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Abstract
Electron beamwelding (EBW) is widely used to connect thin-walled high-temperature alloy structures in aeroengines. However,
the residual stress and deformation caused by the high-temperature gradients generated during welding would affect the rigidity,
dimensional stability, and fatigue resistance of the welded structures. The study reported here used a model combining ellipsoidal
and Gaussian rotating body heat sources to undertake a numerical simulation of the temperature and residual stress generated
during the EBW process. The model was systematically refined by observing and measuring the molten pool morphology. The
error rates for key dimensions determining the molten pool shape were less than 6%. With a microscope-based examination, the
energy distribution characteristics were detected by the microstructure analysis of grain type and size in different regions to verify
the viability of the heat source model. The residual stress of a butt welding was simulated by the proposed heat source model
based on the full consideration of a full-loop thin-walled combustor casing structure and material properties. It was found that the
average errors for longitudinal and transverse residual stresses of welded joints and their adjacent areas were 10% and 12%,
respectively, by comparing with the experimental results. Simultaneously, the low cycle fatigue life of the welded combustor
casing would be decreased by 32% considering the influence of welding residual stress. These conclusions can be used as a basis
for studying the integrity of thin-walled welded structures in aeroengines.
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1 Introduction

Electron beam welding (EBW) characteristically produces a
high energy density, a high aspect ratio, a small heat-affected
zone (HAZ), and limited thermal deformation. It is suitable for
welding almost all metals, but is especially effective for su-
peralloys. As a result, it is universally used for the manufac-
ture of high-temperature alloy structures in aeroengines [1].
Examples here include thin-walled disc-shaft structures such
as the high-pressure compressor rotor in the Trent 600/700
engines; the high-pressure compressor disc and rear axle in
the RB211 and PW4000 engines [2]; and the thin-walled cas-
ing structures such as the combustor casing in the CFM56
engine and the rear turbine casing in the BR710 and GE series
engines [3]. As EBW is a form of fusion welding, it inevitably
results in residual stress. The gas pressure typically present in
high-temperature environments can subject thin-walled struc-
tures to significant amounts of radial stress. Any residual
stress in such structures therefore tends to make them unstable
[4]. The residual stress generated by EBW and the working
stress caused by other loads can be superimposed on each
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other, leading to secondary deformation and a redistribution of
the residual stress. This can reduce the rigidity and dimension-
al stability of thin-walled structures, affect their fatigue and
buckling strength, and limit their resistance to creep cracking
when they are subjected to high temperatures and cyclic stress
[5]. Therefore, a significant amount of research has focused on
the influence of the welding process on the life of thin-walled
structures such as combustor casing.

The thermal welding process can cause grain unevenness.
This is a typical microscopic characteristic of materials after
EBW. The key macroscopic consequences are (1) residual
stress, arising from the temperature gradient [6] and (2) residual
deformation, which is caused by solidification of the fusion
joint [7]. Accurate simulation has therefore become an impor-
tant part of the research regarding welding processes. How the
microstructures and mechanical properties of welded joints
evolve can be studied by simulating welding heat sources, tem-
perature fields, and residual stress. This can also offer better
insight into the impact of the welding process on the strength
of welded joints and fatigue life of welded components.

Various heat source models have been developed for
welding simulation. Pavelic et al. [8] were the first to establish
a normal Gaussian distributed surface model for simulation.
This captures the transmission of external heat from the

surface to each part of a welded component. However,
welding methods such as EBW have a high penetration depth.
So, this model cannot adequately describe the loading of the
heat flow into the depth of a material. Goldak et al. [9] have
proposed a double ellipsoidal distributed volumetric heat
source model. This allows for the transmission of heat to each
part of a welded component after internal heat generation. It is
better at simulating the temperature distribution through the
thickness of a material, but it ignores longitudinal heat flow.
The equivalent conical heat source model, proposed by Bardel
et al. [10], ignores the possibility of ablation at the front edge
of a molten pool. Its boundary curve is also at odds with the
results produced in actual experiments.

The internal heat flux density characterized by the
abovementioned single heat source models is consistent with
the actual heat flux density found in weld fusion lines.
However, they do not accurately simulate the “nail-shaped”
cross-section that forms near the surface of the molten pool.
This is known as the keyhole effect [11]. This “nail-shaped”
weld profile is extremely common in deep-welding ap-
proaches such as EBW. So, models that combine two types
of heat source offer higher precision when simulating the
shape of the molten pool [12]. Ziolkowski et al. [13] have
proposed a combined heat source model that considers the
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Fig. 1 The EBW process. a
Welding process. b Keyhole
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(a) Ellipsoidal body (b) Gaussian rotating body (c) 2-D Combined heat source curve 
Fig. 2 Heat source model. a Ellipsoidal body. b Gaussian rotating body. c 2-D combined heat source curve
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Seebeck effect (the generation of electricity at the point where
two different materials with different temperatures meet).
Their model simplifies the heat conduction problem into a
static convection conduction problem. This limits the size of
the heat source in the direction of its movement. Although this
captures the characteristics of a high aspect ratio and the
Seebeck effect, it does not simulate variations in the transient
temperature field during the welding process. Petrov and
Tongov [14] developed a combined heat source model that
superimposes a circular surface heat source upon a cylindrical
heat source, which takes into account the welding parameters.
Here, though, the heat source model only reflects the general
characteristics of welded joint morphology. There has been no
detailed study of the heat flow radius throughout the depth of a
joint. This makes it impossible to describe the molten pool
using existing parameters. Ferro et al. [15] have proposed a
combined spherical and conical heat source model that can
simulate the shape of the weld zone with reasonable accuracy.
However, its precision could be improved by more accurately
constraining the boundary conditions for heat conduction and
displacement of the welded component.

EBW has a characteristically high aspect ratio and a small
HAZ and produces limited thermal deformation. Nonetheless,
there can still be significant residual stress because of the huge
temperature gradient it generates. This can have a detrimental
effect upon the mechanical properties of the welded joint.
Maurer et al. [16] studied the tensile strength of welded joints
at different energy input levels. They found that the mechanical
properties of the welding zone vary enormously according to the
EBW process parameters. This makes it important to accurately
assess the influence of the EBW process on the magnitude of
residual stress and its distribution, which in turn determines the
accuracy of other analyses and predictions, such as fatigue life.
Thus, drawing upon research by Sun and Karppi [17], Venkata
et al. [18] used neutron diffraction to measure the distribution of
residual stress in awelding zone. They undertook a finite element
analysis of a two-dimensional model, then applied the predicted
residual stress to a three-dimensional model to study stress relax-
ation. The main limitations of this method are the high cost of
neutron diffraction tests and the stringent requirements they
placed upon test environments. The size of the samples is also
restrictive, so universal application of the approach is impossible.
Smith et al. [19] adopted a deep-hole drilling (DHD) method to
measure the distribution of residual stress in thick plates welded
using EBW. However, this is not applicable to the residual stress
testing of thin-walled structures. Lacki et al. [20] studied EBW-
induced thermo-mechanical phenomena by establishing a cross-
sectional model of the molten zone. Having used the model to
calculate the residual stress, they compared their results with x-
ray diffraction measurements. This method enables non-
destructive testing on the surface of samples. However, the mea-
surement process is significantly affected by the surface state of
the samples and the experimental environment. As the results

from this approach are more dispersive, it is better suited to the
measurement of thin layers and tip cracking defects. Elliot [21]
investigated variations in the welding stress field by observing
changes in the microstructure of welded joints related to changes
in EBW parameters. This approach allows for a detailed descrip-
tion of the microstructural features, but has a high computational
cost. It also requires a large amount of experimental data to verify
the consistency of the results. A further limitation is that a single
physical model cannot accurately predict residual stress in gen-
eral. Simulating welding thermal processes and calculating post-
weld residual stress are equivalent to undertaking a welding pro-
cess and engaging in post-weld analysis. By establishing the
relationship between welding process parameters and welding
residual stress, reasonable measures can then be taken to control
against future welding residual stress and deformation.

In the present study, a combined heat source model for
EBW was studied and the welding process was simulated by
finite element method (FEM). This paper aims at developing a
precise combined heat source model that can conform to spe-
cific welding parameters to establish the relationship between
EBW process parameters and residual stress, so as to study the
influence of EBW residual stress on thin-walled combustor
casing in aeroengines. Hence, the heat source model was iter-
atively calibrated on the basis of the experimental results and
further verified through macro-microscopic analysis of the
molten pool morphology. Based on a numerical simulation
and experimental validation of the residual stress in a nickel-
based superalloy welded plate without heat treatment, the low-
cycle fatigue life of a combustor casing was predicted by
adding welding residual stress. The present research can be

Table 1 Heat source model parameters

Parameter Value

Energy proportionality coefficient, γ 0.1~0.5

Energy input efficiency, η 0.990

Heat flux concentration factor, α 1~3

Gaussian heat source radius, R0/mm 0.460

Gaussian heat source height, H/mm 2.010

Half-axis length, a/mm 1.013

Half-axis length, b/mm 1.013

Half-axis length, c/mm 0.760

Table 2 Chemical compositions of the Ni-based superalloy GH4169
(wt%)

Material Elements

GH4169 Ni Cr Nb Mo Al Ti Mg Fe

54.10 19.39 5.21 3.05 0.53 1.02 0.01 Bal.
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considered as a relatively complete method for establishing
the heat source model under different parameters, calculating
the accurate welding residual stress, and grasping the influ-
ence of the residual stress on the welded structures.

2 A heat source model for electron beam
welding

2.1 Heat source modeling

A heat source model is key to the numerical simulation of
welding. Its capacity to properly describe the characteristics
of heat energy and its distribution through the welded compo-
nents determine the subsequent accuracy of the calculated
temperature, stress, and deformation. Figure 1 a shows a sche-
matic diagram of the EBW process. An EBW weld is small
but its simulation involves a large amount of mesh and sim-
plified processing. This is because, where there is a “keyhole
effect” [22] (Fig. 1b), the construction of the heat source typ-
ically demands a fine mesh. This significantly increases the
amount of calculation. However, numerous studies have

shown that calculation models that ignore the “keyhole effect”
are still able to meet the requirements of engineering applica-
tions when predicting the stress and strain associated with
high-energy beam welding [23–25].

In this study, a model combining ellipsoidal and Gaussian
rotating body heat sources was used to simulate the EBW
mechanism and its characteristically large penetration depth.
The model is also able to incorporate some of the characteris-
tics of the keyhole effect. Additional verification of the heat
source model was undertaken through microscopic observa-
tion of the molten pool. The combined heat source model
reflects not only the general geometric features of an electron
beamwelded joint but also the radius of the heat flow through-
out its depth. It also accurately expresses the molten pool
morphology relating to different welding parameters.

For high-energy particle beam welding processes such as
EBW, an ellipsoidal heat source is effective at simulating the
heat flux distribution on the surface of the welded component.
Meanwhile, the energy of a Gaussian rotating body heat
source suitably attenuated in a specific form in the depth di-
rection is better able to simulate the depth and width of a weld.
The total power of the combined heat source [27] was

(a) Molten pool morphology (b) Fitted curve of the molten pool boundary 
Fig. 3 Weld profile optimization. a Molten pool morphology. b Fitted curve of the molten pool boundary

Table 3 Key dimension errors for
the molten pool Key dimensions (mm) Calculation Experiment Error (%)

Half-axis length of ellipsoid heat source, a/b 1.013 1.073 5.92

Half-axis length of ellipsoid heat source, c 0.760 0.735 3.29

Gaussian heat source radius, R0 0.460 0.455 1.09

Gaussian heat source height, H 2.010 2.100 4.47
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Φ ¼ ΦE þ ΦG ¼ η⋅IU ð1Þ
where η is the energy input efficiency; U is the accelera-
tion voltage; and I is the electron beam current. ΦE and
ΦG are the power of the ellipsoidal heat source and the
Gaussian rotating body heat source, respectively, which
can be specified as follows:

ΦE ¼ γ⋅Φ ð2Þ
ΦG ¼ 1−γð ÞΦ ð3Þ
where γ is the energy proportionality coefficient of the ellip-
soidal heat source.

Drawing upon Fourier’s law, the EBW temperature field
control equation [28] is

ρCL
⋅∂T=∂t ¼ ∂ kx Tð Þ⋅∂T=∂xð Þ=∂xþ ∂ ky Tð Þ⋅∂T=∂y� �

=∂y

þ ∂ kz Tð Þ⋅∂T=∂zð Þ=∂zþ Φ̇V ð4Þ

where ρ is the material density; T is the temperature; Φ̇v is the
internal heat source intensity, which is related to the power of
the body heat source; cL is the modified specific heat capacity;

and kx(T), ky(T), and kz(T) are the coefficients of thermal con-
ductivity in the x, y, and z directions. For a high-temperature
alloy like GH4169, the relationship kx(T) = ky(T) = kz(T)
makes sense.

The ellipsoidal heat source energy density [9] is

qE rð Þ ¼ 6
ffiffiffi
3

p
αΦE

� �
= π3=2abc
� �

⋅exp −3 x=að Þ2 þ y=bð Þ2 þ z=cð Þ2
� �� �

ð5Þ

where a, b, and c are half-axis lengths; α is a heat flow con-
centration factor; and x, y, and z are the internal coordinates of
the heat source, as shown in Fig. 2a.

The Gaussian rotating body heat source energy density [29]
is

qG rð Þ ¼ 9ΦGð Þ= πR2
0H 1−1=e3

� �� �
⋅exp −9 x2 þ y2

� �
= R2

0⋅log H=zð Þ� �� �

ð6Þ
where R0 is the heat source radius;H is the heat source height;
and x, y, and z are the internal coordinates of the heat source, as
shown in Fig. 2b. Figure 2 c shows the two-dimensional com-
bined heat source curve.

Fig. 4 Numerical simulation
results for the welding heat flux
density

Fig. 5 Microscopic observations of welding zone
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2.2 Model parameters and material properties

Within the same welding process, the parameters U, α, γ, and
η are relatively fixed, while R0,H, a, b, c, and I vary according
to the material and other process-related parameters. In this
study, the specific welding parameters used were an accelera-
tion voltage of 85 kV, an electron beam current of 7 mA, and a
welding speed of 0.013 m/s. The relevant parameters for the
heat source model after calculation are shown in Table 1. H is
roughly proportional to the electron beam current. Note that
the maximum temperature in the center of the molten pool can
exceed 3000 °C. So, when studying the weld aspect ratio, the
melting point of the nickel-based superalloy was taken as the
limit for the molten pool.

To meet environmental and manufacturing requirements,
combustor casings are usually made of the nickel-based su-
peralloy GH4169. This material offers a good overall perfor-
mance across a wide range of temperatures, especially as its
thermal and mechanical properties [30] are functions of tem-
perature. In addition, its yield strength ranks first for wrought
superalloys below 650 °C and it is widely used in aerospace
components. Table 2 lists the chemical compositions of
GH4169 [31].

2.3 Numerical verification

Two pieces of nickel-based wrought superalloy were butt
welded by vacuum EBW. The metallographic structure in
the weld zone (Fig. 3a) was then examined using a Carl
Zeiss microscope after polishing and etching. Key dimensions
such as width and depth are marked in Fig. 3. By comparing
the observed weld profile with the fitted curve of combined
heat source model (Fig. 3b), the model was checked and op-
timized to obtain the most accurate and appropriate heat
source parameters possible. The errors in the key dimensions
are shown in Table 3. Comparing the experimental results
with the calculated results, it was found that the errors related
to the key dimensions determining the shape of the molten
pool were below 6%. It should be noted that the bottom half
of the weld in the microscopic observation is obviously asym-
metrical and wider than the corresponding position of the heat
source model. This may be caused by the ignorance of the
coupling phenomena of fluid flow and heat transfer in the
model. The coupling phenomena mainly include the follow-
ing physical effects [32]: (1) gravity and wetting effects within
the partially melted metal and underlying base metal; (2) flow
within the melt pool generated by thermal buoyancy forces
and the Marangoni effect associated with temperature-
dependent surface tension; (3) non-uniform material
microstructure.

A thermodynamic simulation of high-temperature alloy
EBW was carried out using the Abaqus software platform.
The DFLUX subroutine written in Fortran defined Formulas

(1)–(6) and the parameters in Table 1, and also defined cur-
rent, voltage, welding speed, and other process parameters
during EBW. After a geometric model was built in the part
module, it could be important in high-precision work of this
nature to define the material properties of GH4169, such as
conductivity, density, expansion, plastic, and specific heat.
The extremely important step was to set transient heat transfer
in the load module to simulate the welding process and the
cooling process, respectively. In the situation of heat transfer,
it was necessary to select an 8-node linear heat transfer brick
(DC3D8) and the temperature-displacement coupling type.
We could select output data in the field output module as
required to obtain the results of welding temperature field
and heat flux. It can be seen from the numerical results that
the combined heat source model accurately reflected the char-
acteristics of the EBW heat source. The contour curve of the
heat flux density has a very obvious “keyhole” shape (Fig. 4).
The size and gradient of the molten pool were very close to the
actual weld.

The results show that the simulation of the molten pool
closely matched the actual weld contour. This confirms the
validity of the thermodynamic and geometric parameters for
the combined heat sourcemodel. Thus, a combined ellipsoidal
and Gaussian rotating body heat source model is able to accu-
rately describe the heat flux distribution characteristics present
during EBW and can serve the calculation of a valid temper-
ature field distribution.

By analyzing the effect of a high-energy particle beam on a
high-temperature alloy during EBW, it was possible to estab-
lish a mathematically similar model of the combined heat
source model. The model parameters were then adjusted and
optimized according to actual weld morphology to arrive at a
more accurate version of the combined heat source model. A
simulation of how the heat source moved during the welding
process was obtained using FEM and the geometry of the
molten pool was also simulated. This confirmed the feasibility
of the combined heat source model and the accuracy of the
thermodynamic parameters. The calculated transient tempera-
ture was then able to serve as boundary conditions when cal-
culating the EBW residual stress.

2.4 Microstructure verification

To further verify the viability of the heat source model, a
microscope-based examination was undertaken. An EBWme-
tallographic sample was cut along the direction perpendicular
to the weld, then ground, polished, and etched to prepare it for
observation. The microstructure of the high-temperature alloy
welded joint was examined using an optical microscope. Key
areas such as the fusion line and the HAZ were further en-
larged and inspected (see Fig. 5, where the letters correspond
to the different welding zones shown in Fig. 6). By observing
the grain size, growth direction, and other characteristics, the
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energy transfer direction and distribution characteristics of the
thermal process were indirectly analyzed to verify the ratio-
nality of the heat source model.

Figures 6a–h show the microstructure of the welded sam-
ples at different locations. Figure 6 a shows that the metal at
the weld center and near the plate surface had a cast structure,
with the crystalized grains near the fusion zone being co-
integrated with those in the HAZ and developing a dendritic
shape (see Fig.6e). In other words, the crystallization of the
metal in the fusion zone grows from the semi-molten grains of
the base metal towards the center of the weld, as shown in
Fig. 7. This phenomenon can be explained by the fact that if
the direction in which the crystalized grains grow most easily
matches the direction in which the heat is dissipating most
rapidly, this will favor their growth. When their orientation
is not conducive to their formation, their growth is suppressed.
This is called selective growth [33] and leads to the growth of
columnar crystals. The characteristic of heat source model in
this paper is that heat concentrates locally in the center and
then transfers around. The area where the electron beam acted
had a very high heat flux density, and there was a huge heat
flux density gradient away from the electron beam and close
to the HAZ. This made the grain grow along the direction of
heat dissipation, which resulted in the growth characteristics
of the grain in the melting zone as shown in Fig. 5.

As the cooling rate after welding is rapid, the recrys-
tallized dendrites formed at this stage are retained. The
gradient of the upper weld line at this point is large, so
the cross-section of the molten zone is approximately fan-
shaped. However, the lower weld becomes long and nar-
row, and the cross-section is approximately the nail body.
Therefore, the heat source model in this paper needs el-
lipsoid and Gaussian shape to reflect these two geometric
features. In comparison to the upper part of the weld,
there are fewer dendrites in the middle of the weld (Fig.
6b) and more columnar crystals. As this region is located
half-way through the thickness of the plate, the growth of
the columnar crystals and heat dissipation makes the

liquid in the molten pool fall below melting point and
the heat ceases to dissipate in any one clear direction.
The relatively slow cooling rate provides the formation
of columnar crystals inside the weld line, resulting in a
decrease in the number of dendrites at the center. The
crystalized grains in the middle of the HAZ (Fig. 6f) are
noticeably larger, but they are still smaller than those in
the HAZ near the surface layer of the sample. This is
because, while the middle part cools down more slowly
than the surface, the total heat input is less than it is at the
surface. As with the upper part of the weld, a certain
number of dendrites are retained in the lower part of the
weld center (see Fig. 6c). The lower surface of the plate
cools rapidly, so, the fine crystalized grains remain in the
weld center and their growth in the lower portion of the
HAZ is suppressed (Fig. 6g). As a result, they remain
more or less the same size. All these characteristics are
in accordance with the energy transfer direction and dis-
tribution characteristics in the process of electron beam
welded thin-walled plate, thereby further underscoring
the viability of the proposed heat source model.

Fig. 6 Microstructure in different welding zones

Liquid phase

Base metal

NO. 1

NO. 2

Crystallization direction

Grain

Welded joint

Fig. 7 Interactive crystallization of the base metal and weld metal
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3 Residual stress in electron beam welding

3.1 Numerical simulation of EBW residual stress

The nature of residual stresses can also be discussed in terms
of their characteristic length, at which the stresses equilibrate.
The welding residual stress studied in this paper is the type I
residual stress [34, 35], that is, the long-term stress balance on
the macro-scale. This stress can be estimated by a continuum
model that ignores the polycrystalline or polyphase properties
of the material, and it is usually calculated by FEM.

During FEM, the stress is caused by the existence of a
thermal field, while the thermal solution process is

independent of the stress state; that is, the stress depends on
the heat generation, while the heat does not depend on the
displacement. Two processes need to be analyzed: heat trans-
fer and stress analysis. The results of thermal analysis, such as
the function of temperature-position and temperature-time,
were read into the stress analysis as a predefined field.
Therefore, a non-linear transient thermal analysis was per-
formed using a combined heat source to calculate the
butt welding temperature of two 100 × 50 × 2 mm
GH4169 plates. In the fully coupled thermo-stress anal-
ysis of ABAQUS/Standard, the thermal results were ap-
plied to the element nodes (see Fig. 8a) as a known
external load to generate thermal strain.

(a) Temperature interpolation results of element nodes (b) Transitional meshing 
Fig. 8 Finite element technique for EBW simulation. a Temperature interpolation results of element nodes. b Transitional meshing

(c) Simulation results for the longitudinal residual stress (d) Simulation results for the transverse residual stress 

(a) Theoretical residual stress trend along the weld (b) Theoretical residual stress trend perpendicular to the weld 

Fig. 9 Theoretical trend and calculated results of residual stress on the
welded plate surface. a Theoretical residual stress trend along the weld. b
Theoretical residual stress trend perpendicular to the weld. c Simulation

results for the longitudinal residual stress. d Simulation results for the
transverse residual stress
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In order to reduce the computational cost, the calcu-
lation was performed using a half of the plate due to
the symmetry principle. A transitional meshing technol-
ogy (see Fig. 8b) was applied to reduce the total num-
ber of elements and increase the element density of the
weld and its adjacent area. It is necessary to establish a
static structural analysis step as required, including
heating and cooling processes. The initial boundary con-
ditions mainly include initial temperature and displace-
ment constraints. The initial temperature of the whole
model is generally room temperature. To ensure that
the model did not exhibit any rigid-body displacement,
a symmetrical boundary condition was applied to the
center plane of the plate. The translational freedom of
the plate surface nodes was then constrained in the X, Y,
and Z directions. This is consistent with the clamping

typically used in actual welding processes. The material
parameters are consistent with those in Section 2.3. The
timing of the loading during the thermal analysis is
consistent with the action of the heat source. A natural
cooling time step was established to reduce the residual
stress to a stable level. A sequential thermal coupling
calculation was then conducted until a desired level of
convergence was achieved. The residual stress field
could then be obtained. Figure 9c and d are stress cloud
diagrams for a quarter-symmetric model of the thor-
oughly cooled welded plate.

Welding residual stress can be divided into longitudinal
residual stress and transverse residual stress [36] (see
Fig. 9). Residual stress in a direction parallel to the weld
axis is called S11 longitudinal residual stress. The asym-
metrical temperature field generated during welding
causes non-uniform expansion of the welded joint and
thermoplastic compression around it. Shrinkage of the
weld zone is limited during cooling and tensile stress is
generated. When the welded joint has completely cooled,
the tensile stress remains in the weld zone. Welding lon-
gitudinal residual stress has a relatively large stress value
(see Fig. 9c). Stress perpendicular to the weld axis is
called S22 transverse residual stress. This is more compli-
cated than longitudinal stress. Transverse stress can be
divided into two parts. One is the stress caused by the
longitudinal shrinkage of the weld and its adjacent plastic
deformation zone. The other is caused by transverse con-
traction of the weld and contraction in its adjacent plastic
deformation zone happening at a different time to one
another. The stress value for welding transverse residual
stress is relatively small (see Fig. 9d).

Analysis of the mechanism for residual stress in welding
has shown that residual stress along the centerline of a weld

Fig. 10 Residual stress measurement system

(a) Distribution of test sites (b) Pre-measurement image (c) Post-measurement image 
Fig. 11 Residual stress measurement plan. a Distribution of test sites. b Pre-measurement image. c Post-measurement image
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increases as the distance from the weld’s starting point in-
creases. There are three phases associated with this kind of
residual stress: increasing stress, stability, and decreasing
stress (see Fig. 9a). Looking at the S11 residual stress along
the centerline of the weld in Fig. 9c, the value near the weld’s
start point and end point was close to 0 or negative. The value
in the middle of the weld line, however, was larger. Residual
stress perpendicular to the centerline of the weld has been
shown to decrease as the distance from the center of the weld
increases. The relevant phases here are reducing stress, in-
creasing stress, and stability (see Fig. 9b). As shown in Fig.
9d, the S22 residual stress followed the same tendency; i.e.,
the residual stress near the center of the weld was large. It then
decreased to a negative value, before increasing and stabiliz-
ing around zero.

Due to the symmetry of the model, the computation can be
reduced by focusing the analysis upon the cloud image of just
a quarter of the plate. It can be seen that the simulated distri-
bution of the EBW residual stress was the same as the

theoretical distribution. In the finite element-based simulation
of the welded plate, the peak value for the S11 was
713.75 MPa and, for the S22, it was 245.02 MPa.

3.2 Measurement of welding residual stress

For the experiments reported here, a Prism borehole residual
stress gauge based on digital imaging and electronic speckle
pattern interferometry (EPSI) was used tomeasure the residual
stress on the surface around the borehole. Figure 10 shows the
residual stress measurement system. This device can measure
the plane stress in material removed from the hole. The mea-
surement error was within ± 2 MPa [37].

Drawing upon the variational law of residual stress, a mea-
surement layout scheme was designed (see Fig. 11). The re-
sidual stress values at a depth of 0.05 mm, 0.10 mm, and
0.15 mm on the surface were measured. After averaging the
measured values at different depths, MATLAB was used to
visualize the results, as shown in Fig. 12.

(a) Longitudinal residual stress distribution (b) Transverse residual stress distribution 
Fig. 12 Residual stress measurement results. a Longitudinal residual stress distribution. b Transverse residual stress distribution

(a) Fitted curve derived by the experimental data (b) Fitted curve derived by the simulated data 

Fig. 13 Experimental measurement and numerical simulation of the residual stress. a Fitted curve derived by the experimental data. b Fitted curve
derived by the simulated data
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With reference to the theoretical calculation of welding
residual stress, a test measurement curve (Fig. 13a) and nu-
merical calculation curve (Fig. 13b) were fitted for the results.
Comparing the simulation results to the experimental mea-
surements (Fig. 14), it can be seen that there was a large
residual tensile stress in the region 5 mm from the center of
the weld. This was a result of the longitudinal shrinkage in the
weld being constrained. The maximum residual tensile stress
was strictly limited to areas directly adjacent to the weld. As
the distance from the center of the weld increased, the tensile
stress gradually decreased and eventually transformed into
compressive stress. This occurred in the region 5 to 12 mm
from the center of the weld. As the distance continued to
increase and approached the edge of the plate, the compres-
sive stress started to stabilize and approached zero.

To assess the difference between the simulation and the
experiment, errors in the longitudinal residual stress and trans-
verse residual stress were calculated separately. The errors
were calculated by selecting distances from the center of the
weld of 0 mm, 0.5 mm, 6 mm, and 12mm (see Table 4 and the
residual stress measurement layout scheme in Fig. 11). It can
be seen from the overall residual stress diagram (Fig. 14) that
the simulation results were generally consistent with the ex-
perimental results. Note in particular that, in the direction per-
pendicular to the weld axis, the trends for the S11 (Fig. 14a)
and S22 (Fig. 14b) were in good agreement.

After analyzing the errors, it was found that the closer the
point was to the weld center, the smaller the error. This was
especially the case for the region up to 0.5 mm from the weld
center. This is also a key location for studying the molten pool

(a) Comparison of the longitudinal residual stress(b) Comparison of the transverse residual stress 
Fig. 14 The measured and simulated values of residual stress. a Comparison of the longitudinal residual stress. b Comparison of the transverse residual
stress

Table 4 Residual stress errors at
different distances from the weld
center

Distance/mm − 12 − 6 − 0.5 0 0.5 6 12 Mean Min

S11 errors /% 101.56 117.13 2.56 0.11 28.59 71.16 98.01 59.87 0.1

S22 errors /% 193.88 138.17 19.13 0.59 15.38 216.96 216.96 85.34 0.6

(a) Meridian plane (b) External casing (c) Diffuser and internal casing 

Fig. 15 Welded combustor casing. a Meridian plane. b External casing. c Diffuser and internal casing
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and the HAZ. The larger errors in the region far from the weld
center are largely a result of the measurement points in the
weld zone being denser, while the ones further away from the
weld were sparser, making the measurement interval larger.
This can be seen in the residual stress measurement layout
scheme in Fig. 11a. This led to a loss of accuracy in the resid-
ual stress data as the measurements moved away from the
center of the weld. The limitations of the measuring instru-
ment meant that the distance between each measuring point
had a minimum value and this controlled where it was feasible
to measure the residual stress. Thus, the measurement results
were discontinuous.

The average errors for S11 and S22 were 10% and 12%,
respectively. However, the errors for S11 and S22 at the weld
center were only 0.1% and 0.6%, respectively. So, discounting
the outliers, there was actually only a small error between the
simulated stress values and the measured ones. This means
that the simulation results are applicable to engineering prac-
tice and prove the feasibility of using a combined ellipsoidal
and Gaussian rotating body heat source model to simulate the
EBW process. The results also affirm the superiority of the
model’s capacity to reflect real welding conditions and im-
prove the accuracy of numerical calculations.

3.3 Application example: the fatigue life of a welded
combustor casing

According to the EBW heat source simulation and residual
stress calculation, the low-cycle life prediction of welded
combustor casing was also carried out in this study. A typical

combustor casing from a civil aviation engine was used as an
example (see Fig. 15). Like the welded plate used in Section 2
above, the thickness of the casing was 2 mm, so the EBW
parameters remain unchanged. Given the operational load
spectrum during actual flights, including the temperature
(see Fig. 16), pressure, and axial force. The welding residual
stress was added into the welded joint calculations in the form
of a boundary condition, and its specific value was consistent
with the calculated results in Section 3.1.

TheManson–Coffin [38–40] formula shown in Eq. (7) was
used to predict the low-cycle fatigue (LCF) life of the welded
combustor casing:

εa ¼ σ
0
f 2Nfð Þb=E þ ε

0
f 2Nfð Þc ð7Þ

Here, εa is the strain range; Nf is the structural low-cycle

fatigue life; σ
0
f is the fatigue strength coefficient; ε

0
f is the

fatigue plasticity coefficient; b is the fatigue strength expo-
nent; c is the fatigue plasticity exponent; and E is the elasticity
modulus. The maximum equivalent stress and maximum de-
formation, together with the low-cycle fatigue value for a
welded and non-welded casing, were calculated using FEM,
as shown in Table 5.

The results show that the stress and deformation of the
welded casing increased by 5.73% and 0.25%when compared
with the non-welded casing. However, the low-cycle fatigue
life decreased by 32%. This confirms that welding residual
stress does affect the fatigue strength of thin-walled structures
such as welded combustor casings and that it can reduce the
low-cycle life of these kinds of components.

4 Conclusions

The following conclusions can be drawn from this study:

(1) A model combining ellipsoidal and Gaussian rotating
body heat sources was designed and optimized to char-
acterize EBW mechanism and its large penetration
depth. The model can also reflect the keyhole effect of

Fig. 16 Temperature of welded
combustor casing

Table 5 Comparative stress, deformation, and LCF values for the
combustor casing

Parameter Max Von
Mises stress/MPa

Max
deformation/mm

LCF/cycles

Non-welded casing 930.53 8.13 21,345

Welded casing 983.81 8.15 14,520

Variation 5.73% 0.25% − 31.97%
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EBW to some extent. Through a transient heat transfer
simulation and microstructure observation experiments,
a comparison between calculated and experimental re-
sults showed that the errors in key dimensions determin-
ing the molten pool shape were within 6%. Thus, the
accuracy of the model is verified to be relatively high.

(2) A sequential thermal coupling calculation was undertak-
en to calculate the welding residual stress, which was
measured by the hole drilling method. It was found that
the welding residual stress is limited to a region close to
the center of the weld. The results of the numerical sim-
ulation and experimental measurements were consistent
with the trends indicated by the theoretical curves. The
closer it got to the center line, the smaller the error. In the
region 0.5 mm to either side of the weld center, the av-
erage S11 and S22 residual stress errors were 10% and
12%, respectively, while those at the weld center were
only 0.1% and 0.6%.

(3) The calculation results of EBW temperature and residual
stress regarding thin plate were used to predict the fatigue
life of the combustor casing of an aeroengine. Compared
with the non-welded casing, the equivalent stress and
deformation of the welded casing increased by 5.73%
and 0.25%, respectively, while the low-cycle fatigue life
decreased by 32%. This confirms that welding residual
stress does have an important effect on the thin wall
structure such as the welded combustor casing in
aeroengines.
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