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Abstract: Titanium alloy pressure spherical-cylindrical shells enable the effective utilization of the
strength of spherical and cylindrical pressure-resistant shell components. In this study, a numerical
simulation of the residual stress of a titanium alloy butt-welding plate was conducted by employing
sequential coupling and a temperature heat source model. The results of welding residual stress
analysis agreed well with the experimental results reported in the literature. Subsequently, the
welding residual stress of a titanium alloy pressure spherical-cylindrical shell was calculated and
analyzed using the same method. Finally, the influence of residual stress on the ultimate bearing
capacity of the shell was assessed. On the inner surface of the shell, the horizontal welding residual
tensile stress, perpendicular to the weld path, exhibited a bimodal distribution. The longitudinal
welding residual tensile stresses were higher than the horizontal welding residual stress. Near
the weld on the outer shell surface, higher longitudinal welding residual tensile stresses existed,
whereas the horizontal welding residual stress was compressive. Both the inner and outer shell
surfaces exhibited significant longitudinal residual tensile stresses along the weld path, though
residual compressive stresses existed on both surfaces. The influence of welding residual stress on
the ultimate load-bearing capacity of the shell was minimal.

Keywords: welding residual stress; titanium alloy; spherical-cylindrical-combined shell; ultimate
load-bearing capacity; finite element analysis

1. Introduction

Land resources are gradually depleted in the process of long-term human exploitation
and consumption, while the ocean area is vast. Human beings have only just started to
use an abundant supply of marine resources, which include biological resources, phys-
ical energy, chemical resources, and huge reserves of mineral resources such as oil and
natural gas hydrates. Currently, the development rate of marine resources is only ap-
proximately 5%. The level of development and utilization of marine resources urgently
requires improvement.

The development of deep-sea equipment is crucial for the construction of maritime
power systems. At present, many submersibles are active in various fields, such as deep-sea
exploration and research, seabed oil and gas exploitation, national defense, and so on. The
submersibles developed thus far include Alvin from the United States, Nautile from France,
Peace I and II from Russia, and Shinkai 6500 from Japan. Their working depth varies from
4500 m to more than 7000 m. In 2012, the Chinese Jiaolong successfully dived 7062 m in
the Mariana Trench, reaching the greatest depth of this type of submersible. In contrast
to development on land, equipment operating in the deep sea must be able to withstand
considerable water pressure to ensure safe operation. Most traditional deep-sea pressure-
resistant structures adopt spherical or cylindrical structures, and most research on deep-sea
pressure-resistant structures is based on these two types of structures. The titanium alloy
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pressure spherical-cylindrical composite shell effectively leverages the advantages of
spherical and cylindrical pressure-resistant shells and has great potential for application in
deep-sea engineering equipment [1]. Titanium alloys boast the advantage of high specific
strength and good corrosion resistance. Limited by the current manufacturing technology,
titanium alloy pressure spherical-cylindrical-combined shells are generally connected via
a welding process, which inevitably produces welding residual stress and deformation.
Welding residual stress is a kind of inherent stress that maintains mutual balance inside
the object. In the manufacturing and use of components, the plastic deformation caused
by uneven thermal expansion and contraction during welding produces residual stress
and deformation near the welding area. The existence of welding residual stress adversely
affects the integrity and performance of welded components. Especially when combined
with external loads, the welding residual stress leads to the premature yield of the structure.
Whether this stress affects the ultimate bearing capacity is worthy of research.

Zhao et al. [2-6] studied the welding residual stress of a TC4 titanium alloy plate via
numerical simulation, and Chang et al. [7-9] conducted numerical simulations and experi-
mental studies on the ultimate strength of thin-walled steel spherical shells with an inner
diameter of 1000 mm under the influence of welding residual stress. Zhang et al. [10-14]
conducted numerical simulations and experimental studies on the buckling modes of
various types of steel annular pressure hulls, such as egg-shaped hulls. Li et al. [15-22]
studied the mechanical properties of welded shell structures. Lee et al. [23,24] used ex-
perimental methods to study the failure pressure of thin-walled cylindrical shells with an
inner diameter of approximately 400 mm under the influence of welding residual stress.
Hiibner et al. [25,26] conducted finite element numerical simulations on the yield failure
behavior of large-scale steel thin-shell structures under the influence of residual stress.
Some scholars conducted a finite element method and experimental studies on the ultimate
bearing capacities of spherical or cylindrical deep-sea pressure-resistant structures under
the influence of residual stress. However, few studies have been conducted on the ultimate
bearing capacities of large titanium alloy spherical-cylindrical combined shells under the
influence of welding residual stress. Whether welding residual stress affects ultimate
bearing capacity on large titanium alloy spherical shells and their degree of influence must
be addressed.

Consequently, in this study, the welding residual stress of a titanium alloy pressure
spherical-cylindrical combined shell was analyzed using the thermal elastic—plastic finite
element and given temperature methods, and the influence of the welding residual stress
on the ultimate bearing capacity was investigated. The results provide a basis for the
safety and reliability analysis of titanium alloy pressure spherical-cylindrical composite
shell structures.

2. Theory and Methods
2.1. Finite Element Analysis of Welding Residual Stress

Welding is a process of local rapid heating and rapid cooling, which has strong
instantaneousness. It involves many factors, such as thermal and mechanical metallurgy.
With the movement of the welding heat source, the temperature of the welding area
changes sharply with time and space. The metallographic structure distribution and
physical properties of the materials also change dramatically. Simultaneously, latent heat
phenomena occur during material melting and metallographic transformation. Therefore,
the non-uniformity and instantaneous characteristics of the welding temperature field are
the main causes of residual stress. The main methods currently available for predicting
welding stress and deformation are analytical and numerical simulation methods. Among
the numerical simulation methods, finite element analysis based on the thermal elastic—
plastic theory and the inherent strain method based on elastic theory is the most widely
used. In this study, we mainly used the thermal elastic—plastic theory.

Under the action of high temperature, elastic, elastic—plastic, and plastic changes occur
in the weldment structure. The thermal elastic—plastic theory combines thermodynam-
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ics with structural mechanics, providing a theoretical basis for the welding numerical
simulation. Most welding finite element analysis software is also based on this theory.

The calculation of the welding residual stress based on the thermal elastic—plastic
finite element method can be performed over the following two steps [27]:

1. The sequential coupling analysis is conducted to simulate an instantaneous tempera-
ture field change in the welding process.

2. A temperature field is introduced into the model as an external load, and the stress
and strain of the structure are simulated to obtain the residual stress.

The finite element formula for instantaneous nonlinear heat conduction analysis can
be expressed as follows [27]:

el o) o) J d el d )
- 408) +508) +208) 0
TSaT: Ts(x/ y/ z, t)/ (1)
_A? = QS(XI]//Z/ t)/
T

where p, ¢, and A denote the material density, specific heat capacity, and thermal conduc-
tivity, respectively; T denotes the instantaneous temperature; Q denotes the internal heat
generation rate; Ts denotes the ambient temperature; gs denotes the heat source; T, denotes
the ambient temperature; « denotes the convection coefficient; and n denotes the normal
direction.
In stress field analysis, the following equation exists for a certain element inside the
weldment:
dF® + dR® = K°d¢°, )

where K¢ denotes the element stiffness matrix, dF¢ denotes the incremental force on the unit
node, d6¢ denotes the displacement increment of the node, and dR® denotes the increment
of the element’s initial strain equivalent nodal force caused by temperature.

Based on the integrated stiffness matrix (K) and total load vector (dF), the equilibrium
equations of this component can be expressed as follows:

Kdé = dF, 3)

where K = ¥ K° and dJ denotes the displacement increment of each node.
The strain increment in each element is de®, and the relationship with the element node
displacement increment d6° can be expressed as follows:

de® = Bds®, 4)

where B denotes the matrix of the strain vector and node displacement vector in the contact
element.

2.2. Nonlinear Ultimate Bearing Capacity of the Structure

The ultimate bearing capacity is determined by considering the structural size, mate-
rial, and bearing form. With an increase in the load, the structure changes from an elastic
state to a plastic state and loses its bearing capacity after reaching its plastic limit. The
maximum external load is the ultimate bearing capacity of the structure, considering the
material, geometric nonlinearity, and corresponding yield conditions.

1.  Material nonlinearity: Considering the plastic behavior of the material, the stress—
strain relationship of the material changes with increasing stress. When the local
yield of the structure occurs, the material enters its plastic state, and the stress-strain
relationship no longer remains linear.

2. Geometric nonlinearity: The structure undergoes considerable deformation under
loading; therefore, the original equilibrium equation derived based on the small-
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deformation theory is no longer valid. Consequently, a new equation must be estab-
lished based on the real-time state of the structure after deformation.

To calculate the ultimate bearing capacity of the pressure shell, the first-order buckling
mode can be calculated using the initial deflection nonlinear buckling analysis method,
multiplied by the initial deflection coefficient, and applied to the finite element model to
update the initial geometry. In addition, the arc length method can be used to calculate the
nonlinear buckling limit load.

When the arc length method is used to analyze the ultimate bearing capacity, the
load is gradually increased, and the stress state of the structure is determined using the
von Mises yield criterion to determine whether plastic deformation occurs. The three-
dimensional principal stress expression of the von Mises yield criterion can be expressed
as follows:

T= g\/(cfl —02)’ + (02— 3)? + (03 — o), ©)

where 01, 02, and o3 are the principal stresses in three directions. When the equivalent
stress (o) exceeds the material yield limit, the structure produces plastic deformation, and
this structure no longer meets the strength requirements.

The calculation of the ultimate bearing capacity on the pressure hull based on the finite
element method mainly includes eigenvalue buckling analysis and nonlinear buckling
analysis. First, eigenvalue buckling analysis is performed to obtain the first-order buckling
mode. Then, the buckling mode value is multiplied by the initial deflection coefficient
and applied to the nonlinear buckling analysis finite element model to simulate the initial
geometry of the pressure shell. After inputting the nonlinear parameters of the material,
the nonlinear buckling critical load can be obtained [3].

3. Results: Welding Residual Stress
3.1. Verification of Residual Stress of the Titanium Alloy Butt-Welding Plate
3.1.1. Finite Element Model

A titanium alloy butt-welding plate was welded using two plates of dimensions
500 mm x 250 mm x 42 mm. The width of the surface weld was 25 mm, the weld section
was a double V-type section, and the dimensions after welding were 500 mm x 500 mm x
42 mm, as shown in Figure 1. A finite element model of the titanium alloy butt-welding
plate was developed using the ANSYS2020R2 Workbench finite element software. The
accuracy of the welding numerical simulation depends on the reasonable selection of the
welding simulation heat source, and the reasonable division of the finite element mesh is
also very important. Considering the computational efficiency and accuracy, the titanium
alloy butt-welding plate weld and its surrounding mesh were refined, whereas the mesh
furthest away from the weld was sparse. The finite element model and mesh grouping are
shown in Figure 2.
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Figure 1. Titanium alloy butt-welding plate model and size.
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Weld section
€lding seam grouping and meshing
Figure 2. Finite element meshing of titanium alloy butt-welding plate.
3.1.2. Material Properties
The filling material of the titanium alloy butt-welding plate weld was the same as the
base metal, both of which used Ti80 materials. The yield strength of the section at room
temperature was 800 MPa, and the Poisson ratio was 0.3. The relevant material properties
are summarized in Table 1 and Figure 3.
Table 1. Mechanical properties of Ti80 steel [28].
Temperature  Elastic Modulus Poisson Thermal Expansion Heat Transfer Specific Heat C  Density
T (°O) E (MPa) Ratio  Coefficient K (1/°C)  Coefficient A (W/(m-°C)) (J/kg-°QO) p (kg/m3)
25 1.16 x 10° 0.3 1.0 x 107 10 611 4530
550 0.79 x 10° 0.3 0.93 x 107 15.8 691 4530
850 0.14 x 10° 03 0.90 x 107 228 730 4530
1300 0.04 x 10° 03 0.898 x 107 26.4 775 4530
8X10° |
6x10° 4 |, .
Gl f —a— 25C
=2 \ / —e— 550
2 4X10° 4 —4A— 850C
% / v— 1300C
2x10° 4
y 3
0.000 FE=———— . . T T
0.00 0.02 0.04 0.06 0.08 0.10
Strain

Figure 3. Stress—strain curves for Ti80 steel under different temperatures.

3.1.3. Welding Process and Related Parameters

The welding current and voltage of the titanium alloy plate welding were 25 A and
125V, respectively; the initial welding temperature was set to 25 °C; and the convective
heat transfer coefficient was set to 62.5 W/m?-°C. The four corners of the titanium alloy
plate were fixed during welding.

3.1.4. Numerical Simulation of Welding Residual Stress

The sequentially coupled thermoelastic—plastic finite element method and the given
temperature heat source model [29,30] were used to obtain the welding residual stress of
the titanium alloy plate. The surface of the titanium alloy butt-welding plate, perpendicular
to the weld center line, was set as Path 1, as depicted in Figure 1. The transverse welding
residual stress was set perpendicular to the welding direction.
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‘Weld section

\ |, (Outer shell path 5)

The transverse welding residual stress distribution of the titanium alloy butt-welded
plate is illustrated in Figure 4a, and the transverse welding residual stress on Path 1 is
shown in Figure 4b. The transverse welding residual stress of the titanium alloy butt-
welding plate exhibits asymmetrical bimodal distribution, and the maximum residual
tensile stress is approximately 550 MPa, which is approximately 70% of the yield strength
of the material. The transverse residual tensile stress away from the weld decreases sharply.
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Figure 4. Welding residual stress calculation results. (a) Transverse residual stress distribution.

(b) Comparison of calculated and experimental transverse residual stress values.

Figure 4b compares the experimental results of the transverse welding residual stress
of the titanium alloy butt-welding plate from [28] with the simulation results obtained
in this study, revealing that the simulation results were consistent with the experimental
results reported in the literature.

3.2. Welding Residual Stress of Titanium Alloy Pressure Spherical-Cylindrical-Combined Shells
3.2.1. Geometric Model

The inner diameter of the titanium alloy pressure spherical-cylindrical-combined
shell model was 4000 mm, the wall thickness was 50 mm, the weld bead at the connection
between the spherical head and the cylindrical shell was 10 mm, and the rib spacing was
480 mm. Considering the numerical calculation rate of the ultimate bearing capacity and
the symmetry of the model, it was simplified to a quarter-symmetric model, where the
lengths of the three ribs were selected for the cylindrical shell, as shown in Figure 5.

Inner shell path 2

(Outer shell path 3)

Meshing near the weld

Inner shell path 4 section

Ri
(@) (b)

Figure 5. (a) Geometric model. (b) Finite element model.
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3.2.2. Finite Element Model and Boundary Conditions

The finite element model of the titanium alloy pressure spherical-cylindrical-combined
shell was developed using ANSYS2020R2 Workbench software, and the finite element mesh
was divided and properly densified near the weld. Considering the calculation efficiency
of the residual stress, it was divided into 10 layers along the weld thickness direction, as
shown in Figure 5b. In the welding analysis, the bottom of the titanium alloy pressure
spherical-cylindrical-combined shell alongside nodes 1-3 (Figure 5b) was fully constrained,
and a symmetry surface constraint was applied to avoid displacement.

3.2.3. Material Properties

The yield strength of the TC4 titanium alloy at room temperature was 920 MPa, the
elastic modulus was 1.14 x 10° MPa, and the Poisson’s ratio was 0.34. The relevant
parameters of the other related materials at different temperatures are listed in Tables 2
and 3 [31].

Table 2. Thermal physical performance parameters of TC4 at different temperatures.

Temperature  Elastic Modulus Poisson Thermal Expansion Heat Transfer Specific Heat C  Density p
T (°C) E (MPa) Ratiop  Coefficient x (1/°C)  Coefficient A (W/(m-°C)) (J/kg-°C) (kg/m3)
20 1.14 x 10° 0.34 9.1 x 107 6.8 611 4440
400 8 x 10* 0.34 9.5 x 107 103 691 4440
800 3.5 x 10 0.34 1.04 x 107 15.8 735 4440
1540 1.0 x 10? 0.34 11x 107 25.3 800 4440

Table 3. Stress and strain of TC4 at different temperatures.

Strain
0.003 0.007 0.008 0.01
Temperature (°C)
20 342 MPa 798 MPa 880 MPa 920 MPa
400 240 MPa 560 MPa 560 MPa 560 MPa
800 105 MPa 130 MPa 130 MPa 130 MPa
1540 6 MPa 12 MPa 12 MPa 12 MPa

3.2.4. Simulation Results and Analysis of Welding Residual Stress

Using the same calculation method as described in Section 3.1.4, the simulation of the
welding residual stress of titanium alloy pressure spherical-cylindrical-combined shells
was performed. The inner and outer shells were set perpendicular to the weld direction
(axial) as Paths 2 and 3, respectively, and the inner and outer shells along the weld centerline
direction (hoop) were set as Paths 4 and 5, respectively, as shown in Figure 5b. The residual
stresses perpendicular to the weld direction (axial) and weld centerline direction (hoop)
were set as the transverse and longitudinal residual stresses, respectively.

Figure 6 depicts the residual stress distribution of the titanium alloy pressure spherical-
cylindrical-combined shell. Figure 7 presents the residual stress perpendicular to the weld
on Paths 2 (inner shell) and 3 (outer shell). Figure 8 shows the residual stresses of the inner
and outer shells along the welding direction. Figure 9 presents the von Mises residual
stress on Paths 2-5.
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Figure 6. Residual stress distribution of a titanium alloy pressure spherical —cylindrical-combined
shell. (a) Transverse stress. (b) Longitudinal stress. (c) von Mises stress.
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Figure 7. Residual stress perpendicular to the weld on (a) Path 2 (inner shell) and (b) Path 3 (outer
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Figure 8. Residual stress of the inner shell and the outer shell along the weld direction.
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von-Mises stress (MPa)
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Figure 9. von Mises residual stress on Paths 2-5.
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From Figure 8 to Figure 10, the following characteristics are evident:

A large residual tensile stress existed near the weld on Path 2, and the transverse
residual stress exhibited a bimodal distribution. The maximum tensile stress was
approximately 170 MPa, which was approximately 20% of the yield strength of the
material. The longitudinal residual tensile stress was high, and the maximum value
was approximately equal to the yield strength.

The longitudinal residual stress near the weld on Path 3 had a high tensile stress; the
maximum value was approximately 780 MPa, and the transverse residual stress near
the weld was compressive stress.

Along Paths 4 and 5, both the inner and outer shells showed large longitudinal
residual tensile stress, whereas the transverse residual tensile stress of the inner shell
was small, and that of the outer shell was compressive stress.

The von Mises residual stress on Paths 2 and 3 perpendicular to the weld direction
was larger in the weld part, whereas that on Paths 4 and 5 along the weld direction
was larger.

----- Without residual stress

0 T T T T 1
0 20 40 60 80 100

Displacement (mm)

Figure 10. Load—displacement curve.

Owing to the characteristics of the ring structure and cooling shrinkage of the cir-

cumferential weld during manufacturing, the welding residual stress on the surface of
the titanium alloy pressure spherical-cylindrical-combined shell guided the additional
bending moment and stress perpendicular to the circumferential weld direction and tensile
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and compressive stresses existed simultaneously. This phenomenon also appeared in the
analysis of the welding residual stress of related structures [32,33].

4. Discussion: Effect of Welding Residual Stress on Ultimate Bearing Capacity
4.1. Ultimate Bearing Capacity of Shells without Considering the Influence of Residual Stress

Errors inevitably occur in actual manufacturing. Therefore, an initial deflection needs
to be added to the model. The size of the initial deflection cannot be accurately obtained
due to the defects that cause the most unfavorable deformation of the shell. Therefore, a
unit load is applied to the model to calculate the first-order buckling mode. The calculated
first-order buckling mode is added to the model with a given amplitude as the initial
deflection to represent the initial geometric defect and a model with initial defects is
generated. Using a titanium alloy pressure spherical-cylindrical-combined shell (Figure 5)
as the research object and taking 5% of the shell thickness as the defect amplitude, the arc
length method was used to analyze the nonlinear ultimate bearing capacity of the shell
without considering the influence of welding residual stress, as shown in Figure 10. The
ultimate bearing capacity of the titanium alloy pressure-bonded shell, without considering
the influence of the welding residual stress, was approximately 32.9 MPa.

4.2. Ultimate Bearing Capacity of Ttitanium Alloy Pressure Spherical-Cylindrical-Combined Shell
Considering Welding Residual Stress

Based on the calculation results of the welding residual stress of the titanium alloy
pressure spherical-cylindrical combined composite shell discussed in Section 3.2.4, the
sequential coupling analysis method was used to calculate and analyze the nonlinear
ultimate bearing capacity of the shell structure with the welding residual stress and residual
deformation using the arc length method. Figure 10 presents the load-displacement curve
of the titanium alloy pressure spherical-cylindrical-combined shell. The ultimate load was
approximately 32.7 MPa, which was not significantly different from the ultimate bearing
capacity without considering the influence of welding residual stress. The change range
was approximately 0.6%.

5. Conclusions

In this study, we investigated the influence of residual stress on the ultimate strength
behavior of a titanium alloy pressure spherical shell. The emphasis was on the numerical
simulation of the given temperature method and the arc length method. Considering the
initial defects of the structure, the structures with welding residual stress and without
welding residual stress were compared and analyzed. According to the finite element
method modeling results and analysis shown above, the magnitude and distribution
of welding residual stress in the welding seam of a titanium alloy pressure spherical—
cylindrical-combined shell after welding were obtained. On this basis, the following
conclusions can be drawn regarding the influence of residual stress on the ultimate strength
of titanium alloy pressure spherical-cylindrical-combined shells:

1.  The transverse residual stress on the surface of the inner shell of the titanium alloy
pressure spherical-cylindrical combined shell has a bimodal distribution that reaches
approximately 20% of the yield strength, and the longitudinal residual tensile stress
is higher than the transverse residual tensile stress. The longitudinal residual tensile
stress near the weld on the shell surface perpendicular to the weld path is higher,
whereas the transverse residual stress is close to the compressive stress.

2. Thesurfaces of the inner and outer shells of titanium alloy pressure spherical—cylindrical-
combined shells along the weld direction exhibit a large longitudinal residual tensile
stress, and the transverse residual stress of the inner shell is small, whereas the outer
shell exhibits residual compressive stress.

3.  Owing to the characteristics of the ring structure and cooling shrinkage of the girth
weld during manufacturing, the additional bending moment and stress perpendicular
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to the direction of the girth weld are relatively prominent, and tensile and compressive
stresses exist simultaneously.

4.  The welding residual stress has little effect on the ultimate bearing capacity of the
titanium alloy pressure spherical-cylindrical composite shell’s structure.

Residual stress is neither the main factor contributing to the decrease in the ultimate
strength of the spherical shell nor can it alone reduce the bearing capacity significantly. The
maximum decrease found in the ultimate strength was less than 0.6%.
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