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Abstract

:

The long-term safety of pressure-resistant structures used in deep-sea equipment may be threatened by creep deformation. The creep deformation behavior of a pressure-resistant structure made of different titanium alloys, Ti-6Al-4V and Ti-4Al-2V, at room temperature is investigated in this research. The kinetics and mechanisms underlying creep deformation in these materials is explained by proposing an improved constitutive model considering the effects of stress level, loading rate and environmental temperature field, offering crucial information for optimizing design parameters and guaranteeing the lifespan of the structure. Model parameters are determined for the two types of titanium alloys based on tensile creep testing results and validated through a simulation of the experimental process. In this study, a material creep model was used to predict the long-term deformation of large pressure-resistant titanium structures to ensure safe long-term operation. The safety factor used in the model is 1.5. Finite element analyses are conducted for the creep behavior of the pressure-resistant structure under real operating circumstances based on the creep constitutive model. The simulation predicts stress distribution, strain evolution, and deformation size over long periods of time by integrating complicated geometries, boundary conditions, and material characteristics. The present research can provide basic information for the local impacts of creep deformation on the inside of facilities, which helps refine design strategies to reduce possible damage risks.
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1. Introduction


Pressure-resistant shells, which are crucial load-bearing structures and the foundation of deep-sea equipment, are subjected to high hydrostatic pressures. Structure design and construction are essential for the safe service of the equipment. The material used for these structures must have exceptional properties to withstand hazardous environmental conditions in order to meet service requirements [1]. Titanium alloys, such as Ti-6Al-4V and Ti-4Al-2V, are known for their excellent mechanical properties, including their high strength-to-weight ratio and good corrosion resistance. Notably, these alloys maintain a significant margin of ductility even after cooling, which is beneficial for their use in various structural applications [2]. However, a significant obstacle to maintaining the structural integrity and longevity of submersibles composed of various titanium alloys is the phenomenon of creep deformation, particularly for large-scale equipment that must remain underwater for extended periods of time for operations. Large-scale underwater detection equipment often has a cylindrical shell as its basic construction, with reinforcing ribs for workers and critical equipment. The strength and rigidity of the shell must be compatible in order to guarantee dependable functioning.



Previously, designers focused primarily on strength. However, as knowledge of room-temperature creep deformation has grown, the degree of shell deformation during extended underwater operations is linked to material choice. To assess the influence of these deformations on strength and possible effects on internal components, a typical large-scale deep-sea equipment is considered for the present study as shown in Figure 1.



Generally, cost concerns, corrosion resistance, and mechanical qualities must be carefully balanced when choosing titanium alloys for maritime applications. Ti-6Al-4V [3,4,5,6,7], Ti-10V-2Fe-3Al [8], and Ti-6Al-2Sn-4Zr-2Mo [9,10] are common titanium alloys, and each has its own advantages and trade-offs in terms of strength, ductility, and resistance to saltwater corrosion. The most prevalent material found in deep-sea equipment is Ti-6Al-4V. There are now enough studies [11] on Ti-6Al-4V pressure-resistant shells for deep-sea submersibles. In a medium-sized submersible design, Ti-6Al-4V is also considered to be the ideal material. Later on, the notion of combining two titanium alloys was put forth from the standpoint of cost reduction and efficiency enhancement against the background of the high cost of Ti-6Al-4V [11]. Lower-strength titanium alloys, such Ti-4Al-2V [12], are used to make ribs, primarily to increase rigidity, whereas higher-strength titanium alloys, like Ti-6Al-4V, are used to make shells. Usually, direct analysis techniques based on numerical simulation are used to calculate the performance of such structures.



In the context of continual load or stress, creep refers to the time-dependent plastic deformation of a material [13]. It is a complicated and multidimensional process that depends on a number of variables, including holding times [7,14,15], peak stress levels [10,16], microstructures [17,18,19,20,21], and stress ratios [14,22]. Currently, creep tests are frequently used to characterize the mechanical properties of materials [23,24]. Creep phenomena are typically studied under conditions associated with high temperatures [25,26,27,28,29,30]. However, creep at room temperature has attracted increasing attention in recent years with the advancement of deformation measurement technology due to its impact on structural reliability and safety, especially in applications where long-term stability is critical [31,32]. Localized deformations and stress concentrations can result from differential creep caused by stress, temperature, or microstructural differences within or across materials. These might ultimately jeopardize the structural integrity of the entire system. Thus, to lower the failure possibility of compressive constructions and to guarantee their long-term dependability, a thorough grasp of the creep behavior of several kinds of titanium alloys is necessary [33].



In this paper, a number of tests will be carried out to clarify the processes governing room-temperature creep for the two varieties of titanium alloys, Ti-6Al-4V and Ti-4Al-2V. In order to determine the elastic–plastic characteristics and creep damage model parameters of the material, respectively, the studies involve tensile tests on the material and creep tests conducted under controlled loading circumstances. Subsequently, the verified parameters will be inserted into the pressure-resistant structure design to examine its creep behavior under real-world working conditions. This will be carried out by comparing the results of the experimental calculation with the results obtained from finite element analysis (FEA). The analysis will focus on the pressure-resistant structure’s stress distribution, strain development, and probable failure mechanisms during an extended period of operation. Improvements in design parameters and material selection criteria can be guided by gaining valuable insights into the local impacts of creep inside the structure.




2. Materials and Structure


2.1. Material Properties


Ti-6Al-4V is an alpha–beta alloy, while Ti-4Al-2V is an alpha alloy. The ICP-AES spectrometer(Huacai Test Field, Luoyang, China), CS600 carbon and sulfur analyzer(Huacai Test Field, Luoyang, China), and other tools were used to determine the chemical compositions of Ti-6Al-4V and Ti-4Al-2V. The results are displayed in Table 1.



The material properties of Ti-6Al-4V are referred to the experimental test values in previously published papers [7]. The quasi-static tensile test of the Ti-4Al-2V titanium alloy was carried out using a cylindrical specimen with a diameter of 6 mm × a length of 42 mm, according to GB/T 2039-2012 [34]. A static tensile test was carried out to obtain the properties of the material at room temperature, the results of which can be seen in Table 2 and Figure 2.



As seen in Figure 3, a uniaxial tensile creep test is carried out at room temperature on a cylindrical smooth specimen with dimensions of 5 mm (diameter) × 27 mm (length) using an electronic creep fatigue testing equipment, QBR-100 (Huacai Test Field, Luoyang, China). In our study, we adhered to the ASTM E139-11 [35] standards for conducting creep testing. Tensile creep testing consists of two stages including the loading stage and the load-sustaining stage. An axial extensometer is used to measure the axial strain at each step.



The creep stress levels and load-sustaining time for the room-temperature tensile creep tests are chosen as shown in Table 3 based on the levels of yield strength      σ   s     of the two materials. In order to avoid the difficulties of data dispersion in the creep testing of titanium alloys, we tested multiple specimens in each group according to the stress criteria in Table 3 during testing. The results were analyzed statistically in a comprehensive manner and the mean values were selected for processing.



The total strain produced over time is measured during the creep tests and compared to assess the effects of loading at different yield strength ratios on creep deformation. Eight specimens in all are machined in a direction parallel to the rolling direction for sampling, and the tester’s extensometer records the deformation data every ten minutes. Figure 4 displays the test results at the end.




2.2. Structure Form


The load-bearing capability of the deep-sea equipment should be in accordance with the operating environment. The calculation model for the pressure-resistant structure in the present study can be divided into two parts, namely, the cylindrical shell and the ribs. The specific dimensions of the structure are given in Table 4 and the geometry is shown in Figure 5. The goals are to investigate the differences between the pressure-resistant structure composed of dissimilar materials and the traditional Ti-6Al-4V pressure-resistant structure, to verify the reliability of the dissimilar material’s pressure-resistant structure, and to lower the cost for the construction of large-scale underwater submersibles.





3. Creep Constitutive Model


When doing finite element analysis, three types of creep models are typically used: the hyperbolic sine model, the strain-hardening model, and the age-hardening model. Of these, the hyperbolic sine law model is often used for creep characteristics under changing temperature settings, and the strain-hardening model or age-hardening model are chosen for creep properties under constant temperature and load-sustaining situations. While the structural creep parameters of deep-sea equipment working for extended periods of time have a substantial relationship with time, the strain-hardening model is appropriate for short-term tests since it makes the assumption that creep deformation has no relationship with time. Based on uniaxial tensile creep test results, an age-hardening creep-strain-rate constitutive model for the room-temperature titanium alloys Ti-6Al-4V and Ti-4Al-2V is proposed as follows:


  Φ (   ε ˙   c r   , σ , t ) = 0  



(1)






   {       ε  c r   =  f 1  ( σ )  f 2  ( t )        f 1  ( σ ) =  σ n         f 2  ( t ) =   A  m + 1     t  m + 1          



(2)




where   m   is the time order parameter (it should be emphasized that the time order parameter must be negative),       ε  ˙    c r     is the uniaxial creep strain rate,     f   1     σ     is the stress function,   n   is the equivalent stress order parameter,     f   2     t     is the time response function,   A   is the power law multiplier parameter, and     f   2     t     is the time response function. Integration can place the strain model in a three-dimensional stress state, which is provided by the following equation. The uniaxial creep strain rate     ε  ˙    is the first-order derivative of the total uniaxial creep deformation   ε   at time   t  ,


   ε  c r   =   A  m + 1    ⋅  σ n  ⋅  t  m + 1   + C  



(3)




where   C   is the material constant and     ε   c r     is the total uniaxial creep deformation.



Taking logarithms on both sides of Equation (3),


  ln ε  = ln    A  m + 1     + nln  σ  + ( m + 1 ) lnt + lnC   



(4)







The curves of   l n ε ~ l n t   and   l n σ ~ l n ε   are significant in   A , n , m   fitting, according to Equation (4). By using distinct   ε   and   σ   data in Equation (4) and carrying out approximate elimination, it is possible to fit the value of   n   by using Equation (5),


  ln  ε 1  − ln  ε 2   = n ( ln   σ 1  − ln  σ 2  )  



(5)







The A, n, and m parameters of the Norton–Bailey equation fitted through Equation (5) are shown in Table 5.



Material constant   C  , which is determined as indicated by Equation (11) and is the total strain difference between the creep damage mechanical model integration and the elastic strain that results from the application of the axial loading force to the specimen, is influenced by the mechanical properties of the material itself.


   C =    A  m + 1     σ n   t a  m + 1   −  ε a   



(6)




where     ε   a     is the elastic strain that happened in 30 s, and     t   a     is the loading completion time, which is 30 s based on Figure 3. The calculated C values are shown in Table 6 below.



The obtained Norton–Bailey model parameters were obtained by fitting the curve as shown in Figure 6. Since the Norton–Bailey model is mainly applied to the second stage of creep, the correlation coefficient was verified to be 92% by Matlab 2020, and in order to more accurately fit the experimental curves, we made further observations on the introduced parameters. Upon examining the   l n ε ~ l n t   and   l n σ ~ l n ε   curves, it is seen that   A   and   m   + 1 are similarly altered as the peak stress rises, as shown in Figure 7. In conjunction with the value of   n   derived from Equation (5), the following stress-related time-hardening model can be put forth:


   ε  c r   =     A σ     m σ  + 1     σ n   t   m a  + 1   + C  



(7)






   {       A σ  =  a A  σ +  b A         m σ  + 1 =  a m  σ +  b m         



(8)







The creep test data for the maximum peak stress loading and minimum peak stress loading of the Ti-6Al-4V and Ti-4Al-2V titanium alloys, respectively, at room temperature were substituted into Equation (6). The data were then fitted and the error of the correlation coefficient was greater than 0.99. The fitted data are displayed in Table 7. Nevertheless, as seen in Equation (8), the time order parameter has a comparable interval constraint because of the power law multiplier parameter.


   {      A > 0       1 > m + 1 > 0        



(9)







By replacing the values of     a   A   ,     b   A   ,     a   m     ,   a n d   b   m     from Equations (7) and (8) with the values obtained from Table 5, a tolerable stress range for the model may be established as follows:


   {       a A  σ +  b A  > 0       1 >  a m  σ +  b m  > 0        



(10)






   {      σ > −     b A     a A           1 >  a m  σ +  b m  > 0       σ ≤  σ s         



(11)







The customized subroutine of the creep constitutive model for the two materials may be used in the finite element analysis of the structure by synthesizing the intervals of Equation (10). Ultimately, it was confirmed that the applicability ranges for parameter   A   for Ti-6Al-4V are 457 MPa~850 MPa. The range of parameter   m + 1   is 628 MPa~850 MPa. The applicability ranges for parameter   A   for Ti-4Al-2V are 514 MPa~648 MPa and the applicability ranges for parameters   m + 1   are 500 MPa~648 MPa.



As can be observed in Table 7, which shows all the data sets concerning material constant   C   after processing and analysis, material constant   C   steadily declines as peak stress increases, demonstrating that the fitted value of the model is closer to the actual test data. Since only two groups of data, the maximum peak stress and the minimum peak stress, are used to fit the parameters of the creep damage mechanical model, but the fitting errors obtained for the total four groups of data do not exceed 1%, this indicates the validity and reliability of the model, as demonstrated in Figure 8. By comparing the data obtained from the creep constitutive model parameters in Table 7 and Table 8 with the data obtained from the uniaxial tensile creep tests at room temperature, it can be seen that the fitting results agree well with the test data.




4. Finite Element Analysis


4.1. Model Validation


Utilizing the commercial software ABAQUS 2020, the corresponding finite element model is established in accordance with the dimensions of the specimen of the room-temperature tensile creep test, allowing for the verification of the accuracy of the creep constitutive model. Because of the restrictions’ symmetry with regard to the central axis, the one-quarter model is used. As seen in Figure 9, the   x o y   plane has symmetric constraints set in the positive direction of the   Z  -axis,     U   z   =   UR   x   =   UR   y   = 0  , and the   y o z   plane has symmetric constraints set in the positive direction of the   X  -axis,     U   x   =   UR   y   =   UR   z   = 0  . The end face of the tensile model’s negative   Y  -axis side is fixed,       U   x   = U   y   =   U   z   =   UR   x   =   UR   y   =   UR   z   =   0, to avoid the possibility of stiff body motion. Then, a creep damage model subroutine is applied as the input based on the fitted parameters. The same condition as that in the tensile creep test is applied to the calculation.



The creep deformation curves with time for the specimens are given in Figure 10. The suggested creep constitutive model and model parameters are validated to be accurate by comparing the results from the finite element simulation and the test data.




4.2. Analysis on Pressure-Resistant Cylindrical Shell


The creep deformation of the pressure-resistant structure presented in Figure 5 is analyzed by finite element simulation in this section. A water depth of 3000 m, or a hydrostatic pressure of 30 MPa, is assumed for analysis. This is the normal operating depth of a large-scale underwater exploration station. As shown in Figure 3, the loading mode is applied gradually from 0 MPa to 30 MPa at a loading rate of 1 MPa/s. After that, the loading is maintained at 30 MPa. A one-year time period was represented by setting the time duration of the viscous analysis to 3.1536 × 107 s and enabling geometric nonlinearity. On the   x o y   plane,     U   z   =   UR   x   =   UR   y   = 0   symmetric constraint is imposed in the positive direction of the   Z  -axis, and on the   y o z   plane, a symmetric constraint is imposed,     U   x   =   UR   y   =   UR   z   = 0  , in the positive direction of the   X  -axis. The pressure-resistant structural model’s end faces,       U   x   = U   y   =   U   z   =     UR   x   = UR   y   =   UR   z   = 0  , on each side of the   Y  -axis, are locked in order to prevent stiff body motion. The loading force direction and boundary conditions are established as illustrated in Figure 11, and the maximum uniform pressure     p   0   = 30   M P a   is applied to the model’s shell surface to simulate the hydrostatic pressure beneath 3000 m in the room-temperature test environment.



4.2.1. Mesh Convergence Analysis


Mesh sizes of 2 mm, 4 mm, 8 mm, and 16 mm are selected as multiples of 2 as indicated in Figure 12 for mesh convergence analysis. The equivalent creep strain are displayed in Figure 13 at different mesh densities, where it is evident that the equivalent creep strain grows along with the mesh density. The midpoint of the   x o y   surface in the   Z  -axis direction of the ring-ribbed cylindrical shell and the midpoint of the mid-rib plate in the   Z  -axis direction of the T-rib plate, as shown in Figure 14, Figure 15 and Figure 16, are used to analyze the maximum stress, displacement, and strain under various mesh densities. The findings demonstrate that the T-ribbed plate and the ring-ribbed column shell’s   Y  -axis stresses tend to stabilize with time and that the higher the mesh density, the more beneficial the stress propagation. However, it is discovered that the mesh density of 16 mm is unable to properly transmit the displacement deformation. Therefore, it is not taken into consideration when the   Y  -axis displacement of the T-rib plate and ring-ribbed column shell is examined. In terms of strain, the higher the mesh density, the more beneficial the strain propagation becomes as the same load grows over time. As can be seen in Table 9, different mesh densities under the number of meshes and displacement error coefficients result in very small errors for 2 mm and 4 mm displacements. Therefore, selecting a 4 mm mesh density for the creep calculation of pressure-resistant structures is a reasonable and effective way to save finite element calculation work.




4.2.2. Effect of Load Magnitude on Creep in the Pressure-Resistant Structure


Before analyzing the load magnitude effect, the ultimate strength of the structure is calculated for the determination of the pressure range. A numerical analysis of the pressure-resistant structure’s linear buckling (eigenvalues) and nonlinear buckling (Riks) yields the maximum critical load of 76.5 MPa, and its load–displacement curve is displayed in Figure 17.



A variety of working conditions affecting creep properties of the structure are provided in Table 10 according to distinct circumstances. As the maximum load was determined to be 76.5 MPa, the maximum load in the finite element simulation should not exceed 51.2 MPa. The equivalent creep simulation results are displayed in Figure 18, which demonstrates that the equivalent creep strain increases significantly as the loaded loads increase.



As seen in Figure 19, Figure 20 and Figure 21, its maximum stress, displacement, and strain under various loading pressures is studied. The findings demonstrate that, in the range of 25 MPa to 50 MPa, the   Y  -axis stresses, displacements, and strains of the T-ribbed plate and the ring-ribbed column shell tend to rise with an increase in applied pressure and converge steadily over time. In addition to the obvious initial elastic displacement of the pressure-resistant structure after the initial application of load, the creep displacement in the working environment of one year can be seen in Figure 22 and Table 11, and the displacement change is microscopic for the whole structure. The preselected preset conditions grow with the application of load to simulate the underwater environment of 2500 m to 5000 m of the deep sea. The results show that the use of structures made of two different metal materials, Ti-6Al-4V and Ti-4Al-2V, can meet the work intensity of replacing the pure Ti-6Al-4V structure and reduce the cost of offshore equipment.




4.2.3. Effect of Loading Rate on Creep of the Pressure-Resistant Structure


The pressure on the structure model was eventually loaded to 30 MPa and maintained for one year by adopting four different loading rates of 0.5 MPa/s, 1 MPa/s, 2 MPa/s, and 5 MPa/s. Its equivalent creep is shown in Figure 23, where it is evident that as the loading rate increases, the equivalent creep also increases significantly. Figure 24, Figure 25 and Figure 26 display the maximum stress, displacement, and strain curves at the midpoint of the T-ribbed plate and ring-ribbed cylindrical shell at various loading rates (the chosen locations are the same as in Section 4.2.1). The key factor causing the variation in loading times is the loading rate; the lower the loading rate, the longer the loading time. All four loading rates were loaded at 30 MPa. It is evident from Figure 24 that the pressure-resistant structure’s   Y  -axis displacements have a tendency to stabilize. It is evident that, during both the loading and load-sustaining phases, there are very few variations in the displacement values for the four distinct loading rates. For the same holding, loading time displacements rise as the loading rate increases. Using 0.5 MPa/s as the reference point, the displacement at 0.5 MPa/s and 5 MPa/s loading rates are 1.06954 mm and 1.06999 mm, respectively, with a 0.04% error factor. As a result, in order to maintain the pressure-resistant structure in the high-pressure environment of creep strain and displacement release, the loading process and the amplitude must acknowledged. Based on the creep specimen loading time shown in Figure 3, the pressure-resistant structure that was ultimately selected for the finite element calculation of creep loading for 1 MPa / s is similar to the large structure’s loading time.




4.2.4. Effect of Initial Geometric Imperfection on Creep of the Pressure-Resistant Structure


The normal maximum stresses, displacements, and strains under 30 MPa and 50 MPa displacements under the initial conditions with initial geometric defects were taken for comparison (i.e., manufacturing defects were taken as five-thousandths of the inside diameter, 5‰Ri). Initial geometric imperfections are unavoidable problems in structural fabrication, especially in the assembly of underwater structures. Figure 25 illustrates the equivalent creep strain of a structure with an initial geometric imperfection of 5‰Ri under the stress conditions of 30 MPa and 50 MPa. Initial geometric imperfection has no appreciable impact on the structure at the stress levels of 30 MPa or 50 MPa. It can be seen that under loading conditions of the critical capacity, the influence of initial geometric imperfection with a value of 5‰Ri on the creep deformation of the structure is very small and can be ignored because the calculation in Section 4.2.2 shows that the maximum load capacity of the pressure-resistant structure under actual working conditions is 51.2 MPa.



The initial geometric imperfections in this section are made at 1 mm, 2 mm, 3 mm, and 4 mm, respectively, to further study its impact. The initial geometric imperfections of 2 mm and 4 mm under 50 MPa stress were determined, and the equivalent creep strain for each condition was compared as shown in Figure 26 in order to testify its impact under various loads. As seen in Figure 26, for an initial defect of 1–4 mm, all creep strains tend to converge, and the impact on the creep structure is negligible.




4.2.5. Effect of Temperature Field on Creep of the Pressure-Resistant Structure


The constitutive model of the material proposed for the present study can consider the effects of temperature considering the reality that the temperature during the diving of deep-sea equipment decreases to about 2°, which is much lower than the environmental temperature at sea surface. The equivalent creep strain results are shown in Figure 27. This study was conducted to verify the effect of temperature on seawater pressure and temperature, as indicated in Table 10 of Section 4.2.3. The same finite element calculations for various environmental temperatures under the outside pressure of 50 MPa are conducted in order to further confirm the impact of various load levels. The corresponding creep finite element simulation results are displayed in Figure 27. The temperature field for metals and alloys in the range of 30~2° can be regarded as the room temperature range, which has negligible effects on their creep deformation.



In the actual application, the diving velocity of the deep-sea equipment is low and the equipment maintains working status underwater for a relatively long time, according to the service requirement. From the calculations above, the designed pressure-resistant structure’s overall creep deformation under certain environmental temperature fields and load levels will not have a significant impact on the structure’s service ability.






5. Summary and Conclusions


Due to the long-term underwater loading of the pressure-resistant structure, the cold retention phenomenon (i.e., the room-temperature creep phenomenon) will occur. In the present study, the creep deformation of a pressure-resistant structure made of dissimilar titanium alloys is investigated. According to the experimental data, under different peak stresses on material specimens, an improved constitutive model is proposed and validated to well describe the behavior of Ti-6Al-4V and Ti-4Al-2V titanium alloys. Based on that, the Fortran subroutine is compiled and applied to a finite element simulation of the creep deformation of the pressure-resistant structure with a convergence analysis on multiple sets of variables carried out first. Accordingly, the changing tendency of creep deformation with loading conditions, the initial status of the structure and the temperature field are obtained.



Aiming at the working condition of 3000 m depth, the total deformation of 1 year is very small comparing to the radius of the cylindrical structure according to finite element simulation. Therefore, in the structural design, the creep deformation of the pressure-resistant structure can be selectively considered as the tolerance range of design and manufacture, and the elastic strain range of the structure is retained at about 2 mm to ensure the normal operation of the submersible.



The present research offers a thorough understanding of the plastic deformation observed at room temperature in pressure-resistant structures made from titanium alloys, providing insightful advice for improving the design and dependability of submersible structures in challenging deep-sea environments.
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Figure 1. A schematic figure of large-scale deep-sea equipment. 
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Figure 2. Stress–strain curves of Ti-6Al-4V and Ti-4Al-2V titanium alloys. 
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Figure 3. Room-temperature tensile creep test. 
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Figure 4. Room-temperature creep deformation curves of the alloys: (a) Ti-6Al-4V; (b) Ti-4Al-2V. 
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Figure 5. The structure form of the pressure-resistant structure. 
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Figure 6. Comparison of fitting results and test data: (a) Ti-6Al-4V; (b) Ti-4Al-2V(Norton–Bailey). 
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Figure 7. Norton–Bailey’s parameter A with m + 1: (a) Ti-6Al-4V; (b) Ti-4Al-2V. 
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Figure 8. Comparison of fitting results and test data: (a) Ti-6Al-4V; (b) Ti-4Al-2V (improved linear model). 
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Figure 9. Finite element model of the specimen. 
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Figure 10. Comparison of creep deformation between simulation results and test data: (a) Ti-6Al-4V; (b) Ti-4Al-2V. 
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Figure 11. Finite element model of the pressure-resistant cylindrical shell with boundary conditions. 
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Figure 12. Modeling of pressure-resistant structures with different meshes density: (a) mesh density = 2 mm; (b) mesh density = 4 mm; (c) mesh density = 8 mm; (d) mesh density = 16 mm. 
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Figure 13. Equivalent creep for different mesh densities: (a) mesh density = 2 mm; (b) mesh density = 4 mm; (c) mesh density = 8 mm; (d) mesh density = 16 mm. 
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Figure 14. Variation curves of maximum stress values for different mesh densities: (a) annular column shell; (b) T-ribbed flange. 
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Figure 15. Variation curves of displacement for different mesh densities: (a) annular column shell; (b) T-ribbed flange. 
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Figure 16. Variation curves of strain for different mesh densities: (a) annular column shell; (b) T-ribbed flange. 
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Figure 17. Load–displacement curves for pressure-resistant structures. 
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Figure 18. Equivalent creep for different load magnitude: (a) loading = 25 MPa; (b) loading = 30 MPa; (c) loading = 35 MPa; (d) loading = 40 MPa; (e) loading = 45 MPa; (f) loading = 50 MPa. 
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Figure 19. Variation curves of maximum stress values for different load magnitudes: (a) annular column shell; (b) T-ribbed flange. 
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Figure 20. Variation curves of displacement for different load magnitudes: (a) annular column shell; (b) T-ribbed flange. 
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Figure 21. Variation curves of strain for different load magnitudes: (a) annular column shell; (b) T-ribbed flange. 
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Figure 22. Displacement variation curves at different time periods: (a) Ti-6Al-4V; (b) Ti-4Al-2V. 
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Figure 23. Equivalent creep for different loading rates: (a) rate = 0.5 MPa/s; (b) rate =1 MPa/s; (c) rate = 2 MPa/s; (d) rate = 5 MPa/s. 
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Figure 24. Variation curves of displacement for different load rates: (a) annular column shell; (b) T-ribbed flange. 
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Figure 25. Equivalent creep strain for different loads with initial geometric imperfection: (a) 30 MPa; (b) 50 MPa. 
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Figure 26. Equivalent creep for different initial geometric imperfections: (a) imperfection = 1 mm, 30 MPa; (b) imperfection = 2 mm, 30 MPa; (c) imperfection = 3 mm, 30 MPa; (d) imperfection = 4 mm, 30 MPa; (e) imperfection = 2 mm, 50 MPa; (f) imperfection = 4 mm, 50 MPa. 
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Figure 27. Equivalent creep for different temperature fields: (a) 2°, 30 MPa; (b) 2~30°, 30 MPa; (c) 30~2°, 30 MPa; (d) 2°, 50 MPa; (e) 2~30°, 50 MPa; (f) 30~2°, 50 MPa. 
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Table 1. Chemical composition of Ti-6Al-4V and Ti-4Al-2V alloys (wt%).
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Materials

	
Element




	
Al

	
V

	
Fe

	
C

	
N

	
H

	
O

	
Si

	
Ti






	
Ti-6Al-4V

	
6.0

	
4.1

	
0.16

	
0.02

	
0.01

	
0.002

	
0.15

	
—

	
Base




	
Ti-4Al-2V

	
4.1

	
2.1

	
0.14

	
0.02

	
0.02

	
0.003

	
0.13

	
0.02

	
Base











 





Table 2. Mechanical properties of Ti-6Al-4V and Ti-4Al-2V alloys.
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Materials

	
Mechanical Property




	
E (GPa)

	
v

	
σs (MPa)

	
σb (MPa)






	
Ti-6Al-4V

	
110

	
0.3

	
850

	
916




	
Ti-4Al-2V

	
108

	
0.3

	
648

	
749











 





Table 3. Room-temperature creep test conditions.
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	σmax/σs
	0.85
	0.90
	0.905
	0.92
	0.95
	0.958
	0.976





	Ti-6Al-4V
	/
	/
	300,000 s
	300,000 s
	/
	150,000 s
	50,000 s



	Ti-4Al-2V
	300,000 s
	300,000 s
	/
	300,000 s
	300,000 s
	/
	/










 





Table 4. Parameters of deep-sea pressure-resistant structure.






Table 4. Parameters of deep-sea pressure-resistant structure.





	Item
	Value





	Pressure-resistant shell inner diameter (Ti-6Al-4V)
	424 mm



	Initial wall thickness
	26 mm



	T-beam height (Ti-4Al-2V)
	116 mm



	T-beam width (Ti-4Al-2V)
	70 mm



	T-beam wing (Ti-4Al-2V)
	16 mm



	T-beam web (Ti-4Al-2V)
	14 mm



	T-beam spacing
	200 mm










 





Table 5. Norton-Bailey model parameters of Ti-6Al-4V, Ti-4Al-2V alloys.
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Materials

	
Model Parameters




	
A

	
n

	
m






	
Ti-6Al-4V

	
4.2 × 10−49

	
15.5

	
−7.35 × 10−1




	
Ti-4Al-2V

	
7.20 × 10−27

	
8.2

	
−8.54 × 10−1











 





Table 6. Material parameter C-fit processing of Ti-6AL-4V, Ti-4AL-2V alloys.
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	σmax/σs
	0.85
	0.90
	0.905
	0.92
	0.95
	0.958
	0.976





	Ti-6Al-4V
	/
	/
	4.03 × 10−3
	4.16 × 10−3
	/
	2.18 × 10−3
	−2.15 × 10−4



	Ti-4Al-2V
	−1.13 × 10−3
	−2.73 × 10−3
	/
	9.51 × 10−4
	5.04 × 10−3
	/
	/










 





Table 7. The creep constitutive model parameters of Ti-6Al-4V and Ti-4Al-2V alloys.
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Materials

	
Model Parameters




	
aA

	
bA

	
am

	
bm

	
n






	
Ti-6Al-4V

	
3.33 × 10−11

	
−1.52 × 10−8

	
1.33 × 10−3

	
−8.37 × 10−1

	
1.62




	
Ti-4Al-2V

	
1.39 × 10−10

	
−7.14 × 10−8

	
1.55 × 10−3

	
−7.71 × 10−1

	
1.65











 





Table 8. Material parameter C-fit processing of Ti-6AL-4V and Ti-4AL-2V alloys.






Table 8. Material parameter C-fit processing of Ti-6AL-4V and Ti-4AL-2V alloys.





	σmax/σs
	0.85
	0.90
	0.905
	0.92
	0.95
	0.958
	0.976





	Ti-6Al-4V
	/
	/
	1.17 × 10−3
	1.06 × 10−3
	/
	6.95 × 10−4
	4.46 × 10−4



	Ti-4Al-2V
	2.34 × 10−3
	9.92 × 10−4
	/
	7.83 × 10−4
	1.98 × 10−4
	/
	/










 





Table 9. Finite element simulation results corresponding to different mesh pressure-resistant structures.






Table 9. Finite element simulation results corresponding to different mesh pressure-resistant structures.





	
Composition

	
Ring-Ribbed Column Shell

	
T-Ribbed Flange




	
Mesh Size

	
Elem Number

	
Displacement

	
Relative Error

	
Elem Number

	
Displacement

	
Relative Error






	
2 mm

	
1,338,246

	
1.238 mm

	
0.08%

	
546,300

	
1.260 mm

	
0.08%




	
4 mm

	
181,944

	
1.237 mm

	
—

	
69,536

	
1.259 mm

	
—




	
8 mm

	
19,380

	
1.229 mm

	
0.97%

	
8970/

	
1.250 mm

	
0.71%




	
16 mm

	
3354

	
1.366 mm

	
10.43%

	
1122/

	
1.758 mm

	
39.63%











 





Table 10. Factors affecting deep and shallow working conditions in the oceans.
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	Depths (m)
	Pressure (MPa)
	Temperature (°C)





	2500
	25
	3.5



	3000
	30
	2



	3500
	35
	1.5



	4000
	40
	1



	5000
	50
	0










 





Table 11. Displacement over time.






Table 11. Displacement over time.





	
Materials

	
Pressure (MPa)

	
25

	
30

	
35

	
40

	
45

	
50




	
Cycle (Month)

	
Displacement (mm)






	
Ti-6Al-4V

	
Tensile

	
0.8787

	
1.05385

	
1.2288

	
1.39364

	
1.56691

	
1.73997




	
3

	
0.88017

	
1.0558

	
1.23127

	
1.39675

	
1.58086

	
1.75548




	
6

	
0.88026

	
1.05592

	
1.23143

	
1.39708

	
1.58237

	
1.75711




	
9

	
0.88035

	
1.05604

	
1.23158

	
1.39729

	
1.58336

	
1.75818




	
12

	
0.88049

	
1.05622

	
1.23181

	
1.3975

	
1.58443

	
1.75922




	
Ti-4Al-2V

	
Tensile

	
0.88968

	
1.06696

	
1.24401

	
1.40902

	
1.56691

	
1.73997




	
3

	
0.89138

	
1.06921

	
1.24686

	
1.41258

	
1.59971

	
1.7764




	
6

	
0.89148

	
1.06934

	
1.24704

	
1.41295

	
1.6014

	
1.77823




	
9

	
0.89158

	
1.06948

	
1.24722

	
1.4132

	
1.6025

	
1.77943




	
12

	
0.89173

	
1.06969

	
1.24748

	
1.41344

	
1.60358

	
1.78059
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