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Abstract
Predicting and controlling the welding deformation of large aluminum alloy structures is crucial to ensure
the accuracy during the manufacturing of high-speed electric multiple units (EMUs). On the basis of heat
source calibration, the dual ellipsoid heat source model and simplified equation parameters were used for
metal-inert gas (MIG) welding, and the simulation of residual stresses obtained from the three numerical
simulation methods were compared with the experimental values, and it was determined that the
thermoelastic-plasticity method was used as a method to establish a high-precision inherent strain
database. Based on this database, the welding deformation of the entire sidewall (23 m, 44 welds) was
predicted and compared with the experimental data, and the error of the two results was less than 1 mm,
and the simulation model was able to reflect the actual situation. Meanwhile, on the basis of this model,
the effects of welding sequence, spot fixing method and number of clamps on welding deformation were
investigated separately, and the results showed that: the reasonable welding sequence reduced the
maximum deformation by 30.90%; the appropriate spot fixing method reduced the maximum
deformation by 12.56%; and the reduction of the number of clamps by 9% could get the same effect as
the original scheme, and the reduction of the number of fixtures by 18% could still ensure that the overall
deformation was basically unchanged. Thus, process optimization can effectively control welding
deformation, providing insights for improving the welding quality of aluminum alloy-based high-speed
EMUs structures.

1. Introduction
To meet the contemporary requirements of “weight reduction, speed up,” aluminum alloy materials have
been widely used in rail vehicles, especially in high-speed EMUs. The bodies of different types of high-
speed EMUs have been welded using different aluminum alloys with high coefficients of thermal
expansion and shrinkage, which makes it challenging to weld and control the welding deformation [1, 2].
Determining and controlling welding deformation of large aluminum structures and improving welding
quality via experimental process conditions are not economical and practically feasible; thus, welding
numerical simulation calculations have wide application potential because of several advantages, such
as low cost and high calculation accuracy [3].

For large structures, the thermal elastic-plastic method and the inherent strain method are the typically
used numerical simulation methods. Using the thermal elastic-plastic method, the entire process of
welding simulation can be tracked, the welding deformation of the structure can be obtained, and the
temperature field and stress field results of each moment can be analyzed. However, the thermo-elasticity
calculation process is a typical nonlinear process with large calculation time, and it does not easily
converge. It is therefore suitable only for the numerical simulation of general welded joints and small
structures of welding deformations [4–6]. Research on welding deformation prediction of large structures
is still in nascent stages. Kazuki Ikushima et al. implemented the unitary method for predicting the
deformation of vehicle side rails through a large-scale thermal elastic-plastic analysis method idealized
to display finite elements, which can be modelled in a reasonable computational time. [7]. Paik J had
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successfully predicted the residual stresses and deformations induced by welding of steel reinforced
plate structures based on the three-dimensional thermal elasto-plastic finite element method taking into
account the initial defects and experimentally verified its accuracy. [8]. Gao Xu obtained the influence
mechanism of fixture positioning and welding sequence on the residual stress and deformation of side
wall welding, considering the side wall of a high-speed train body as the research object; they analyzed
the fixture positioning and welding sequence parameters based on the thermal elastic-plastic method [9].

The inherent strain method is a relatively economical means for predicting the deformation of large and
complex welded structures, and it can obtain the residual stresses and deformation values with some
accuracy. Thus, it has good practical significance and development prospects. Since the 1990s,
Japanese researchers have introduced the theory of inherent strain in welding simulation studies, which
have been widely applied in the marine industry [10–12]. Corresponding results have been achieved in
butt welding, fillet welding, plane segment welding, and surface welding of large complex structures [13–
15]. In the early 20th century, there was extensive new research on the inherent strain method for the
welding deformation of rail vehicles. In 2004, Xie Lei et al. studied the inherent strain law of aluminum
alloy butt welding and determined the relationship among longitudinal shrinkage, transverse shrinkage,
and angular deformation with different heat input parameters. Then, they predicted the welding
deformation of a simplified model of locomotive roof cover, providing a theoretical basis for controlling
welding deformation [16]. There are several contemporary applications of the inherent strain method in
the welding deformation prediction of rail vehicles, such as the electric locomotive pillow beam [17], bogie
side beam [18], stainless steel roof [19], aluminum alloy floor [20], aluminum alloy end wall [21], and
aluminum alloy body [9, 22]. These studies have provided theoretical insights for welding process
optimization and welding deformation control for rail vehicles. Overall, the thermal elastic-plastic method
is suitable for examining small and fine modeling structures or joints. It enables fine modeling and
analysis of the temperature, deformation, and stress at each moment; however, it requires a lot of time-
consuming calculations. The inherent strain method is suitable for studying the welding deformation of
large structures. It disregards the temperature and stress changes at each moment, and only examines
the final deformation. It requires less time-consuming and less extensive calculations. Therefore, it is
more suitable for the prediction and control of welding deformation of large structures of railway
vehicles.

The traditional thermal elastic-plastic theory cannot solve the simulation problem of large-size
components. Most of the research on the thermal elastic-plastic method has focused on predicting the
welding residual stress and deformation of small welded structures, and only used this method to verify
test and simulation results and analyze process parameters without improving the heat source model
that determines calculation accuracy. In recent years, scholars at home and abroad have applied the
inherent strain method to the welding deformation prediction of various large structures, but the research
objects have mostly been roofs, floors, and side beam structures. However, research on the large
aluminum alloy side walls of high-speed EMUs, which are mainly composed of 5 large aluminum alloy
profiles with different joint types, numbers of welds, and clamping constraints, is very limited. It is
challenging to study the deformation of the whole structure. In addition, most current research has
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focused on predicting welding residual stress and deformation in single-welded joint types of local side
wall structures. It has only optimized welding process parameters from a single welding sequence,
instead of test verification and multi-process parameter optimization. And the inherent strain method only
considers the influence of longitudinal and transverse strains [23, 24], and the angular strain is not taken
into account. There is also no research on controlling welding deformation of whole structures by
optimizing process schemes.

This study focused on the aluminum alloy side-walls (length = 25 m) of a high-speed EMU. Combined
with the actual production process parameters, a high-accuracy inherent strain database considering
longitudinal, transverse, and angular strains of butt and lap welding joints was established using the
thermal elastic-plastic method. The deformation influence of the welding sequence, tacking-weld setting,
clamp number, and position were examined and compared with the experimental analyses. The findings
of this study provide insights for welding deformation control of large aluminum alloy structures.

2. Local model simulation analysis and validation

2.1 Heat source calibration
The side-wall of a high-speed EMU welded from five pieces of 6005A aluminum alloy with extruded
profiles was considered. Two types of welding joints were considered, namely, butt and lap joints. Heat
source calibration was carried out on both to develop a heat source model for simulation calculations. 

The actual side-walls were welded using MIG welding, thus the double ellipsoidal heat source model
proposed by Goldak [25] was selected for simulation. The forming of the weld was controlled by the
shape parameters of the double ellipsoidal heat source model. Changing these parameters enabled
calculation of different heat source shapes, resulting in the formation of different welds and diverse
temperatures of the melt pool, which affected the temperature field of the welded component and caused
deviations in the calculated stress field, and deformation. The relevant parameters of the heat source
model were constantly adjusted after the process parameters were determined, and the heat source
shape consistent with the actual molten pool shape was obtained. In [26], the relationship between plate
thickness and double ellipsoid heat source model was provided, and the shape parameters was
calculated using Eq. (1) to check the heat source. 
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Table 1 Welding and heat source parameters of butt and lap joints

Welding parameter Butt joint Lap joint

Welding speed V 12 mm/s 13 mm/s

Welding current I 210 A 260 A

Welding voltage U 22 V 25 V

Heat source efficiency 75% 75%

Total energy input Qz 385 J/mm 480 J/mm

Net energy input  289 J/mm 360 J/mm

The welding process parameters are presented in Table 1; as shown in Eq. (1), double ellipsoidal heat
source shape parameters were adjusted for the two types of welding joints. The calculated heat source
cross section was compared with the joint heat source model obtained after physical experiment
corrosion. The simulated heat source was close to the actual heat source result, as shown in Fig.1, which
satisfied the molten pool boundary criterion. The measured molten pool area was also consistent with the
actual heat source. Therefore, the established double ellipsoid heat source was suitable for using as a
heat source model for MIG welding. The final determined parameters of the double ellipsoid heat source
model are shown in Table 2.

Table 2 Heat source parameters
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Heat source parameter Butt joint Overlap joint

Width a 3 mm 3.5 mm

Depth b 4 mm 5 mm

Front half-axle length cf 3 mm 3.5 mm

Rear half-axle length cr 12 mm 14 mm

Front half-axis energy distribution ff  0.8 0.8

Rear half-axis energy distribution fr 1.2 1.2

2.2 Local model introduction
To improve the accuracy of the simulation, the inherent strain database for the local model is typically
calculated using three methods, namely, the thermal elastic-plastic method [27,28], thermal cyclic curve
method [29,30], and shrinkage force method [31,32]. In this study, these three methods were used to
simulate and analyze the local model using Simufact software; simulation and experimental results were
compared to identify the best simulation calculation method, and then, the inherent strain database of
the two types of welding joints was established.

A small part between the upper and middle window panels was selected as a local model (dimensions =
1000 mm × 600 mm). There were two butt joints in the local model (Figure 2(a)) which used the heat
source model presented in Table 2. 3D Solid elements were used to simulate the local model, with
424,705 nodes and 370,800 elements. 

Five measurement points A–E were selected on the workpiece transverse centerline; these were located
on the weld, on the edge of the weld, on the heat-affected zone (near the weld), on the heat-affected zone
(away from the weld), and on the base material, respectively, and were 3 mm, 8 mm, 23 mm, 36 mm, and
280 mm, respectively, away from the center line of the weld. These were also the measurement points of
residual stresses as well as simulation model tracking points, as shown in Figure 2(b).

During the actual processing, combination clamping conditions of the supporting platform and square
blocks were used, as shown in Figure 3 (a). The simulation analysis was therefore based on the actual
processing, and the restraints considered the same clamping conditions, as shown in Figure 3 (b); the
welding was done along the X-direction.

2.3 Validation analysis of residual stresses
Residual stresses in the butt joint structure, determined by simulation, were mainly attributed to
longitudinal residual stress. To better compare the accuracy of the results obtained using the three
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methods, the residual stresses calculated at five points (shown in Figure 2(b)) were selected. Comparison
of simulated and measured values including longitudinal residual stress and relative error was shown in
Figure 4. Furthermore, Table 3 provided a comprehensive explanation of each of the three methods. X-ray
diffraction (XRD) was used for testing the residual stress of the joints. Because the test depth was only
20 µm, the additional stress layer on the surface was stripped by electrolytic polishing, and then, the
actual distribution of the residual stress for welding was accurately measured. This mainly comprised
five steps, namely, inspection, grinding, polishing, cleaning, and testing.

As shown in Fig. 4, the thermal elastic-plastic method had high calculation accuracy, and its curve was
the closest to the measured curve, and the relative error was very small. The calculation results of the
thermal cycle curve were also closer to the measured results, but the relative errors were large in the
position away from the weld, while the calculation results of the shrinkage force method were the farthest
from the measured curve, and the relative errors of each measuring point were large. This was because
the thermal elastic-plastic method adopts a typical nonlinear process, which requires multiple iterations
and is time consuming; however, it has high calculation accuracy. Furthermore, the thermal cycle curve
method is based on the thermal elastic-plastic method, which further simplifies the moving heat source of
the thermal elastic-plastic method. The shrinkage force method is based on the calculation theory of
empirical accumulation and has poor accuracy. Therefore, this method will not be considered in the
following discussion.

The simulated results of points A and B near the weld were far from each other from a single curve. This
was because welding heat was most concentrated at the center of the weld, and the working conditions
were complex and varied. Therefore, the absolute error of the numerical value on the center of the weld
obtained by simulation calculation was larger than that in other regions, but it did not exceed 10% and the
relative error was small. Except for shrinkage force method, the simulated results of points C–D were
close to measured results and had low relative error based on the thermal elastic-plastic method and the
thermal cycle curve method. The absolute error was only approximately 5%. The simulated results of
point E was close to measured results although high relative error, this was because point E was far away
from the weld, the temperature gradient was small, resulting in a small residual stress value, so a small
absolute error would induce a large relative error at point E.

As shown in Table 3, under the same computer configuration, the same model, and the same mesh size
and number, the calculation time of the three methods varied considerably, and the calculation error was
also large. The thermal elastic-plastic method had high calculation accuracy and long calculation time,
which made it suitable for small models that require high calculation accuracy. The thermal cycling curve
method had relatively high calculation accuracy, and its calculation time was significantly smaller than
that of the thermal elastic-plastic method, making it suitable for models of medium and large structures
with high calculation accuracies. The shrinkage force method had lower calculation accuracy, making it
suitable for models of large structures with low calculation accuracies. Thus, the thermal elastic-plastic
method was used to simulate local models for obtaining high precision results of inherent strain values.
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Table 3 Comparison of three methods

Methods Thermal elastic-plastic
method

Thermal cycling curve
method

Shrinkage force
method

Computer
configuration

CPU: Intel(R) i9-11900K @ 3.50 GHz; Memory: 3000 MHz 64 GB

Model size. 1000 mm × 600 mm × 50 mm

Model scale Nodes: 424,705 Elements: 370,800

Calculation time 72 h 10 min 43 h 20 min 25 min

Residual stresses
error

Minimal Smaller Larger

Range of
application

Small structure Medium and large
structure

Large structure

2.4 Inherent strain database establishment
In several studies, longitudinal and transverse shrinkage are only considered when using the inherent
strain method, and angular deformation is not taken into account. The influence of transverse,
longitudinal, and angular deformation should be considered for such large structures of EMU side walls,
with >20 m of welds with butt and lap welding joints [33]. Structural welding deformation simulations
therefore require a database of inherent strains in all welding joints.

Main steps for establishing the inherent strain database.

(1) Two welding joints were extracted from the overall model, and a 3D solid mesh was created, as shown
in Figure 2(a).

(2) Based on the thermal elastic-plastic method, the two welding joints were simulated considering the
temperature, material, and non-linearity of heat transfer.

(3) There were significant temperature changes between the arc starting and arc stopping stages of the
weld, so the intermediate weld area was selected to extract the relevant data, and it was summarized to
obtain the inherent strain database.

The inherent strain databases of the two welding joints are presented in Table 4.

3. Overall model simulation analysis and validation

3.1 Overall model introduction
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Overall side-wall comprised five parts, namely, upper wall panel, upper window panel, middle window
panel, lower window panel, and lower wall panel (Figure 5(a)).The height and length were 1,873 mm and
23,756 mm respectively. The side-wall model had eight welds, which included seven butt joint welds and
one lap joint weld (Figure 5(b)). Weld1, Weld4, Weld5, and Weld8 were continuous long welds; Weld2,
Weld3, Weld6, and Weld7 were short welds because of the presence of the intermediate window.
Therefore, there were total of 44 welds in the model, with 40 short welds and 4 long welds.

The overall model of the side-wall was a mesh of all shell elements. In terms of the calculation efficiency,
the mesh at the weld seam was densely divided, with element size of approximately 2.5 mm, while the
parent material mesh was sparsely divided, with element size of approximately 12 mm; the number of
nodes and meshes was 374,545 and 433,132, respectively.

3.2 Welding simulation
The welding software Virfac was used to simulate the whole model, considering the computational
efficiency and economy of the whole model. The overall welding simulation process was as follows: ①
fixing with clamps; ② tacking welds of the whole workpiece; ③ welding: Weld6, Weld7, Weld5, Weld8, Weld2,
Weld3, Weld1, and Weld4; ④ checking welding simulation deformation; and ⑤ comparing with the actual
measured deformation.

The inherent strain method was adopted to simulate welding deformation of the overall structure
according to the actual welding process; results are presented in Figure 6. 

As shown in Figure 6, the largest value of deformation was at the upper door frame of the left side door
(6.305 mm); the second largest deformation was at the lower right side of the inner door frame (5.171
mm); the third largest deformation was at the left side of window 1 (3.684 mm). The deformation around
windows 4, 5, 8, and 9 was approximately 3.400 mm; it was approximately 1.800 mm in Weld4 and
Weld8 (lap joints) and 1.600 mm in Weld1 and Weld5. In the remaining blue positions, the deformation
was relatively small (not exceeding 1.000 mm). In short, the location and quantity of the clamps
controlled the deformation of the whole side wall. The deformation of the upper door frame of a side door
was the largest. This was because there was no clamp in this place, which was in a free state, resulting in
the largest deformation. Other places with large deformation were mainly far away from the location of
the clamp, or in the middle of the whole side wall, resulting in large deformation. The rest of the
deformation was not large because of the setting of the clamp.

3.3 Validation  
After side-wall welding according to the actual process, a type of calipers (manufactured to match the
curvature of the outer surface of the side-wall) was used to measure the actual welding deformation. The
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gap distance between the caliper blade and the side-wall was the amount of welding deformation, as
shown in Figure 7. 

To better compare the simulated deformation results with the actual welding results, three measurement
locations were selected in the front, middle, and rear of side-wall (red line locations), as shown in Figure 8
(a). At the same time, two welding deformation measurement points were selected on the outside of each
aluminum profile along the section direction, as shown in Figure 8 (b); thus, there were a total of 30
measurement points. And each measuring point was measured several times and averaged. The gap
distance of 30 measurement points were used to evaluate the deformation of the side-wall.

Comparison of deformations between simulation and experiment was shown in Figure 9. As shown in
Figure 9, at all three locations, the overall deformation showed a similar trend. The deformation value of
measured location 3 was larger than that of measure location 1, because the weld length was long and
clamping number was less in this position. The deformation value of location 2 was between position 1
and location 3. At the same location, the deformation value of 1-5 measured points were less than that of
6-10 measured points, because the latter was located on the large structural curvature to increase the risk
of welding deformation. From the whole 30 deformation measurement points, at 9 measurement points,
error was <0.1 mm, at 16 measurement points, it was >0.1 mm and <0.5 mm, and at 5 measurement
points, it was >0.5 mm and <1 mm. Thus, it is reasonable, consistent, and correct to calculate the welding
deformation of the side-wall of high-speed EMUs using the inherent strain method.

4. Influence of welding process conditions on deformation

4.1 Welding sequence influence
Different welding sequences affect the amount of welding distortion as well as the number of overturn
flips on the entire side-wall. Welding simulation can be performed without considering field operations;
however, in the actual welding process, the number of overturn flips should be considered. The length of
the side-wall of the high-speed EMU was approximately 23 m; three schemes were therefore selected, as
shown in Table 5. Scheme three is ideal for simulation, and it can be used to compare other welding
sequences for examining the influence of welding deformation.

The total deformations for the three schemes were calculated and compared with the original scheme, as
shown in Figure 10.

Compared with the original scheme, in scheme one, the outer side wall was welded first and then the inner
side was welded. In the original scheme, welding was done from the middle to both sides. In scheme one,
welding was done from top to bottom, and the clamp was turned over once, ensuring that the overall
welding deformation did not change much. In scheme two, alternate welding from the outer to inner sides
was carried out, and the clamp was turned over four times; as a result, its welding deformation was
considerably different compared with other schemes. In scheme three, inner and outer side alternate
welding was carried out, and the clamp was turned over seven times. In scheme three, the maximum
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deformation decreased from 7.072 mm to 4.887 mm, and the second largest deformation decreased
from 6.467 mm to 3.59 mm. Scheme three was thus the best scheme; however, scheme one was optimal
considering the overturn flips. Thus, the welding sequence considerably influenced the welding
deformation.

4.2 Tack-weld influence
In actual production, two types of tack-weld settings are often used on structures. One was used to set
the tack-weld for assembling a whole structure before welding (named scheme one, as shown in Figure
11), and the other was used to set tack-weld only when the specific part was welded (named scheme
two).

Two types of tack-weld setting simulations were studied, as shown in Figure 12. As shown in Figure 12,
the maximum welding deformation obtained by scheme two was significantly less than that using
scheme one. The maximum decrease in deformation at other positions was less for scheme one than for
scheme two. This was because in scheme one, five aluminum profiles were combined into a whole by
setting tack-weld; as a result, the internal stress of the eight welds was added to the whole workpiece. The
maximum deformation and the second largest deformation were influenced by the eight welds, resulting
in larger deformation. In scheme two, five aluminum profiles were welded separately; the internal stress
produced during welding did not affect other parts, so the maximum deformation and the second largest
deformation were small and only affected by a few neighboring welds.

4.3 Influence of number of clamps
In practical production, external clamping constraints are typically used to control welding distortion.
Welding deformation decreases with increase in the number of clamping constraints; however, this
increases the production cost. This simulation analysis showed that welding deformation of the model
was within a reasonable value range. Combining these findings with the actual deformation, fewer
number of clamps can be used at locations with smaller deformations to reduce production costs.

The deformation between windows 2 and 3 and 6 and 7 was small; therefore, we attempted to reduce the
number of clamps at these two positions. Three clamping schemes were set as shown in Table 6.

Simulation calculations show that these three clamping scheme conditions only slightly influenced the
maximum deformation, but they considerably influenced the local deformation. To better analyze the
influence of reduced number of clamps on local deformation, the deformation between windows 2 and 3
and 6 and 7 were compared for the different clamping schemes, as shown in Figure 13.

As shown in Figure 13, compared with the original scheme, clamping scheme one decreased the number
of clamps at the upper and lower wall panels, and the deformation was not considerably different. Both
clamping schemes two and three had local deformations of approximately 2.20 mm, and the
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deformation area of clamping scheme three was larger than that of clamping scheme two. The clamping
of the upper and lower wall panels between windows 2 and 3 and 6 and 7 had a more obvious
deformation effect than the clamping configuration on the other panels. 

5. Conclusion
Addressing the complexity, joint diversity, large number of welds, and long weld lengths found in the
aluminum alloy sidewall structure of large high-speed EMU, an in-depth study has been conducted on
welding deformation prediction and control. Through experimental verification, the accuracy of finite
element model simulation has been confirmed, providing a solid theoretical foundation and practical
guidance for optimizing the welding process scheme and accurately controlling welding deformation in
rail vehicles.

(1)A heat source model for MIG welding of two aluminum alloy joints has been successfully simulated to
account for their unique characteristics. The study demonstrates that the simplification of the heat
source shape parameter formula, utilizing the double ellipsoidal heat source model, enables rapid and
accurate simulation of the heat source effect. This approach reduces the redundant process of heat
source calibration and significantly decreases simulation time. Following heat source calibration, the
weld molten metal region in the model aligns closely with experimental results, thereby validating the
reliability of the simplified heat source shape parameter formula and the accuracy of the heat source
model.

(2)To identify a suitable method for the research object in this paper among various existing simulation
methods, a comparison of three methods is conducted: the thermal elastic-plastic method, the thermal
cycle curve method, and the shrinkage force method. The results indicate that the thermal elastic-plastic
method offers a significant advantage in terms of calculation accuracy, with its simulation curves
aligning most closely with the measured curves. Conversely, the thermal cycle curve method simplifies
the heat source movement process, leading to a slightly lower computational accuracy compared to the
thermal elastic-plastic method. The shrinkage force method, on the other hand, relies primarily on
accumulated experience and exhibits relatively low accuracy. Consequently, for the local model, it is
decided to employ the thermal elastic-plastic method to establish a high-precision inherent strain
database that ensures the accuracy of subsequent simulations.

(3)Exciting conclusions have been drawn regarding the prediction of weld distortion in large aluminum
alloy sidewall structures. The simulation calculation is highly consistent with the actual measurement
trend, with 83.33% of the total measurement points having an error of less than 0.5 mm and 100% of the
measurement points having an error of less than 1 mm. This indicates that the established simulation
model can truly reflect the actual situation.

(4)In addition, the effects of reasonable welding sequence, appropriate tack-weld settings, and reducing
the number of clamps on the maximum distortion are also investigated. The results indicate that a
reasonable welding sequence can significantly reduce the maximum distortion by 30.90%, and an
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appropriate tack-weld setting can reduce the maximum distortion by 12.56%. Surprisingly, reducing the
number of clamps by 9% can achieve the same effect as the original scheme, while reducing fixtures by
18% can still keep the overall deformation basically unchanged, except for the slightly larger value of
individual point positions. This provides a solid foundation for optimizing the actual production welding
process. By optimizing the welding process, production conditions can be reduced, thereby improving
production capacity and factory productivity.
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Figures

Figure 1

Heat source comparison: butt joint (a) simulation and (b) experimental results; overlap joint (c)
simulation and (d) experimental results
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Figure 2

(a) Local FEM model and (b) location of measurement points

Figure 3

Clamping constraint model: (a) actual and (b) calculated clamping constraints
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Figure 4

Comparison of simulated and measured values(a) longitudinal residual stress(b) relative error

Figure 5

Side-wall model and joint types: (a) side-wall model; (b) joint types
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Figure 6

Simulated deformation

Figure 7

Measured deformation
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Figure 8

Deformation measurement sketch map: (a) measured locations; (b) measured points

Figure 9

Comparison between simulated and measured deformations: (a)–(c) measured locations 1–3,
respectively
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Figure 10

Comparison of the maximum deformation at the three main deformation positions

Figure 11

Tack-welds in actual production
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Figure 12

Comparison between two schemes

Figure 13
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Comparison of local deformations from different clamping schemes: (a) Local deformation between
windows 2 and 3 and (b) windows 6 and 7
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