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Abstract

:

In order to solve the impact on the accuracy of a life prediction model when the initial crack angle of the curved surface is not 0°, the traditional stress intensity factor model is revised by the non-linear regression analysis method, and an optimized crack growth model is established. This paper takes the surface of the bottle neck of the pressure vessel as the research object, and uses the finite element method to establish a simulation model with an initial crack angle of not 0°. By analyzing the stress intensity factors of different starting angles, the relationship between the correction factor F and the pressure vessel wall thickness h, the radius of curvature R of the joint surface between the bottle neck and the bottle body, the initial crack length L and the initial angle α are calculated. The modified stress intensity factor is used to optimize the crack growth model of the pressure vessel. The experiment proves that the accuracy of the pressure vessel life prediction model is improved.
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1. Introduction


With the wide application of pressure vessels in the industry, the life assessment of pressure vessels has become more and more important. When using fracture mechanics or failure assessment diagrams to evaluate the life of pressure vessels, it is necessary to know the stress intensity factor at the crack tip in advance. Hossain Akhi Atika and other scholars [1,2] proposed the use of various aspect ratios (ratio of crack depth to crack length) and relative depth (ratio of crack depth to pipe thickness) to characterize different semi-elliptical defects, and evaluate the SIFs with surface defects. Qing Dong [3] modeled the low-cycle fatigue of crack propagation exploring J-integral. Apu Sarkar [4] modeled and explained the mechanism for the low-cycle fatigue crack propagation of the pressure vessel. Diego F. [5] combined the simulation approach of the initiation–growth–arrest algorithm with XFEM, and proposed a new simulation approach for crack initiation and propagation. Tang Huaizi [6,7] considered the influence of the distribution form on the stress intensity factor, using the power series expansion method and the weight function method, and obtained the applicable range of the formula for calculating the stress intensity factor under uniform and non-uniform distribution pressures. Zhu Yongqiang [8] established a flexural crack model on a wave-shaped interface, and studied the influence of structural parameters on porosity, pore distribution and TC layer thickness, interface roughness, and crack tip on the wave-shaped interface. Scholars, such as Shen Qingqing [9,10], considered the influence of the relative positions of multiple cracks on their stress intensity factors, analyzed the interaction mechanism of multiple cracks, and obtained the strengthened and weakened areas of the stress intensity factor. Wang Xin [11] considered the uneven distribution of stress and calculated the complex stress intensity factor solution to verify the closed form weight function derived from several nonlinear normal and shear stress distributions. Wei Shen [12,13] proposed using the hot-spot stress method to calculate the stress intensity factor of a tubular T-joint, but its limitation is that it does not consider the effect of the crack angle. Jun Ishimoto [14] computed the crack propagation of the pressure vessel using a hybrid of the coupled particle and Eulerian methods. Binbin Zhou [15] investigated the crack propagation for the composite plate.



All the above models assume that the initial crack angle of the curved surface is 0°, equivalent to the normal direction of the curved surface. The influence of the angle α between the initial crack direction and the normal direction is not considered for the crack growth. In fact, the size of the initial crack angle affects the direction of the crack propagation and the stress distribution of the model. Therefore, we take the neck joint surface body of the pressure vessel bottle as the research object, considering the initial crack angle of the curved surface. To perform this, we modify the stress intensity factor formula and then apply the modified formula to optimize the crack propagation model of the pressure vessel.




2. Theoretical Derivation


2.1. Stress Intensity Factor Correction Formula


In the traditional pressure vessel crack growth model, assuming the initial crack angle is 0°, the stress intensity factor K of the crack growth model [16] is:


  K =   σ R  h   F s   (   λ a   )    π a    



(1)







Breaking the assumption that the initial crack propagation angle is 0°, we assume the stress intensity factor F is affected by the crack initiation angle α, where F is a coefficient variable. Therefore, we can express the crack growth model when the crack initiation angle is α as Formula (2). The modified stress intensity factor K* is:


   K *  =   σ R  h   F s   (   λ a   )    π a   × F  



(2)







For the above formulas,   σ   is the stress on the inner wall of the cylinder, R is the average radius of the curvature, h is the thickness of the pipe wall, a is the half-crack length,   μ   is the Poisson’s ratio, and    λ a    is the shell parameter.    λ a    can be calculated directly from the material parameters by Formula (3).    F S   (   λ a   )    is a constant equation, so    F S   (   λ a   )    can be directly calculated by    λ a   .


   λ a  =      [  12  (  1 −  μ 2   )   ]    0.25   a     R h      



(3)








2.2. Based on the Revised Crack Growth Formula


For the life prediction of metal materials, the fracture analysis method is mostly used. The fracture analysis method uses the Paris formula to calculate the crack growth rate to obtain the life cycle of the container failure. The traditional Paris formula [17] is presented as Equation (4):


    d a   d N   = C    (  ∆ K  )   m   



(4)




where C and m are the material constants, ∆K is the increment of the stress intensity factor,   d a   is the crack growth,   d N   is the number of cycles, and   d a / d N   is fatigue crack growth rate. In the category of elastic fracture mechanics, the following relationship between the stress intensity factor increment ∆K and the strain energy release rate ∆G is:


  ∆ G =   ∆  K 2     E *     



(5)




where


   E *  =  {      E ,                             P l a n e   s t r e s s                E  1 −  μ 2    ,                         P l a n e   s t r a i n        



(6)







By combining (2) and (5), the modified   ∆  G *    can be obtained:


  ∆  G *  =      (  ∆  K *   )   2     E *    =   ∆    (  K · F  )   2     E *     



(7)







Considering that the stress intensity factor correction factor F is a constant coefficient related to the initial state of the crack, the Formula (7) can be rewritten as:


  ∆  G *  =      (  ∆ K  )   2  ·  F 2     E *     



(8)







Based on the low-cycle fatigue crack growth criterion of components under subcritical cyclic loading, the G-form strain energy expression of the Paris formula is presented as Formula (9):


    d a   d N   =  c 3  ∆  G   c 4     



(9)







By combining (8) and (9), the modified fatigue crack growth rate is presented as Formula (10):


    d a   d N   =  c 3     (       (  ∆ K · F  )   2     E *     )     c 4     



(10)




where    c 3    and    c 4    are the material constants. From this, the relationship between the parameters    c 3  ,    c 4    and the modified Paris formula parameters C, m can be calculated as:


   c 3  = C    (     E *     F 2     )     c 4     



(11)






   c 4  =  m 2   



(12)









3. Simulation of the Stress Intensity Factor Correction Factor


3.1. Model Establishment


In order to obtain the stress intensity factor correction factor F, we take the bottleneck surface of the pressure vessel as the research object and use the ABAQUS simulation software platform to establish the model. The model is an axisymmetric structure with fixed constraints on the bottom, shown in Figure 1, where h is the wall thickness of the cylinder,    r 1    is the outer diameter of the bottleneck,    r 2    is the inner diameter of the bottleneck, and R is the radius of curvature of the joint surface between the bottleneck and the bottle body. We use 35CrMo as the material, and its relevant parameters are shown in Table 1.



The thermal conductivity    K I    and constant pressure heat capacity C of 35CrMo are both functions of temperature change, and the satisfied relations are presented as Equations (13) and (14):


   K I  = 36.51209 + 0.04898653  T  − 1   − 1.012462  T 2  + 4.653864  T 3   



(13)






  C = 3.55.4448 + 0.2848 T − 5.000001  T 2   



(14)







The constitutive equation of the 35CrMo is presented as Equation (15):


  σ = ln  {     [     ε ˙  · exp  (    368925   R T    )    1.11768 ×   10   14      ]    0.18099   +    [     [     ε ˙  · exp  (    368925   R T    )    1.11768 ×   10   14      ]    0.18099   + 1  ]    0.5    }   



(15)




where    ε ˙  = 1.11768 ×   10   14      [   sin h   (  0.0097 σ  )   ]    5.525058   exp  (  −   368925   R T    )   . Additionally, the fracture toughness of 35CrMo is presented in Table 2.



After the setup of the corresponding parameters of 35CrMo, setting the working environment of the pressure vessel at room temperature, ABAQUS adopts the VonMises criterion, and the overall analysis adopts the ABAQUS/standard general static analysis step to carry out the ultimate load analysis of the structure. A uniform pressure load of 2.5 MPa is applied to the inner wall of the pressure vessel, and the moment module is added to the joint surface of the pressure vessel bottleneck and the bottle body to simulate the elastic flexural bearing capacity. In addition, the displacement constraints of    U x  = 0   and    U y  = 0   are applied, and an inertial load   g = 9.8    m  /  s 2    is applied in the X direction. The analysis process adopts the Newton iteration method for automatic load step loading. The stress load diagram of the pressure vessel is shown in Figure 2a.



The grid density of the curved surface is set to 0.25 mm, and the other parts are set to 5 mm. The mesh model is shown in Figure 2b; the mesh around the surface is denser. As shown in Figure 3, it is the plan view of the normal direction of the crack growth model. The stress intensity distribution is calculated by FEA (finite element analysis). The brighter colors indicate higher stress, and it can be observed that the area of the crack tip has the greatest stress intensity.




3.2. Two-Point Displacement Extrapolation Method


In this paper, the stress intensity factor was calculated by the two-point displacement extrapolation method. First, obtain the displacement offset of the crack. Then, select the opening displacement of the crack surface; that is, the node displacement V of θ = π to calculate K, which can be calculated by Formula (16) with the corresponding    K *   .


   K *  =   E v    (  1 + k  )   (  1 + μ  )        2 π  r     



(16)




where E is the modulus of elasticity, μ is the Poisson’s ratio,   k =  (  3 − μ  )   (  1 + μ  )   , v is the displacement, and r is the radius coordinate of the data point. The formula for calculating the stress intensity factor by the displacement extrapolation method is calculated by the opening displacement of the crack surface. It is an empirical formula. External factors, such as the crack initiation angle, directly affect the opening displacement of the crack surface and thus the stress intensity factor. Therefore, the stress intensity factor correction factor F can be obtained by Formulas (2) and (16).




3.3. Analysis of the Influencing Factors


The factors affecting the stress intensity include the radius of curvature R of the bottleneck joint bottle body, the wall thickness h of the pressure vessel, the length of the crack L, and the crack angle α. In order to express the influence of multiple factors on the stress intensity factor, the relationship between each factor and F is presented in the following figures.



The curvature radius of the bottleneck surface is set to 220 mm, 245 mm, 270 mm, 295 mm, 320 mm, and the wall thickness h and the crack length L are fixed values. Under different initiation angles, F and R are plotted. The law of change is shown in Figure 4a. The nonlinear regression method is used to calculate the fitting expression curve of F and R when the pressure vessel wall thickness h, crack length L, and the angle α between the crack direction and the axial direction are fixed values, as shown in Figure 4b.



It can be observed from Figure 4a,b that the stress intensity factor correction factor F increases with the increase in the curvature radius R of the joint surface between the bottleneck of the pressure vessel and the bottle body.



The wall thickness of the pressure vessel is set at 4 cm, 6 cm, 8 cm, 10 cm, and 12 cm; the radius of curvature R and the crack length L are fixed values; and the change law of F and h is shown in Figure 5a. Similarly, when the radius of curvature R of the bottleneck of the pressure vessel, the crack length L, and the angle α between the crack direction and the axial direction are fixed values, the fitting relationship between F and h is shown in Figure 5b.



It can be observed from Figure 5a,b that the stress intensity factor correction factor F decreases as the wall thickness h increases.



Set the initial state of the crack, take the length of the crack as 6 mm, 8 mm, 10 mm, 12 mm, and 14 mm, the radius of curvature R and the wall thickness have fixed values, and draw the law of change between F and L under different initiation angles, as shown in Figure 6a. Calculated when the pressure vessel bottleneck radius of the curvature R, wall thickness h, and the angle α between the crack direction and the axial direction are fixed values, the fitting relationship between F and L is shown in Figure 6b.



It can be observed from Figure 6a,b that the stress intensity factor correction factor F increases as the crack length L increases.



Taking the radian of the angle between the crack direction and the axial direction as the independent variable, calculate the fitting relationship between F and α when the radius of curvature of the bottleneck of the pressure vessel R, the crack length L, and the wall thickness h of the pressure vessel are fixed values.



It can be observed from Figure 7 that the stress intensity factor correction coefficient F rapidly decreases, with the increase in α, and then there is little change in the fluctuation.





4. Establish a Crack Growth Model Based on Correction Factor F


In the present paper, the XFEM (extended finite element method) theory was used to establish a modified crack growth model. The initial crack was set to 2 mm and the initial angle was set to 30°. When calculating the crack propagation path, first discretize the crack propagation path into polyline segments, and then compare the strain energy of the crack tip with the strain energy required by the mesh. If the strain energy of the crack tip is stronger, the crack starts to grow. The direction of the crack propagation is determined by the maximum circumferential stress criterion. Repeatedly calculate the stress intensity factor amplitude of each discrete line segment, the crack propagation angle, and the coordinates of the crack tip position, and then simulate the crack. Each cycle represents 1 s, and the maximum cyclic pressure load is 5 KN; the minimum cyclic pressure load is 0.5 KN. The propagation path of the crack is shown in Figure 8.



Figure 8 shows the variation of the crack on the bottleneck surface of the pressure vessel with the cycle. The red cell in the figure indicates that the cell is completely damaged and a crack has formed. The crack expands from left to right, and the failed unit gradually expands to the right. Figure 8a is the crack growth diagram when the initial crack has not expanded. From Figure 8a,b, 50 cycles have passed, and 1 grid unit has been expanded. Additionally, after 50 cycles, Figure 8b,c expanded by 2 grid units, Figure 8c,d expanded by 3 grid units, and Figure 8d,e expanded by 3 grids. The element, from Figure 8e,f, extends 8 grid elements; the conclusion that can be obtained from the figure is that the more crack growth units, the faster the crack growth rate, with the same period increment. At the same time, analyzing the stress change at the crack tip during the propagation process shows that the maximum principal stress at the crack tip shows a trend of slowly increasing first and then rapidly decreasing.



In order to analyze the influence of the initial crack initiation angle α on the crack propagation path, the initial crack length is set to 2 mm. The initiation angles α of 30° and 40° are taken as the simulation examples. Under the same loading conditions, the crack propagation path diagram at the initiation angle of 30 and 40 is shown in Figure 9.



The dotted line in Figure 9 represents the initial crack direction of the traditional crack propagation model. It can be observed from Figure 9a,b that, under the same geometric parameters, only the crack initiation angle α is different; the crack propagation path is also different. During the crack propagation process, the crack propagation direction frequently changes, and the crack propagation path presents a wave-shaped extension and expansion, and the crack propagation path at the initiation angle of 40° in Figure 9b is more “fluctuated” than the crack propagation path at the initiation angle of 30° in Figure 9a. This is because, based on the maximum circumferential stress criterion, the crack propagation direction is always along the maximum circumferential stress direction, and the existence of the crack initiation angle causes the dislocation of the crack tip to be blocked, and then multiple stress concentrations occur, and the greater the crack initiation angle, the peak energy release rate of the crack tip is higher, and the driving force for crack growth is greater. The crack tip can release strain energy by changing the direction and reduce the strain concentration. Therefore, the greater the initiation angle, the greater the “undulations” of the crack propagation.



For a quantitative analysis, taking the crack initiation angle of 30° and the crack initiation angle of 40° as examples, the results of the deflection angle of the crack propagation path and the crack propagation amount during the cycle are recorded in Table 3. α is the crack propagation deviation angle, based on the crack propagation path of the previous grid unit; counterclockwise is a positive value, and clockwise rotation is a negative value. For the initial crack, α is the deviation angle set on the basis of the initial crack of the traditional crack propagation model.



From Table 3, we can observe the crack growth direction and the amount of crack growth at different cycles. By comparing the crack propagation direction when the crack initiation angle is 30° and 40°, it can be observed that the crack propagation angle corresponding to the crack initiation angle of 30° is greater, and the direction is counterclockwise. The crack initiation angle of 40° corresponds to a smaller crack propagation angle, but the direction is clockwise. Analyzed by the strain energy, the clockwise direction is the direction facing away from the original crack propagation path, so the required strain energy is greater. When the crack initiation angle is 40°, the accumulated strain energy is too high and the crack has to follow the clockwise direction. When the crack initiation angle is 30°, the accumulated strain energy is not enough to support the re-planning of the crack path, and the crack expands in the counterclockwise direction. By comparing the crack growth amount when the crack initiation angle is 30° and 40°, under the same cycle period, the crack growth amount corresponding to the 40° crack initiation angle is generally greater than the crack growth amount corresponding to the 30° crack initiation angle. For the same time period, the higher the strain energy, the greater the crack growth and the faster the crack growth rate. Therefore, the greater the crack initiation angle, the larger the crack growth, the faster the crack growth speed, and the more obvious the crack growth offset.




5. Verification


In Table 4, E is the elastic modulus of the material, μ is the Poisson’s ratio of the material, L is the initial crack length, and D is the wall thickness of the pressure vessel. Table 4 presents the experimental results of the effect of temperature on the crack growth rate. The experimental conclusions are as follows: (1) the crack growth rate increases with the increase in the temperature and, (2) at different temperatures, the fatigue crack growth rate equation is different.



In comparison to the traditional stress intensity factor model of the crack growth presented in Table 5, the crack growth rate at room temperature is shown in Figure 10.



It can be observed from the comparison in Figure 10 that the modified stress intensity factor model has the same growth trend with the traditional stress intensity factor model, and the modified curve is evidently closer to the experimental data. Therefore, the crack growth rate calculated by the optimized crack growth model is more reliable.




6. Conclusions


The present paper modifies the traditional stress intensity factor model and analyzes the relationship between the modified stress intensity factor and the pressure vessel wall thickness h, the curvature radius of the joint surface between the bottleneck and the bottle body R, the initial crack length L, and the crack initiation angle α, and calculates the modified stress intensity factor to optimize the crack. The expansion model presents the following conclusions: (1) the smoother the surface, the faster the crack growth; (2) the longer the initial crack length, the faster the crack growth rate; and (3) the greater the crack initiation angle, the greater the strain energy of the crack tip, the greater the crack propagation undulation, and the faster the crack propagation rate. Secondly, the initial angle influences the crack growth path and crack growth rate by simulation. Finally, in comparison to the traditional stress intensity factor model in terms of the crack growth rate, the modified stress intensity factor can calculate the crack propagation rate more accurately when the initiation angle of the curved surface is not 0°.
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Figure 1. The geometric model of the surface of the pressure vessel bottleneck. 
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Figure 2. Pressure vessel simulation structure diagram: (a) stress load diagram and (b) pressure vessel grid simulation model. 
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Figure 3. Crack growth model. 
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Figure 4. The relationship curve between F and R (a) under different crack initiation angles, the law of change of F with R, and the (b) fitting curve of F and R when h, L and α are fixed values. 
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Figure 5. The relationship curve between F and h (a) under different initiation angles, the law of change of F with h, and the (b) fitting curve of F and h when R, L, and α are fixed values. 
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Figure 6. The relationship curve between F and L: (a) the law of change of F with L under different initiation angles, and the (b) fitting curve of F and L when R, h, and α are fixed values. 
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Figure 7. The fitting curve of F and α when h and R fixed. 
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Figure 8. The crack growth process diagram: (a) 0 cycles; (b) 50 cycles; (c) 100 cycles; (d) 150 cycles; (e) 200 cycles; and (f) 250 cycles. 
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Figure 9. The crack propagation path under different initiation angles: (a) 30° initiation angle and (b) 40° initiation angle. 
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Figure 10. A comparison of the results of the crack growth rate. 
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Table 1. Pressure vessel material parameters.
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	Density

  ρ   (kg/m3)
	Elastic Modulus E (GPa)
	Poisson’s Ratio

  μ  
	Linear Expansion

Coefficient (/°C)





	7800
	210
	0.3
	1.35 × 10−5
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Table 2. The fracture toughness of 35CrMo.
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	Temperature (°C)
	Elastic Modulus (105 MPa)
	Yield Strength (MPa)





	20
	1.95
	172.00



	200
	1.83
	120.70



	400
	1.69
	101.30



	550
	1.55
	91.03
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Table 3. The step-by-step loading fatigue expansion experiment.
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Crack Angle

	
Cycle Period

	
α/°

	
Crack Growth Length/mm






	
30°

	
50

	
30

	
1.388




	
150

	
37

	
1.583




	
250

	
−8

	
1.792




	
40°

	
50

	
40

	
1.417




	
150

	
−18

	
1.739




	
250

	
9

	
2.042
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Table 4. The model calculation example parameters.
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	Material Properties
	Geometric Size (mm)
	Internal Pressure (Mpa)





	   E = 2 ×   10  5     MPa    

   μ = 0.3   
	L = 10

D = 100
	1 MPa
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Table 5. The test results of the fatigue crack growth.
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	Temperature °C
	Fatigue Crack Growth Rate Equation





	36
	   d a / d N = 3.934 ×   10   − 9      (  ∆ K  )    3.038     



	200
	   d a / d N = 1.679 ×   10   − 9      (  ∆ K  )    3.419     



	400
	   d a / d N = 2.261 ×   10   − 8      (  ∆ K  )    2.823     



	550
	   d a / d N = 2.806 ×   10   − 7      (  ∆ K  )    2.347     
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