contribution for BW. Simulated results show that
the linear order terms S and IS are also significant

but are not much reflected in the experimental
results.

As can be seen from Table 4, all EBW input
parameters play a significant role in deciding bead
penetration. Numerical study predicts 47.18%,
30.60%, 7.43% and 5.87% contribution of 1, S, V
and V7, respectively. Similar trend is observed for
the experimental results with 44.56%, 36.28%,
7.29% and 4.75% contribution of 7, S, ¥ and V7,
respectively.

Regression equations for the experimentally
obtained bead width, BWg, and simulated bead
width, BWg, are given by Egs. (9) and (10):
BW:=8.99-0.2747+0.1161/-0.011695+0.00167 V' *—

0.000020/°+0.0000035°—0.000713 VI+
0.000206¥5—-0.0000541S 9)
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Table 3 Analysis of variance for BWg and BWg

2165

Source BWs BWe
F-value P-value Contribution/% F-value P-value Contribution/%

Model 6.63 0.01* 26.97 0.00%*
V 2.25 0.18 4.14 1.58 0.25 0.66
1 26.16 0.00%* 48.15 194.95 0.00* 81.13
S 9.17 0.02* 16.88 0.08 0.79 0.03
V2 0.00 1.00 0.00 0.25 0.63 0.10
P 1.52 0.26 2.80 0.01 0.92 0.00
s 2.59 0.15 4.77 2.52 0.16 1.05
Vi 0.62 0.46 1.14 2.20 0.18 0.92
Vs 0.48 0.51 0.88 18.43 0.00* 7.67
A 11.54 0.01%* 21.24 20.26 0.00* 8.43

*Significant terms
Table 4 Analysis of variance for BPg and BPg
BPg BPg
Source
F-value P-value Contribution/% F-value P-value Contribution/%

Model 38.30 0.00* 12.71 0.00*
V 26.17 0.00%* 7.43 8.46 0.02* 7.29
I 166.17 0.00* 47.18 51.73 0.00* 44.56
S 107.77 0.00* 30.60 42.12 0.00* 36.28
V2 20.68 0.00* 5.87 5.52 0.04* 4.75
Ia 2.96 0.13 0.84 0.03 0.87 0.03
s 6.21 0.04* 1.76 2.42 0.16 2.08
Vi 0.02 0.90 0.01 0.08 0.78 0.07
Vs 0.10 0.76 0.03 1.92 0.21 1.65
A 22.09 0.00* 6.27 3.82 0.09 3.29

*Significant terms

BW=2.6+0.0437+0.0417-0.009355+0.00003 I+
0.000577°+0.0000085°—0.00085 V'I+
0.000075¥V5-0.0000921S (10)

Similarly, the
experimentally obtained bead depth, BPg, and

simulated bead depth, BPs, are given by Egs. (11)

and (12):

BP:=—88.2+3.66/+0.090/-0.03635—0.0349 >+
0.0001577°+0.0000145>+0.00063 VI+
0.000298¥V5-0.0001051S (1D

BPs=—117.3+4.5037+0.032/-0.01675-0.04005 I+
0.0009477°+0.0000145>-0.00016 V'I+
0.000041¥V5-0.0001501S

regression equations for

(12)

5.3 Effect of beam current

Figure 11 shows the variation of bead width
and bead penetration with beam current. Bead
width and bead penetration increase with the
increase in beam current due to the fact that a
higher current leads to an increase in the number of
the electrons that are impinging the workpiece
surface which results in high space charge inside
the weld pool which further leads to an increase in
EBW output responses. At a higher current, the
phenomenon known as space charge effect takes
place. In this process, repulsion between individual
electrons takes place which increases the focal
diameter of the electron beam and hence the bead
width increases at a higher beam current [23].
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Therefore, beam current is the most significant
input parameter that affects the bead width. Similar
results were shown by the ANOVA analysis.
Figure 12 shows the optical images depicting the
bead width and bead penetration for BOP welding
at different currents. Bead width increases from
3.06 to 4.08 mm with an increase of current
from 70 to 110 mA. For the same range of current,
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the increase in bead penetration is from 4.60 to
6.33 mm.

5.4 Effect of weld speed

As shown in Figs. 13(a) and (b), both
simulated and experimental values of bead width
and bead penetration decrease with an increase in
weld speed. This is due to the fact that as the weld
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Fig. 11 Effect of beam current on bead width (a) and bead penetration (b) (V=55 kV, 5=800 mm/min)

Fig. 12 Optical images of weld bead during electron beam welding of PH-CuCrZr alloy plates at different currents:
(a) 70 mA; (b) 90 mA; (c) 110 mA (V=55 kV, $=800 mm/min; Inside of the yellow dotted line shows bead geometry)
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Fig. 13 Effect of weld speed on bead width (a) and bead penetration (b) (V=55 kV, I=90 mA)
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speed increases, heat input per unit volume will
decrease, which leads to a decrease in bead width
and bead penetration. It was found from the
ANOVA analysis of experimental results that the
contribution of linear terms of weld speed (S) in
determining the bead depth is 36.28% which
decreases to 0.03% in the case of bead width.
Simulated results show the same trend as the
experimental ones. Thus, the effect of weld speed is
very dominant in determining the bead depth as
compared to bead width.

5.5 Effect of accelerating voltage

Kinetic energy of the beam electrons is
directly proportional to the accelerating voltage. As
the voltage increases, kinetic energy of the electrons
will increase, which results in an increase of bead
width and bead penetration (Fig. 14). However, the
contributions of voltage (V) in determining BPs and
BPg are 7.43% and 7.29%, respectively. While,
4.14% and 0.66% are the contributions of voltage in
deciding BWs and BWyg, respectively. Therefore,
the transfer of kinetic energy of the electrons takes

()
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Fig. 14 Effect of accelerating voltage on bead width (a)
and bead penetration (b) (§5=800 mm/min, /=90 mA)

place more in depth as compared to the width of the
welded plate.

The images of bead geometry at different
accelerating voltages are shown in Fig. 15. It can
be seen from the images that the effect of
accelerating voltage is more dominant on bead
penetration as compared to its effect in influencing
the bead width.

‘

—

g (b)
P N

P i
,/‘"" 3,732.006

 5,598.010

Fig. 15 Optical images of weld bead during electron
beam welding of PH-CuCrZr alloy plates at different
accelerating voltages: (a) 50 kV; (b) 60 kV (S=
800 mm/min, /=90 mA; Inside of the yellow dotted line
shows bead geometry)

6 Conclusions

(1) As found from the simulation study,
contributions of current ( and %), weld speed (S
and S%) and accelerating voltage (V' and J?) are
48.02%, 32.36% and 13.3%, respectively in
determining the bead penetration. While, 44.59%,
38.36% and 12.04% are the experimentally
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determined contribution of current, weld speed and
voltage, respectively.

(2) Current is the most significant input

process parameter that affects the bead width. Its
contribution is as high as 81.13% as calculated from
the experimental results.

(3) Bead width and bead penetration increase

with the increase in beam current and accelerating
voltage. While, welding speed adversely affects the
bead penetration and bead width.
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