
Chinese Journal of Aeronautics, 2013,26(1): 217–223
Chinese Society of Aeronautics and Astronautics
& Beihang University

Chinese Journal of Aeronautics

cja@buaa.edu.cn
www.sciencedirect.com
Research on modeling of heat source for electron

beam welding fusion-solidification zone
Wang Yajun
a,*, Fu Pengfei

b
, Guan Yongjun

c
, Lu Zhijun

b
, Wei Yintao

d

a School of Mechanical Engineering and Automation, Beihang University, Beijing 100191, China
b Science and Technology on Power Beam Processes Laboratory, Beijing Aeronautical Manufacturing Technology Research
Institute, Beijing 100024, China
c State Key Laboratory of Nonlinear Mechanics, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190, China
d State Key Laboratory of Automotive Safety and Energy, Department of Automotive Engineering, Tsinghua University,
Beijing 100084, China
Received 16 October 2011; revised 16 December 2011; accepted 7 October 2012

Available online 16 January 2013
*

E

Pe

10

ht
KEYWORDS

Electron beam welding

(EBW);

Fusion-solidification zone;

Heat source model;

Temperature fields;

Weld shape
Corresponding author. Tel.

-mail address: wangyj625@

er review under responsibilit

Production an

00-9361 ª 2013 CSAA & BU

tp://dx.doi.org/10.1016/j.cja.2
: +86 10

sina.com

y of Edit

d hostin

AA. Pro

012.12.0
Abstract In this paper, the common heat source model of point and linear heat source in the

numerical simulation of electron beam welding (EBW) were summarized and introduced. The com-

bined point-linear heat source model was brought forward and to simulate the welding temperature

fields of EBW and predicting the weld shape. The model parameters were put forward and regulated

in the combined model, which included the ratio of point heat source to linear heat source Qpr and

the distribution of linear heat source Lr. Based on the combined model, the welding temperature

fields of EBW were investigated. The results show that the predicted weld shapes are conformable

to those of the actual, the temperature fields are reasonable and correct by simulating with com-

bined point-linear heat source model and the typical weld shapes are gained.
ª 2013 CSAA & BUAA. Production and hosting by Elsevier Ltd. All rights reserved.
1. Introduction

Electron beam welding (EBW) is widely employed in many

fields because of high depth–width ratios obtainable. An elec-
tron beam is precisely regulated to deflect and focus, which
leads to a high-power density. When the beam irradiates on

a work-piece, the metal of the work-piece rapidly melts and
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vaporizes, resulting in a deep and narrow keyhole surrounded
by fusion-solidification zone. As the beam passes along the
work-piece, the molten metal quickly fills in the vaporized hole

and solidifies. The main advantages of this technology lie in
big depth–width ratios, defects free, small heat-affected zone
and high efficiency. Therefore, EBW is an important technol-

ogy in the high-precise and high-quality manufacturing
field.1–8

EBW is a complicated and dynamic phase in high temper-

ature and is influenced by the welding parameters, the thermal
material properties and the beam characteristics, which include
the beam power, energy density distribution, welding speed,

focal location and spot size. The real-time measurements
through the experiments are difficult and the numerical simu-
lation of EBW was an effective research method1 to realize the
welding principle, even to improve welding quality.
td. All rights reserved.
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Fig. 1 Heat source model.
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Because of the high-power density, the keyhole effect
accompanied with EBW leads to high depth–width ratio of
the weld, which results in the typical weld with nail shape.

For the particular energy distribution, Wu and Zhao9 put
forward the rotary Gaussian-distributed heat sources model
and got precise simulation results. To reduce the errors of

the weld geometry shape, the suitable heat source model is
essential for different welding and different weld depths.

Klykow et al.10 brought forward the column heat source

model related to keyhole effect and energy transfer, and the
surface heat source model represents the radiation. Both
sources had a Gaussian power distribution. During laser weld-
ing, the plasma was an independent heat source on the surface

and laser beam welding with a column source results in a dag-
ger shape form of the penetration zone.

Steen et al.11 combined the Rosenthal point and linear

source and put forward a new heat source model, which was
effective to simulate the welding keyhole and estimate the
power during welding. The linear source represents the absorp-

tion of the keyhole, and the point source expresses the plasma
radiation. The results show that the width of the weld is pro-
portional to the energy density of the linear source.

Swift-Hook and Gick12 supposed that the energy was ab-
sorbed by the workpiece and used the simplified line source
heat model to calculate the shapes of electron beam welds.
However, the line-source model has some defects. First, the

infinite temperature field occurs near the sources; second, the
distribution of incident flux is not considered.

Ziolrowski and Brauere13 brought forward a volumetric heat

source andmodeled the seebeck effect and temperature distribu-
tion. The heat source presented a 3D model of deep welding of
different metals and modeled electron beam deflection resulting

from the thermoelectric fields caused by seebeck effect.
Ho et al.14 brought forward an analytical model assuming a

paraboloid of revolution for the keyhole and predicted the

temperature in the keyhole. Considering the momentum bal-
ance at the bottom of the keyhole, the analytical solution
based on the model predicted that the temperature distribution
is more consistent with the experimental data.

Guo et al.15 put forward a Gaussian heat source model
from the joint micrographic and temperature measurements.
The heat source composed of two parts. One part with most

power was used to create the keyhole inside the materials
and the other part with a ring shape was a surface heat source
neglected in the investigation. The simulation with these distri-

butions predicted the fused and HAZ zone close enough to the
experimental joint shape.

Ferro et al.16 proposed a superimposition of a spherical and
a conical shape heat source (two volumetric heat sources) with

Gaussian distribution for the EBW of Inconel706. The shape
of the fusion zone was simulated with a reasonable degree of
accuracy, which improved the correct thermal and residual

stresses prediction.
Rai et al.17 put forward an energy balance model consider-

ing the variation keyhole wall and calculated the fluid flow and

heat transfer during EBW. The investigation presented the
simulation results of temperature fields, thermal cycles, weld
geometry and fluid flow.

The researches of the thermal simulation for the welding
were investigated with the single surface heat source or volu-
metric heat source, and the weld pool shape simulated from
the single heat source represents the shape errors from the
weld. About high-power density and keyhole effect for tita-
nium alloy with EBW, the combined point-linear heat source
model employed in the investigation is essential to predict weld

shape and keep the coincidence with the weld geometry shape.
Heat transfer and fluid flow during electron beam welding

have been recently investigated by the fluid model, which are

optimal to model the keyhole. But the numerical models were
complex, only the keyhole shape is assumed to be a revolute
paraboloid model and the validation of the model is difficult.

In the paper, the common heat source model of point and
linear heat source are summarized and introduced in the
numerical simulation of EBW. The combined point-linear heat
source model is put forward and applied to predicting the weld

shape in EBW. The paper has great significance for theoretical
study of electron beam welding.

2. Heat source model of EBW

2.1. Restraining equation

According to the principle of electron beam welding, the point-
linear heat source model is put forward (see Fig. 1).

The expression of the point heat source11 is as follows:

�vb
@T

@x
¼ k

cq
DTþ 1

cq
qðx; y; zÞ ð1Þ

where mb is welding speed, k the thermal coefficient, q density
of the base metal, c specific heat, and q heat source of the

volume.
The boundary of surface heat flow and the heat input

q (x, y, z) are calculated with the acceleration voltage Ua, beam

current Ia, focusing current If and environmental factor. The
weld width and sample thickness of the work-piece are in-
cluded in the boundary condition.

According to Eq. (1), the isolines of the melting tempera-

ture are calculated and ascertained and the weld shape could
be obtained. The melting part (T P Tm) is defined as the
fusion–solidification zone in the paper.

2.2. Heat source model

Based on the keyhole effect on the surface, the energy of point

heat source Qp is the surface heat input in Fig. 1. The energy of
linear heat source Ql is the heat input of linear body column,
which is the keyhole effect.

Obviously, the energy of the point heat source and linear
heat source are

Qp þQl ¼ gP ¼ lUaIb ð2Þ
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The ratios of Qp and Ql are regulated during the experiment

and g is the coefficient of effective power.
The energy distribution of linear heat source power is ex-

pressed as

qðzÞ ¼ Ql

H
ð3Þ

However, the energy density distribution of heat source along

the weld depth (H) is not equal and Lr is defined to denote the
unsymmetrical:

Lr ¼
qðHÞ
qð0Þ ð4Þ

The symbol of q(0) is the energy of linear heat source on the
surface (z= 0), and q(H) the energy of linear heat source in

the depth (z = H).

0 6 Lr 6 1 ð5Þ

When Lr = 1, the distribution of linear source is symmetrical;

when Lr = 0, the distribution of linear source is attenuated,
and the power density of linear heat source in the depth
(z = H) is zero.

In general, the distribution of linear heat source is given as

qðzÞ ¼ fðzÞ ð6Þ

The symbol of q(z) is linear power density of linear heat
source, where the maximum distance from the surface is z

and q(z) is met:
TQp
ðvb; x;R1; z� z0; z0Þ ¼ eTQp

ðvb; x;R1; z� z0; z0Þ þ eTQp
ðvb; x;R1; zþ z0; z0Þ

þ
X1
i¼1
½ eTQp
ðvb; x;R1; 2i � t� z� z0; z0Þ þ eTQp

ðvb; x;R1; 2i � tþ z� z0; z0Þ

þ eTQp
ðvb; x;R1; 2i � t� zþ z0; z0Þ þ eTQp

ðvb; x;R1; 2i � tþ zþ z0; z0Þ�

¼ Q

4pkR
e�

vb �x
2a TQp

ðvb; z0; x; y; zÞ ð9Þ
TQp
ðvb; z0;x; y; zÞ ¼ e

�vb
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þ
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�vb
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
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2a þ e

�vb
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0
BBB@
Z H

0

qðzÞdðzÞ ¼ Ql ð7Þ

The above heat source models are the heat input for the tem-
perature calculation, which is important to simulate welding

temperature field.
3. Temperature field of EBW

Suppose a point heat source Q is located at the moving coor-
dinates (x, y, z0) and the temperature field of moving point
heat source in the infinite body is given for the sheet:

eTðx;R1; z� z0; z0Þ ¼
Q

4pkR
e
�vb

xþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
1
þðz�z0Þ2

p
2a

� �
ð8Þ

where z0 is the coordinate of the point heat source, a thermal
diffusion coefficient, R1 the distance from the coordinate (x, y)

to the origin of coordinate (0,0), R the distance from the coor-
dinate (x, y, z) to origin of coordinate (0,0,z0),

R2
1 ¼ x2 þ y2; R2 ¼ x2 þ y2 þ ðz� z0Þ2

When the thickness of the workpiece is t, the temperature in

the infinite body shown in Eq. (8) should be modified. With re-
gard to the periodic boundary condition, the corresponding
temperature field is obtained:
where
e

�vb
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2

1 þ ð2i � t� zþ z0Þ2
q

2a þ e

�vb
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2

1 þ ð2i � tþ zþ z0Þ2
q

2a

1
CCCA ð10Þ



Fig. 2 Zone of the maximum temperature distribution in EBW.
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When welding speed vb and the depth of heat source z0 are

known, the distribution of T in the space could be attained
from the summation of the series.

For the linear heat source in the finite depth body, the infin-

itesimal qdz0 is taken as point heat source, then

Tqdz0ðx;R1; z� z0; z0Þ ¼
qdz0
4pkR

e�
vb �x
2a TQp

ðvb; x;R1; z; z0Þ ð11Þ

The temperature field produced by the linear heat source is ob-
tained by integrating qdz0 along the linear heat source:

TQl
¼ e�

vb �x
2a

4pkR

Z H

0

TQp
ðvb; x;R1; z; z0Þqdz0 ð12Þ

According to the superposition principle, the temperature field

produced by linear heat source and point heat source is

T ¼ TQl
þ TQp

ð13Þ

The temperature field in Eq. (13) is a quasi-steady temperature
field, which is in the moving coordinate. Each point in the

workpiece has a temperature history of the rising and falling
phases. The external temperature distribution in EBW is
shown in Fig. 2.

By drawing a series of the beelines along the welding direc-
tion, the temperature is simulated on the beeline and is
projected on the plane of (y, z), which ranges from 670 to
2670 �C. Then the maximum temperature distribution in the
Table 1 Parameters of heat model for welding temperature field.

Symbol Signification Unit

Q Total power, influenced by acceleration voltage and

electron beam current

W

H Weld depth m

g Heat efficiency of welding

Qp,Ql Energy of the point and linear heat source W

Lr Coefficient of energy distribution of linear heat

source

Qpr Ratio of the point heat source energy (Qp) to the

total energy (Q). The ratio of the energy (Ql) is

(1�QPr)

k Heat conductivity WÆm�

q Density kgÆm�

c Specific heat JÆkg�

Tm Melting point K

DH Melting latent heat JÆkg�

mb Welding speed mÆs�1

t Depth of workpiece m
section is gained, which is vertical in the EBW direction. In
the plane, the region reaching the temperature of the melting
point is fusion–solidification zone (marked by W1 in Fig. 2).

The heating energy of the material phase change is ignored
in the model and the overestimation of the weld shape is in
the simulation based on the value of Tm. To avoid the errors,

the critical temperature of T0m is put forward to substitute Tm.

T > Tm ð14Þ

It is assumed that the melting latent heat of the material is DH
and the heat input in a unit mass is Q. When ignoring the melt-

ing latent heat, the temperature is given as follows:

T ¼ T0 þ DT ¼ T0 þ
Q

c
ð15Þ

where c is the specific heat. If T = T0 + DT > Tm, the temper-

ature is

T0 ¼ T0 þ
Q

c
� DH

c
¼ T� DH

c
ð16Þ

where T0 þ
Q

c
� DH

c
> Tm.

Considering Eq. (16) and the temperature calculated from
Eq. (13), the boundary of the fusion–solidification zone is cal-

culated by the substitution of T0m for Tm.

T0m ¼ Tm þ
DH
c

ð17Þ

where T0m is higher than Tm by 173 �C for titanium alloy.

The parameters of heat source model are described for tita-
nium alloy with EBW in Table 1, in which the temperature
field for EBW is calculated.

4. Simulation results and discussion

4.1. Temperature fields and weld shapes

The temperature field and weld shape with EBW were calcu-

lated and simulated by the combined heat source model of
TC4 titanium alloy with the thickness of 20 mm. Because of
Explanation

UaÆIb

Range:70%–90%

Influenced by the location of the focal point

The proportion of the heat source in the maximum depth

and on the surface

0–1

1ÆK�1
3

1ÆK�1

1 Adjust the critical temperature when determining the

boundary of the weld. The value is 92 kJ/kg for the titanium

alloy



Table 2 Parameters in the calculating model.

No. Tm (�C) k (WÆm�1ÆK�1) q (kgÆm�3) c (JÆkg�1ÆK�1) Q (W) v (mÆs�1) t (m) g (%) H (m) Lr

1 1670 7.0 4500 530 4392 0.01 0.02 90 0.01 1

2 1670 7.0 4500 530 4392 0.01 0.02 90 0.01 0
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the aberration temperature during the modeling by the linear
heat source, the temperatures were substituted for the boiling
point temperature, which were higher than that of the boiling

point during the simulation. The parameters were used for the
modeling in Table 2. The ratio of the energy Qp to the total en-
ergy Q was defined as Qpr, which was the energy ratio of point

heat source to linear heat source. With the Qpr parts of 0, 0.05,
0.3 and 0.4, the distributions of the temperature field were ob-
tained. The temperature of solidification boundary with no la-

tent heat was 1670 �C, the temperature with the latent heat was
1873 �C, and the zone of solidification boundary represented
the weld shapes.

When the distributions of linear heat source were even, the

temperature distributions and weld shape by modeling are
shown in Fig. 3, and a series of different weld shapes with dif-
ferent Qpr parts was calculated and obtained. When the linear

heat source attenuated to zero, the temperature distributions
are in Fig. 4, and the shape prediction of the weld toe with
Fig. 3 Distribution of tem
the attenuating linear heat source were almost coincident with
that of the welds.

4.2. Validation

The optimum parameters of Qpr, Lr and g are 0.1%, 1% and
90%, which were optimized by a lot of simulation. In different

welding processes (in Table 3), different weld shapes are gained
by the modeling and the metallographic tests, which include
funnel pattern, chock pattern, bell pattern and nail pattern

(see Fig. 5). In the simulation, the depth of the linear heat
source is equal to weld depth, and the energy distribution coef-
ficient of linear heat source Lr is 1 with the weld efficiency of

90%. Comparison between the actual weld and the predicted
weld is shown in Fig. 5. The actual weld shapes are almost
identical with those of the predicted results and the heat source
model was optimal to EBW.
perature in weld section.



Fig. 4 Distribution of temperature in weld section.

Table 3 Process and calculation parameters.

Acceleration

voltage Ua (kV)

Weld speed V

(mmÆmin�1)

Focused

current If (mA)

Beam current

Ib (mA)

Weld depth

H (mm)

Ratio of point heat

source Qpr

Weld

shape

90 600 1680 48.8 16 0.3 Funnel

90 300 1681 51.1 20 0.15 Chock

90 300 1650 40.5 18 0.05 Bell

150 800 2220 25.5 16 0.1 Nail

Fig. 5 Comparison of weld shape and predicted weld shape.
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The heat source models and the parameters are essential to
simulate the welding temperature of EBW, which correctly
predict the weld shape.

With the adjustment of the acceleration voltage Ua and
beam current Ia, the welding energy Q could be altered in heat
source model. And the parameters of Qpr and Lr are regulated

by the focusing current If. Therefore, welding temperature
fields of the simulation are optimized by the optimum param-
eters of heat source and welding speeds.

With the reduction of Qpr and the increase of Lr, the weld
shapes by modeling are more conformable with those of the
actual weld, whose computation results are also in agreement
with experimental data of Refs.18–20, and the welding

temperature fields of EBW are reasonable by simulating with
the models.

The relationship of weld shape and process parameters

would be acquired by the experiment and simulation, which
would contribute to optimizing the EBW process, lessening
the costing and shortening production period.
5. Conclusions

(1) The combined point-linear model is put forward and the
relevant formula is deduced for welding temperature,

which are investigated on the simulation of EBW tem-
perature fields for titanium alloy. The value of Qpr and
energy distribution coefficient of linear heat source Lr

have a significant influence on the weld shape.
(2) With the heat source model, the weld shapes predicted

from temperature fields are conformable to those of

the actual weld, and four weld shapes are gained includ-
ing nail pattern, bell pattern, funnel pattern and chock
pattern.
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