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a b s t r a c t

This paper describes features of a three-dimensional finite element model to simulate the

temperature field of a large complicated Al alloy structure during electron beam welding

(EBW), aiming to control the final distortion of the welded structure. The actual workpiece

is about 1 m in length, with over 8 m aggregate weld length. Because a much finer mesh was

required to describe the electron beam heat source, computational work would be substan-

tially increased due to the three-dimensional model. In order to improve calculation speed

and quality of simulation, parallel calculation was performed by establishing a computer

cluster system composed of four PCs. At the same time, a dynamic three-dimensional key-

hole was applied in this model to simulate the heat generation in the cavity. Following the

heat source, the keyhole moved along the weld line, allowing a more complex expression

to describe the heat source of EBW. Several welding process parameters including input

energy and welding speed were studied systematically, as well as the influence of pre-
l alloy structure deformation before welding on the ultimate distortion. The results show that the input

energy and welding speed have a direct effect on the temperature field, especially on the

shape and dimensions of the weld pool, and they seriously influence the final distortion. Pre-

deformation also has an effect on distortion, but not apparently as strong as the parameters

mentioned above.

lytical heat transfer model using a moving thermal source,
. Introduction

lectron beam welding (EBW) has unique advantages over
ther traditional fusion welding methods due to high-energy
ensity, deep penetration, large depth-to-width ratio and
mall heat affected zone (HAZ). During the EBW process, the
olten metal in the weld joint is heated and locally vaporized
y the high-energy density of the electron beam, resulting in a
eyhole (Tong and Gied, 1970). Unlike many other fusion weld-

ng methods which only heat the surface of the weld joint, the
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EBW heat source can put the energy through the thickness of
the workpiece via the keyhole. Thus, it is necessary to take
the keyhole shape into consideration when an EBW thermal
source model is established. Many analytical 2-D or 3-D mod-
els of the electron beam thermal source have been developed
in the literature. Couedel et al. (2003) established a 2-D ana-
considering the impact of the source size and the influence of
the boundary on the thermal field. Nguyen et al. (1999) intro-
duced an analytical solution for a double-ellipsoidal power

mailto:tianyh@hit.edu.cn
dx.doi.org/10.1016/j.jmatprotec.2007.07.045
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Fig. 1 – Three-dimensional finite element model with bent
42 j o u r n a l o f m a t e r i a l s p r o c e s s

density moving heat source in a semi-infinite body. Wei
and Shian (1993) proposed an approximate three-dimensional
heat-conduction model by satisfying interfacial energy and
momentum balances at the keyhole cavity. He and DebRoy
(2003) established a transient, three-dimensional numerical
heat transfer and fluid flow model based on the solution of the
equations of conservation of mass, momentum and energy
to calculate the temperature and velocity fields in the weld
pool. Some other authors (Miyazaki and Giedt, 1982; Baeva
et al., 1997; Ho and Wei, 1997) also reported various shapes
of thermal source, including elliptical cylinder and conical
cavity.

Some literature reports related to finite element simula-
tion of welding of large structures have been based on line-
or surface-thermal source models (Brown and Song, 1992a,b).
The line- and surface-source model could not take the dis-
tribution of incident flux into account, and also the vertical
heat transport was neglected in the line source model. In the
present work, a three-dimensional finite element model for a
large structure has been developed in which a keyhole was
pre-defined and moved along the weld line, thus Gaussian
distribution of thermal source into this dynamic keyhole was
considered.

Some finite element algorithms to improve calculation
efficiency such as automatic remeshing, adaptive mesh tech-
nique and parallel computations have been applied to welding
process simulation (Lindgren et al., 1997; Qingyu et al., 2002;
Lundbäck, 2003; Lindgren, 2001). In this paper, a parallel
calculation algorithm was performed for modeling of temper-
ature field and distortion of a large complex welded structure
during electron beam welding. Parallel calculation is an effec-
tive means to improve computing speed in finite element
analysis. Recently, most parallel calculations were performed
by high-performance minicomputer workstations. However,
with the rapid development of computer technology, paral-
lel calculation implementation on high-performance personal
computers (PCs) has attracted more attention and is now fea-
sible.

The objectives of the present study were: (1) to establish
a computer cluster system linked in parallel to perform the
modeling and computation job; (2) to establish a new electron
beam welding thermal source model, in which heat genera-
tion in the cavity was considered by pre-assuming the keyhole
dimension; (3) to tackle the distortion problem in local welds
coupled with large and complicated structure during electron
beam welding based on results of (1) and (2).

2. Finite element modeling

2.1. Parallel calculation

This simulation concerns thermo-mechanical coupled analy-
sis of a large complex welded structure, which imposes high
demands on calculation capability and speed of computer.
First, the diameter of electron beam interaction zone is so

small, in order to describe its behavior exactly, the mesh at
the weld position should be several times finer than with
other traditional welding methods. Second, the entire welded
structure was simulated in this research, comprising 1 m in
head, rectangular tube and flange.

length with 8 m of weld length in it, which also increases
the size of the finite element model. In order to solve the
problems of calculation capability and low efficiency of sin-
gle PC’s, parallel calculation technology was implemented
by using an ethernet cable connection directly between four
computers.

2.2. Finite element model

In this simulation, a three-dimensional finite element model
for thermo-mechanical coupled analysis was developed using
MARC, and a 1/4 finite element model was established based
on symmetry characteristics of the Al alloy structure. The
model size can best be described by the number of nodes, ele-
ments and degrees of freedom. The whole model consisted of
101,984 eight-node hexahedron elements with the capabilities
of large deformation and strain. The total number of nodes
was 815,872. For temperature field calculation, there were
815,872 degrees of freedom, and for stress and displacement
field calculation, there were 2,447,616 degrees of freedom.

These elements were allocated among the four comput-
ers of the parallel system, and the total number of time steps
was 1600. Fig. 1 shows the finite element model of the Al
alloy welded structure including bent head, rectangular tube
and flange: both the bent head and the rectangular tube were
welded to the flange by electron beam welding. At the welding
position, meshes were refined to improve simulation accuracy.

In this study, a keyhole was assumed to be ellipsoidal in
shape in any transverse cross-section, with the dimensions
of 4 mm depth and 1.57 mm diameter. In the model, the pre-
defined cavity moves along the weld line, following the moving
heat source. Fig. 2 shows the mesh when a keyhole was formed
during the welding process. The keyhole surface was moved

and remeshed during the electron beam welding. The shape
of the pre-defined keyhole and the movement of the keyhole
were controlled by subroutines of MARC software written in
Digital Visual Fortran.
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Then the total heat flux acting on the workpiece would be
written as

Q = q1 + q2 (5)

Fig. 3 – Schematic drawing of a keyhole and � angle
between incident beam and cavity surface. The heat flux q1
ig. 2 – Mesh and dimensions for pre-assumed keyhole.

.3. Heat transfer governing equations

he heat transfer governing equation for the large complex Al
lloy structure in a moving coordinate system with a positive
-direction moving electron beam can be written as

Cp
∂T

∂t
= ∂

∂x

(
k

∂T

∂x

)
+ ∂

∂y

(
k

∂T

∂y

)
+ ∂

∂z

(
k

∂T

∂z

)
− �

∂(�H)
∂t

(1)

here x, y, z are the Cartesian coordinates, � is the density of
he material, Cp is the specific heat, k is the heat conductivity,
is the temperature, �H = fLL, L is the latent heat of fusion, and

L is assumed to vary linearly with temperature in the mushy
one. In the present study, L is 389 kJ/kg.

The heat flux distribution into the keyhole during EBW is a
oorly defined function of the coordinates, time and material
roperties, due to complex interactions occurring in the cav-

ty between the high-energy density electron beam and metal
n liquid or vapor state at different temperatures. To simplify
he problem and to establish a heat transfer model, the fol-
owing conditions were assumed: (1) heat flux is a Gaussian
istribution centred on the electron beam at any transverse
ross-section; (2) reflection from the molten metal surface and
he absorption, scattering and radiation within the plasma
n the cavity were considered as a uniform distributed heat
ource.

Accordingly, the heat generated by electron beam consisted
f the following two parts: (1) heat generated by bombard-
ent of accelerated electrons onto the surface of the keyhole;

2) heat transferred by vapor and plasma generated by energy
nput at the bottom of the keyhole.

The first part of the heat can be calculated based on the
aussian power distribution in the electron beam, which was

nput in z-axis and moved along x-axis, and can be expressed
s

1(x, y) = 3�P

�a2
exp

(
−3r2

a2

)
(2)
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where � is the electron beam energy-absorption efficiency of
the molten material, and � = 0.7 in the present work, P is the
welding power, a is the radius of the electron beam, this is
the distance where the heat input has decreased to 5% and
therefore no heat is applied outside this distance in the model,

r =
√

(x − vt)2 + y2 is the distance from the centre of the elec-
tron beam and v is the welding speed.

Considering that the cavity surface is not vertical to the
electron input direction, the angle factor must be taken into
account. Thus, the Eq. (2) can be rewritten as

q1(x, y) = 3�P sin �(x, y, z)
�a2

exp

(
−3r2

a2

)
(3)

where �(x, y, z) is the angle between molten metal surface and
electron input direction. In Eq. (3), the angle � is related to
the shape of the keyhole, and is programmed by the subrou-
tine of MARC software written in Digital Visual Fortran. As
the dimension of the ellipsoidal keyhole was assumed prior
to simulation, � could be written as a function of its position
and the size of the keyhole. Fig. 3 shows � at one point in the
cavity.

The second part of the heat was assumed to be a uniformly
distributed source, and it was expressed as

q2 = (1 − �)P∫
ds

(4)

where � is the electron beam energy-absorption efficiency of
the molten material, P is the welding power and ds is the
differential area of the keyhole surface.
indicate the heat generated by bombardment of accelerated
electrons, and vapor flux q2 indicate the heat transferred by
vapor and plasma generated by energy input at the bottom
of the keyhole.
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Fig. 4 – Pre-deformation boundary conditions of the finite
44 j o u r n a l o f m a t e r i a l s p r o c e s s

During the welding process, the heat supplied by the
electron beam is conducted to the edges of the workpiece.
Radiation losses will occur when there are significant tem-
perature differences between workpiece and environment.
Radiation is a principal heat dissipation pathway during vac-
uum EBW and the boundary condition of heat radiation on the
surfaces of the aluminum alloy was defined as

q = ε	(T4
s − T4

∞) (6)

where ε is the heat emissivity, 	 is the Stefan–Boltzman
constant, Ts and T∞ are surface and ambient temperature,
respectively.

In this simulation, the heat flux q1 was applied to the total
keyhole surface, and q2 was applied to the bottom of the key-
hole, as shown in Fig. 3. The heat flux boundary conditions
q1 and q2, velocity and path of heat source, and radiation
boundary condition q were controlled by subroutines of MARC
software written in Digital Visual Fortran.

2.4. Mechanical analysis

Mechanical boundary conditions of the finite element model
included:

(1) Symmetry displacement boundary condition.
(2) Pre-deformation boundary condition.

During welding, welded structure was confined by clamp-
ing fixtures at specific locations which imposed planned
displacements in the z-direction. Thus, a pre-deformation was
achieved, and the pre-deformation was in a reverse direc-
tion to the expected distortion of the welded structure after
welding, aiming at decreasing final distortion of welded struc-
ture. Pre-deformation was simulated by application of fixed Z
displacement boundary conditions at different clamping posi-
tions. Fig. 4 shows the pre-deformation boundary conditions
of the finite element model added by fixtures at different posi-
tions, in which z1, z2, z3, z4 and z5 were 0, −0.5, −1.5, −1 and
−2, respectively.

Assuming the original geometry to be symmetric, the finite
elements used account only for symmetric deformation, and

the deformation of the structure was calculated in a thermo-
mechanical coupled method based on the simulating result of
temperature field. The constitutive equation applying incre-
mental plasticity theory to the thermal elasto-plastic material

Table 1 – Thermal and mechanical properties of Al alloy

T (K) 	 (W/m K) ˛ (×10−6 K) C (J/kg K)

298 180.0
373 188.4 23.2 1089
473 180.0 24.3 1172
573 184.2 25.0 1298
673 1298
773
element model added by the fixture at different positions
by imposing different prior displacements in z-direction.

is written as (Chang and Na, 2003):

εij = εe
ij + εP

εij + εth
ij (7)

where εij, εe
ij
, εP

εij
and εth

ij
are the total, elastic, plastic and ther-

mal strains, respectively.
The transient temperature-dependent and nonlinear

structural behavior in welding is computationally represented
in the form of nodal displacements during the incremental
loading of the finite element model. The incremental plasticity
formulation for temperature-dependent equations of thermal
elasto-plasticity can be found in the MARC MSC User’s Guide
Theory and User Information (MARC, 2005).

2.5. Material properties

Considering that the temperature gradient is quite large
around the welding zone and the material properties
change considerably, temperature-dependent thermal prop-
erties were used to increase the accuracy of the heat transfer
solution. The mechanical properties of the Al alloy were mea-

sured experimentally, and were also temperature-dependent.
The material properties were not considered as the rate-
dependent model in this study. Thermal and mechanical
properties of the Al alloy are listed in Table 1.

E (GPa) 
0.2 (MPa) � (g/cm3) v

47 120 2.74 0.33
40.8 107
40 80
40.2 50
38.6 25.7
32.5 17.3



j o u r n a l o f m a t e r i a l s p r o c e s s i n g t e c h n o l o g y 1 9 9 ( 2 0 0 8 ) 41–48 45

F

3

3

D
w
h
i
t
t
2
s
w
b
t
i
l
w
k
t
w
i
t
t
p
u
p
s
c
t
a
fi
c
t
o
w
w
p
c

Fig. 6 – Temperature gradient in the cross-section vertical
to the welding direction.
ig. 5 – Temperature distribution at surface of keyhole.

. Results and discussion

.1. Results of temperature distribution

ue to the complex interactions that occur in the keyhole,
hich mostly depend on the temperature distribution and
ave a direct effect on the depth of the cavity, it was of great

nterest to explore the cavity surface temperature. Fig. 5 shows
he predicted result of surface temperature distribution of
he keyhole, with the parameters of 24 mA welding current,
0 mm/s welding speed and a 4 mm deep keyhole. It can be
een that the highest temperature point, which is up to 2550 K,
as modeled to be at the bottom of the cavity’s front wall
ecause of the direct bombardment. This may be compared
o 2173 K measured during electron beam welding of Al alloy
n a previous study (Schauer et al., 1978), therefore the simu-
ation based on the above assumed keyhole and heat source
as considered to be a reasonable result. The existence of the
eyhole allows the electron beam to put the energy deep into
he workpiece body, resulting in a 4.48 mm deep weld pool
ith only 2.04 mm width according to the isotherm of melt-

ng temperature. Fig. 6 depicts the temperature gradient in
he cross-section vertical to welding direction. It was found
hat the direction of the gradient was vertical to the weld pool
rofile and the numerical value of the gradient increased grad-
ally from the top of the fusion line to the bottom of the weld
ool. Fig. 7 gives a comparison of weld pool profile between
imulation and experiment. The right side of Fig. 7 is an opti-
al micrograph of the electron beam welded structure by using
he same welding current 24 mA and welding speed 20 mm/s,
nd then the sample was cross-sectioned. The left side of this
gure is temperature distribution in the cross-section verti-
al to the welding direction. Compared with the top surface of
he model, the relatively higher heat dissipation in the centre
f the workpiece body caused the temperature contour in the

eld area to follow a “V” shape, which is in good agreement
ith the weld pool profile of a sample welded by the same
arameters. A good agreement between the measured and cal-
ulated weld pool profile indicated that the developed model
for the prediction of temperature history provided satisfactory
results.

Fig. 8 shows a comparison of temperature–time history of
different nodes at different y positions. The curves illustrate
that the temperature of the node near the keyhole changed
remarkably, especially in the heating process. A much lower
temperature rate was achieved when the node was 1.5 mm
and 2.3 mm away from the weld centerline. Fig. 9 shows the
temperature–time history of nodes along the weld centerline
at different z positions. It can be observed that although lower
heat flux was input in the region near the top surface of the
plate, its temperature was the first to increase. However, the
temperature was soon surpassed by that of the nodes near
the bottom of the keyhole. Little change occurred at the node
4.5 mm below the weld pool.
Fig. 7 – Comparison of weld pool profile between
simulation and experiment.
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Fig. 8 – Temperature–time history plot of nodes at different
y positions.

3.2. Distortion of the welded structure

To demonstrate effects of welding parameters including weld-
ing current, welding speed and pre-deformation on distortion
of the welded structure, a series of calculations was per-
formed. Fig. 10 shows the z-direction displacement imposed
by the fixture before welding, indicates a downward distortion
however, when the fixture was removed, the whole structure
was distorted upwards.

The data of displacement in the z-direction were extracted
along line AC, shown in Fig. 10. Fig. 11 shows the relationship
between welding parameters and displacement in z-direction
at point A. Fig. 11a shows the effects of welding current on
distortion. It was found that the welding current had strong
influence on distortion. With the increase of welding current
up to 26.4 mA, the distortion of the welded structure increased.

Fig. 11b shows the distortion of welded structure at different
welding speeds. It was found that the effects of welding speed
were not as strong as the effects of welding current. When
the heat input was equal, the temperature gradient caused

Fig. 9 – Temperature–time history plot of nodes at different
z positions.
Fig. 10 – Distortion of the Al alloy structure before welding
caused by fixture.

by higher current was larger than that resulting from lower
speed, because former provided less time for heat dissipation.
As shown in Fig. 11b, with the increase of welding speed up to
25 mm/s, the distortion decreased. It is obvious that higher
welding speed decreases the line energy input and results
in lower temperature gradients, and hence decreases distor-
tion. Fig. 11c shows the effects of pre-deformation preload
on the distortion of welded structure. The range of the prior
displacement in z-direction given by the fixture is ±20%. The
simulation result show that the final distortion decreased with
the increase of the pre-deformation.

Fig. 12 shows the relationship between prior displacement
in z-direction added by the fixture and resulting distortion.
It was found that larger pre-deformation (indicated by z-
direction displacement) resulted in a reduced final distortion.

4. Summary

A computer cluster system including four computers for paral-
lel calculation was established for the finite element modeling
of a large and complex Al alloy structure to improve simulation
capability and efficiency.

A three-dimensional finite element model included a mov-
ing ellipsoidal keyhole developed for EBW of Al alloy. A
complex heat source composed of a modified Gaussian distri-
bution heat flux and a uniform heat flux was adopted in this
analysis. Results of temperature field simulation showed that
the special heat source based on the keyhole caused the weld
pool to follow a “V” shape, and the maximum temperature and
temperature gradient were at the bottom of the cavity.

Effects of electron beam welding parameters including
welding current, welding speed and pre-deformation on final
distortion of the welded structure were investigated system-

atically. The results have shown that heat input was the main
factor affecting the magnitude of distortion of the welded
structure. With the increase of heat input, the distortion of
welded structure increased. The contribution of welding cur-
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Fig. 11 – Distortion curves along AC after welding when
fixture was removed: (a) effect of welding current, (b) effect
of welding speed and (c) effect of pre-deformation.

Fig. 12 – Effect of Z displacement added by fixture before

r

welding on pre-deformation and distortion of welding
structure.

rent to the distortion was larger than the welding speed.
Distortion of the welded structure could be decreased by appli-
cation of pre-deformation before welding. The distortion after
welding decreased with increase of pre-deformation preload
before welding.
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