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Abstract. Double-layer shell structures are widely used in the carapaces of vacuum vessels,
cyclotrons, submarines and ships. The design of this double-layer structure considers the structural
strength, sealing and special conditions. In the shell processing, the crisscross ribs are welded with
the inner and outer shells to become parts. The welding deformation caused by multiple joints
exceeds the tolerance, and external constraints are needed to ensure the forming accuracy of the
contour. In this paper, the suppression effect of fixture and rigid constraint method on welding
deformation of butt joint and T-joint was analyzed. The welding specimen of the double-layer shell
structure was carried out, and the influence of different welding sequences on the final welding
deformation was analyzed. Through external mechanical constraints, the deformation is reduced
from 7.27 mm to 2.89 mm, which meets the tolerance requirements. The measured deformation is
compared with the simulation results based on the inherent strain theory, which verifies the
reliability of the numerical model and provides technical guidance for engineering manufacturing.

Introduction

The shell components of vacuum vessels, cyclotrons, submarines and ships are usually designed
as double-layer shell structures, mainly considering strength, tightness, pressurization and special
work conditions [1-2]. Due to the harsh service environment conditions, the processing accuracy,
structural strength, and long-term service reliability of the double-layer shell components have
high requirements. Cyclotrons and vacuum vessels in fusion reactor have a thick-walled double
shell structure with intricate ribs and high-density, full-penetration welded joints [3]. The shell
component is a large-scale structure with a complex hyperbolic curved shell, which usually adopts
a multi-block segmented welding method. The assemble and welding of multi-block components
forms the final shell components [4]. It is inevitable to cause independent block deformation and
accumulate deformation in the process of continuous manufacturing. To improve the
manufacturing accuracy of the shell, it is necessary to calculate and suppress the welding
deformation of each manufacturing stage to ensure that the final contour precision of the shell can
meet the tolerance requirements [5]. The welding deformation is positively correlated with the
accumulated heat input during the welding process. Choosing reasonable welding method, welding
sequence, welding parameters, and joint design can effectively reduce welding deformation.
Usually, it is necessary to predict the amount of deformation through numerical simulation and
then design a suitable fixture structure to suppress the generation of deformation. The finite
element metho based on inherent strain has made significant achievements in predicting welding
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deformation of large structures, greatly improving computational efficiency while ensuring
calculation accuracy [6]. Murakawa et al. proposed the concepts of inherent strain and inherent
deformation to simulate welding deformation and residual stresses [7]. Deng et al. established a
finite element method to accurately simulate the welding deformation of large-scale structures
considering the initial root gap [8]. Wang et al. predicted and reduced the out-of-plane welding
deformation of different types of welded joints in ship panel based on inherent deformation theory
[9]. Lu et al. simulated the welding deformation of T-joint using the thermo-elastic-plastic method
(TEPM) and the inherent strain method (ISM), and predicted the deformation successfully of side
beam of bogie using the inherent strain [10]. Zhong et al. predicted the assembly welding
deformation of the 1/8 vacuum vessel using equivalent transverse and longitudinal inherent strains,
and reduced the welding deformation by optimizing the welding sequence and setting constraints
[11].

In addition, the design of fixture is necessary, because the external constraints can effectively
reduce the welding deformation. Ma et al. investigated the welding deformation of butt joint under
fixture constrained conditions through experiments. The effects of different constraint positions
on longitudinal shrinkage, transverse shrinkage and angular deformation are discussed in detail
[12]. Zhang et al. compared the effects of preset stiffeners and anti-deformation method on
suppressing the welding deformation of 30 mm T-joints [13]. Gharib et al. studied the effects of
clamping time, clamping position and heat/cold release mode on the welding deformation of butt
joints [14]. Xia et al. designed a special welding fixture for the 1/16 vacuum vessel, and carried
out numerical simulation and experimental measurement to verify that the welding deformation is
effectively reduced [15]. Ma et al. applied the inherent deformation calculated by constrained
joints to large structures to predict welding deformation controlled by jigs. The jigs near the weld
are more helpful in reducing the welding deformation [16]. At present, welding deformation
control of large structures with multiple welds is still challenging. The inherent strain method can
be used in numerical simulation, which also means that the inherent strain of the joint needs to be
calculated first. The accuracy of inherent strain directly affects the prediction results of large
components. In addition, the fixture is designed according to the results of deformation prediction,
which requires higher simulation accuracy, otherwise it will lead to the increase of research and
development cost in the manufacturing process. The difference of different welding structure
characteristics makes the welding deformation suppression scheme different. There are few
research literatures on welding deformation of double-layer shell structure. In this paper, according
to the characteristics of double-layer structure, the optimal welding sequence, welding deformation
mechanism and welding deformation suppression are studied, which brings data support to
engineering manufacturing.

In this paper, the deformation suppression of typical welded joints of double-layer shell
structure was studied. The clamping constraint was used to reduce the angular deformation of the
butt joint, and the stiffener was used to reduce the deformation of the T-joint. The distribution of
welding deformation before and after constraint was analyzed in detail. The optimal welding
sequence of the double-layer shell was studied, and the welding deformation trend and mechanism
under unconstrained condition were analyzed. The constraint system was used to suppress the
deformation of the double-layer shell. Finally, the deformation is controlled within the tolerance
range and the results are compared with the experimental measurement.

Numerical simulation method of welding deformation

In the calculation process of the welding temperature field, a nonlinear heat transfer equation is
used to describe the heat transfer process generated by the welding arc inside the welded
workpiece.
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pc(z—f(x,y,z,t)=—V~q(x,y,z,t)+Q(x,y,z,t) (1)

where, p is the density of the materials, ¢ is the specific heat capacity, 7 is the current
temperature, ¢ is the heat flux vector, Q is the internal heat generation rate, x, y and z are the
coordinates in the reference system, ¢ is the time and V is the spatial gradient operator.

The double ellipsoidal volume heat source is used to represent the form of welding heat input
[17]. The four parameters determine the shape of the heat source, a1 is the length of the front semi-
axes in the welding direction, a; is the length of the rear semi-axes in the welding direction, b is
the semi-axes length in the direction of weld width, c is the semi-axes length in the depth direction
of the weld seam. The heat flux distribution of the front and rear parts can be expressed as follows:

2 2 ~
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where, 01 and O» are the effective power of the heat source in the front and rear hemispheres,
respectively. fi and f, are the distribution coefficients of heat flux density in the front and rear
hemispheres, and f1+£>=2. 7 is heat source efficiency. xo, yo, and zo are the starting point coordinates
of the welding heat source, respectively. v is the welding speed, U is the welding voltage, and / is
the welding current.

In the simulation model, the convection and radiation effects between the model and the external
environment are considered. The convection heat loss g. and the radiation heat loss ¢, are as
follows [18]:

q.=-h(T,-T,) 4)

=—¢0| (T, +273.15)' =(T, +273.15)"

The mechanical behavior during welding is very complex. The inherent strain theory believes
that the summation of thermal strain &wmemmal, plastic strain &plastic, creep strain écreep, and phase
transition strain ephase after the welding process is the inherent strain, which is the source of the
residual stress and deformation. The inherent strain &innerent can be expressed as follows [19]:

ginherent = gplastic + gthermal + gcreep + gphase (6)

The magnitude and distribution of the inherent strain are mainly determined by the welding
parameters, such as the types of the welded joint, welding heat source, material types, and
geometric parameters. In Eq. 6, creep strain and phase transition strain are usually ignored because
they are relatively small. Plastic strain is the main source of deformation. Welding distortion of a
weld joint mainly including four components, longitudinal shrinkage (dx), transverse shrinkage
(dy), longitudinal bending (6,) and transverse bending (angular distortion 6,). The four components
can be calculated using the following equation [19]:
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where, ¢, is the plastic strain in the welding direction (longitudinal direction), ¢, is the plastic
strain in the transverse direction, % is the thickness.

The inherent deformation is obtained by integrating the plastic strain with Eq. 7, and the elastic
analysis can be carried out by introducing the inherent deformation into the finite element model.
The determination of the magnitude of the inherent strain depends on the prior thermo-elastic-
plastic analysis. Reference [20-21] proposed an empirical method for calculating inherited strains
based on extensive experimental research. Assumptions K and ¢ are the longitudinal and transverse
inherent strain coefficients respectively. After a lot of experiments and numerical simulations, K
and ¢ depend on the value of Q/A?, as shown in Fig. 1.
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Fig. 1. The coefficient of empirical inherent strain method. (a) Longitudinal inherent strain
coefficient. (b) Transverse inherent strain coefficient. (c) Eccentricity.

The magnitude range of O/A? in engineering welding is 0~20 kJ/cm?, and the magnitude range
of medium and thick plates is generally 0~5 kJ/cm®. Through linear curve fitting using the
MATLAB, the approximate calculation formula can be obtained as follows:

o.ogxh%+o.7 (h—Qz<5j
Y
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h h
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h

For multi-pass welding, the total volume of longitudinal inherent strain W, and transverse
inherent strain W, can be expressed as [21]:

(8)
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£= 9
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W, =SW, =50, (11)
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where, W, is the sum of longitudinal inherent strains for single pass welding; S is the area of
the weld seam. ¢ is the yield strain. Q; is the line energy of the i-layer weld, &; is the inherent strain
coefficient corresponding to the i-layer weld.

In the finite element model, the inherent strain application area can be set in the calculation
model, and the anisotropy thermal expansion coefficient of the material in the inherent strain area
can be defined. Unit temperature load can be applied to achieve the loading of the longitudinal and
transverse inherent strains of the weld. The coefficient of thermal expansion a. and a, can be
obtained using the following equations:

W’C
o, =——

AAT (12)
a,=—
T AAT (13)

where, A4 is the sectional area of the inherent strain application unit; a. corresponds to the
coefficient of thermal expansion in the direction of longitudinal inherent strain, a, corresponds to
the coefficient of thermal expansion in the direction of transverse inherent strain; AT is the unit
temperature load.

For different joint types, the applied area of inherent strain is different, as shown in Fig. 2. For
butt joints, the thermal expansion coefficient can be applied to the rectangular area nearby of weld
[21]:

A=2axh' (14)

where, a is the half-width of the natural inherent loading area, /' is the thickness of the inherent
strain loading area, h'=h-2e, e is the eccentric value, also depending on the value of Q/h?, as shown
in Fig. 1(c).

For T-joints, the heat will be applied to the flange and web at the same time during welding,
and the inherent strain shall be calculated separately. The line energy calculation of the flange
and web can use the following equations [22]:

— th
Qf - Zh/ + hw Qtotal (15)
h
Qw = #Qrotal
2h, +h, (16)

where, Orand Q, are the line energies obtained from the flange and web, respectively; Arand
h,, are the thicknesses of flange and web, respectively; Qi s the total linear energy of the weld.
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Fig. 2. Application methods of inherent strain for different joints.
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Numerical simulation of welding deformation suppression

Double-layer shell structure and welded joints. The double-layer shell structure studied in this
paper is the part of the carapace of the cyclotron, and its manufacturing accuracy will directly
affect the subsequent multi-block assembly and welding. The structure is formed by welding, and
the contour of the curved surface shape needs to be effectively guaranteed. The exploded view of
the double-layer shell structure is shown in Fig. 3(a), which is composed of the outer shell, inner
shells, toroidal ribs, and poloidal ribs, mainly including X-groove butt joint, double V-groove T-
joints, and J-groove T-joints. To be more specific, the welding between inner shells is a X-groove
butt joint. The welding between inner shells and ribs is double V-groove T-joints. The welding
between ribs is double V-groove T-joints. The welding between the outer shell and ribs is J-groove
T-joints, as shown in Fig. 3(b)-(d).
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Fig. 3. Double shell structure and different welded joint: (a) Double shell structure, (b) X groove
butt joint, (c) K groove T-joint, (d)J groove T-joint, (e) Unconstrained butt joint, (f)
Unconstrained T-joint, (g) Restraint conditions of butt joint, (h) Restraint conditions of T-joint.

The typical joints of the shell structure are numerically simulated, and the influence of different
constraints on the welding deformation is analyzed. The mitigation of deformation was the major
focus of this work, and different constraint schemes were constructed utilizing the mechanical
constraints. The first is the free state, which is bounded by three corners, as shown in Fig. 3(e)-(f).
It is a necessary limitation to prevent inaccurate spatial motion trends. The butt joint is constrained
by the clamping mechanism, and the T-joint is constrained by the reinforcing rib, as shown in Fig.
3(g)-(h). Considering the interaction between the fixture and the sample, the simulation model of
the constraint fixture is established. To accurately simulate the thermodynamic behavior during
the welding process, temperature-dependent material properties were used. The base metal is 304
stainless steel, and the welding wire is ER316. It is assumed that the material parameters of the
welding material are the same as those of the base metal. The manual gas tungsten arc welding
method was used to conduct experiments on welding joints to evaluate the reliability of the welding
process. The welding process parameters are shown in Tab.1. In the multi-layer welding process,
the interlayer temperature is controlled below 150°C.
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Table 1. Welding parameters of the manual TIG welding.

Type X-groove K-groove J-groove
Welding pass 20-25 12-15 12-15
Welding voltage (U/V) 8-12 9-12 8-12
Welding current (I/A) 125-220 160-293 150-274
Welding speed (v/mm-min!) 80-120 80-120 80-360

Welding deformation suppression of butt joint. The out of plane deformation of butt joint after
welding are shown in the Fig. 4. The results of welding deformation without constraints are shown
in Fig. 4(a), from which the welding deformation in the vertical direction has a certain symmetry.
It can be found that the transverse inherent strain has a greater effect on the welding deformation,
resulting in an overall V-shaped deformation. The welding deformation constrained by the
clamping mechanism is shown in Fig. 4(b). Due to the constraint of the welding platform, the
deformation of the weld center is reduced, and the angular shrinking causes both ends being
upward. In the free state, both sides of the edge by the initial restraint, the center region
deformation to the downside, when set the restraint, the deformation to the bottom is significantly
reduced, but the sides tend to upward deformation. Under the pressure constraint of the clamping
mechanism, the out-of-plane deformation is obviously alleviated. Fig. 4(c) compares the
distribution of welding deformation in the vertical direction, and with the application of
constraints, the deformation of the weld joint decreases. The restraint scheme reduces out of plane
deformation by 38.6%.
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Fig. 4. Welding deformation simulation of butt joint. (a) Unconstrained state. (b) Restrained
condition. (c) Comparison of angular deformation.

Welding deformation suppression of T-joint. The welding deformation of T-joint are shown in the
Fig. 5. The result of welding deformation without constraint is shown in Fig. 5(a). Due to the
boundary condition, edge region of the flange plate was fixed with almost none deflection, web
plate bend downward with about 34.7 mm magnitude of welding angular distortion. The
deformation result with stiffener is shown in Fig. 5(b). The stiffeners play a structural constraint
role, which hinders the deformation trend and significantly reduces the welding deformation. The
welding angle deformation of the web is reduced to 3.7 mm. This means that the structural
constraints of the stiffeners reduce the welding deformation by 89.3 %. It can be determined that
external mechanical constraints can significantly inhibit welding deformation.
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Fig. 5. Welding deformation simulation of T-joint: (a) Unconstrained state, (b) Restrained
condition, (c) Comparison of angular deformation.

Welding deformation suppression of double-layer shell structure

Optimum welding sequence. The double-layer shell structure has multiple welded joints, and the
welding sequence has a certain influence on the final welding deformation. The inner shell is the
carrier of welding, so the first step is to weld the inner shell, then weld the four ribs on the inner
shell, and finally weld the outer shell. According to the characteristics of the structure, we have
developed the following possible welding sequences, as shown in Fig. 6. The welding of the outer
shell has a variety of possibilities because it is a square weld, so it is necessary to analyze the
influence of different welding sequences on the deformation of the outer shell. Four welding cases
are designed and the optimum welding sequence should be analyzed.

®
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Y U
Welding N 4
sequence 2

2y

Welding
sequence 3

Welding
sequence 4

Welding
sequence 5

Welding  *
sequence 6

Fig. 6. Design of different welding sequences.

In the numerical simulation analysis, in order to simulate the spot welding constraint in the
welding experiment, four nodes are taken at both ends of the inner shell for constraint. Without
other mechanical constraints, the welding deformation under unconstrained conditions is
discussed. The parts are gradually added to the model according to the welding sequence, and the
activation sequence is defined by the birth-death element. The welding sequence 1 and Case A
simulation results in Fig. 6 are shown in Fig. 7, and the maximum deformation is 7.25 mm. When
welding the inner shell, due to the shrinkage of the weld, the two sides are deformed upward. Then,
four ribs are welded subsequently, which has little effect on the deformation of the inner shell. In
addition, the maximum deformation of the longitudinal and transverse ribs is 4.2 mm and 3.9 mm.
After welding, the outer shell deforms downward, with the maximum deformation of 6.15 mm.
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The deformation in the middle area is the smallest, due to the mechanical interaction between the
surrounding welds. From the deformation results, this is far beyond the tolerance requirements, so
it is necessary to suppress the welding deformation.
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Fig. 7. Welding deformation results according to the welding sequence 1.
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Fig. 8. Welding deformation of different lines of the outer shell: (a) Line 1, (b) Line 2, (c) Line 3,
(d) Line 4.

As the weld bead is welded one by one, the stiffness of the weldment will change, and the
shrinkage of the post weld bead will be constrained by the structure. The welding deformation of
outer shell in Case A, Case B, Case C and Case D needs to be discussed in detail. Based on the
welding sequence 1, the influence of different welding schemes on the deformation of the outer
shell is analyzed by numerical simulation. Four lines were selected to compare the difference of
welding deformation, as shown in Fig. 8. In summary, welding deformation of Case C and Case
D is smaller than that of Case A and Case B. This is because Case C and Case D first weld short
ribs to produce structural constraints, which reduces the deformation during subsequent welding
of long ribs. Because of the stronger shrinkage tendency, the average deformation of the long ribs
is obviously greater than that of the short ribs. In addition, the first welded rib always deforms
significantly because it is more prone to deformation without the constraints of other ribs. After
comparison, it can be found that Case C is the optimum sequence for welding the outer shell, that
is, short ribs are first welded and than welding long ribs.
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It has been determined that the welding scheme of Case C is adopted in the overall welding
sequence. The numerical simulation process of welding deformation of different welding
sequences in Fig. 6 is shown in Fig. 9. In the six welding sequences, the first step is to weld the
inner shell, but the difference produced from the second step, which also leads to the difference of
the final welding deformation. In summary, the maximum deformation is 7.40 mm and the
minimum deformation is 7.27 mm in the six welding sequence. It can be concluded that the
welding sequence has no obvious effect on the maximum deformation of the double-layer frame

structure.
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Fig. 9. Welding deformation under different welding sequences.

Welding deformation suppression. In the previous content, the method of suppressing welding
deformation was studied. The external pressure is used to limit the deformation in the butt joint,
and the stiffener is used to constrain the deformation in the T-joint. According to the mechanical
constraints used in processing and converted into corresponding load in simulation. Specifically,
when welding the inner shell, an external load is applied to suppress the deformation. When
welding four ribs, the stiffeners are set to limit the deformation. When welding the outer shell,
anti-deformation back ribs are applied to its back to resist the shrinkage. According to the
unconstrained state, the deformation of the welding sequence 2 is the smallest, so the deformation
is suppressed in accordance following the order. The welding deformation suppression results are
shown in Fig. 10. Finally, The maximum deformation is is reduced to 2.89 mm.
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Fig. 10. Welding deformation suppression results following the welding sequence 2.

Welding experiment. The Jigs system in the numerical simulation process was manufactured for
actual welding. Jigs were used to restrict welding distortion in all welding processes and add and
remove the fixture in the appropriate process. Bolt clamping mechanisms were arranged around
the inner shells, and stiffeners were used to fix ribs on the inner shells during welding. Finally,
anti-deformation back ribs were used to reduce the deformation of the outer shell. The trend and
magnitude of welding deformation were measured after welding. The double shell welded
weldment is shown in Fig.11(a). The numerical calculation and experimental measurement results
were compared, as shown in Fig. 11(b) and (c), which shows that the results of both are highly
consistent. The deformation of numerical simulation is small because the jigs are fixed by spot
welding for easy removal, so the degree of restraint is lower than that of numerical simulation.
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Fig. 11. Welding deformation suppression results: (a) Processed weldment, (b) Deformation of
curve 1, (c) Deformation of curve 2.

Conclusions

In this paper, based on the inherent strain method, the welding deformation distribution of butt
joints and T-joints is numerically simulated, and the influence of constraint schemes on the
suppression of welding deformation is compared. Finally, the experimental study and numerical
simulation of the welding deformation and its mitigation of the double-layer shell structure were
conducted. The main conclusions are as follows:

(1) Numerical simulation models of welding deformation of butt joints and T-joints were
established. Under the constraint scheme, the angular deformation of the butt joint is reduced by
38.6 %, and the angular deformation of the T-joint is reduced by 89.3 %, which verifies the
effectiveness of the mechanical constraint to suppress the welding deformation.

(2) Six overall welding sequences of double-layer shell structure and four welding schemes of
outer shell are designed. The distribution law of welding deformation is compared, and welding
sequence 2 and Case C are determined as the optimum welding sequence.
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(3) A jig system was designed to suppress the welding deformation of the double-layer shell
structure, and the welding experiment was carried out. The influence of fixture on welding
deformation distribution was analyzed. The maximum welding deformation was reduced from
7.27 mm down to 2.89 mm. The numerical simulation results are compared with the deformation
experimental measurements, which verifies the effectiveness and provides guidance for
engineering manufacturing.
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