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Abstract

:

The load-carrying capacities of welded joints need to be paid attention to in the design of the frame, which transfers the thrust generated by the rocket engine to the rocket body. A load-carrying capacity evaluation method of welded joints based on the structural stress method is proposed in this study. Both the ultimate load-carrying capacity and fracture section angle are precisely obtained by the evaluation method. At the same time, a definition of weld-failure stress is given based on the evaluation method and tests. The load-carrying capacity of welded joints in the rocket engine frame is analyzed through the finite element model, including the overall structure and local weld details. The weld-failure stress of welded joints is obtained based on the analysis of three types of welded structures—standard shear specimen, U-shaped fillet welded specimen and pipe-plate fillet welded specimen. The safety factors of the transverse rod and longitudinal bearing rod welded joints of the frame are 8.6 and 13.4, respectively.
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1. Introduction


The frame is the main load-carrying component which transfers the thrust generated by the rocket engine to the rocket body. As the main load-transferring structure, it needs to have sufficient carrying capacity and mostly uses the rod truss structure [1]. The frame is commonly made of 30CrMnSiA steel, which is a kind of high-strength quenched and tempered steel with poor weldability. Therefore, the load-carrying capacity of welded joints needs to be paid attention to in the design of frames.



The strength of welded joints is a classic subject in the design of load-carrying structures and remains a hot topic. Numerous studies have been done on this topic, but unfortunately, there is still no consensus [2]. Research on fatigue life has attracted much attention in the study of welded joints and several classical methods have been proposed, such as the nominal stress [3,4], the hot spot stress [5,6] and the structural stress [7,8,9]. However, static load failure is also a typical damage mode in high-pressure vessels and load-transferring structures, which can be seen in a large number of welding structure failure examples. Unfortunately, there are only a few studies on static load failure of welded structures [10,11]. Yang et al. carried out a series of experimental studies on the strength of stainless-steel fillet weld connections and obtained the stress-strain curves of the base metal and weld metal [12]. According to the shear strength analysis of transverse and longitudinal fillet-welded joints, it was found that the ultimate strength of transverse fillet-welded joints is 1.5 times that of longitudinal ones. Ahola et al. studied the fatigue behavior of load-carrying joints under bending loading and proposed an analytical fatigue assessment procedure for the calculation of weld stress [13]. Hanji et al. studied the effect of stress state of the welded joint on fatigue strength through fatigue tests and finite element analysis [14]. Jovanović et al. studied the Gr 91 Crack resistance of welded joints under static load and impact load [10]. Ameri et al., based on the basic concept of critical distance theory (TCD), verified the practicability of using local linear elastic stress to estimate the static strength of steel arc-welded joints by testing various welding geometries according to experimental results obtained in different documents [11]. Varbai et al. focused on the shear strength of welded structures [15], while Nie et al. [16] and Lu et al. [17] managed to apply the structural stress method to static stress analysis and developed the shear strength theory of fillet welds. Current research is still in the stage of theoretical exploration, and the analyses and tests of complex engineering structures are relatively less.



This study focuses on the load-carrying capacity of welded joints for rocket engine frames. A new load-carrying capacity evaluation method is proposed based on the structural stress method and verified by test results. After that, the method is applied to a frame structure of rocket engines, and the safety factors of the welded joints are obtained.




2. Load-Carrying Capacity of Welded Joints


According to the AWS (American Welding Society) 2007 (Standard Methods for Mechanical Testing of Welds) [18], load-carrying capacities of welded joints are tested by standard transverse and longitudinal welded specimens. Figure 1 shows the AWS standard test specimens. The transverse welded specimens are composed of four plates with a thickness of 10 mm. The size of 1# plate is 145 mm × 50 mm, while 2# plate is 60 mm × 50 mm. Four plates are connected by four fillet welds. Arc welding is adopted and the length and height of the fillet weld leg are designed to be 3 mm. The longitudinal welded specimen is similar to the transverse welded specimen. The only difference is the size of plates. The sizes of 1# and 2# plates of the longitudinal welded specimen are 145 mm × 70 mm and 90 mm × 30 mm, respectively.



Firstly, the load-carrying capacities of these two types of welded joints were tested. During the loading test, one end of the specimen is clamped and the other end is subjected to a tensile load. The displacement control method was adopted and its rate was controlled at 0.5 mm/min. Figure 2 shows the tensile load-displacement curves of the specimens. The nonlinearity in the initial stage is mainly caused by the gradual clamping process between the clamp and the specimen. Both transverse and longitudinal welded specimens fractured shortly after the plastic yield, indicating that the elongation of the weld metal is relatively low. The load-carrying capacities of transverse and longitudinal welded specimens are 20.5 t and 25.5 t, respectively. Figure 3 shows the failure fractures of the welded joints. Among them, Figure 3a shows the fracture cross-section angle of the medium transverse welded specimen with the plate surface of approximately 15°; Figure 3b shows the fracture cross-section angle of the medium longitudinal welded specimen with the plate surface of approximately 45°.




3. Analysis of Structural Stress


Figure 4 shows the stress status of the fillet weld. The length and height of the fillet weld leg are  a  and  h , respectively. The weld fracture occurs at the section angle under the effect of load  F . AWS 2007 gives a calculation formula for fillet weld shear stress as shown in Equation (1):


  τ =  F  L ×  a θ     



(1)




where,    a θ    is the length of the weld throat in the fracture section, and  L  is the length of the weld.



In practical engineering applications, the geometry of fillet welds can be complex, therefore, it is impossible to specify the load and throat length of the fillet weld directly. At the same time, an obvious stress concentration was noted in the local area. Due to the sensitivity of element shape and type in the conventional finite element method (FEM), the results cannot be directly applied to the evaluation of the stress state of fillet welds.



The structural stress method is a fatigue life prediction method proposed by Dong [7,8,9], aiming at the particularity of the fatigue problem in welded structures. The typical feature of this method is that it is insensitive to the element type, shape and size of the mesh. The stress along the weld throat is divided into structural stress balanced with external force and self-balanced notch stress. Structural stress can be expressed as Equation (2).


   σ n  =  1 t   L  − 1   (  F  y n   +  6 t   M  x n   )  



(2)




where    σ n    is the structural stress of every node,    F  y n     denotes the nodal force,    M  x n     is the nodal moment,  L  refers to the equivalent matrix of element length and  t  describes the thickness of the plate. The relationship between line force and nodal force can be expressed as Equation (3), while the relationship between the line moment and nodal moment can be expressed as Equation (4), similarly.


     {   f  y 1   ,  f  y 2   ⋯  f  y n    }   T  =  L  − 1      {   F  y 1   ,  F  y 2   ⋯  F  y n    }   T   



(3)






     {   m  x 1   ,  m  x 2   ⋯  m  x n    }   T  =  L  − 1      {   M  x 1   ,  M  x 2   ⋯  M  x n    }   T   



(4)







Then, the membrane stress    σ m    and bending stress    σ b    uniformly distributed along the weld throat can be obtained by following Equations (5) and (6), respectively.


   σ m  =   1 t      ∫  − t / 2   t / 2     σ x  ( y ) d y =    f y   t      



(5)






   σ b  =   6   t 2        ∫  − t / 2   t / 2    y  σ x  ( y ) d y =   6  m x     t 2        



(6)







So, the structural stress of the selected weld throat section can be expressed as Equation (7).


   σ  s t   =  σ m  +  σ b  =    f y   t  +   6  m x     t 2     



(7)







To explain the analysis of structural stress, an FE model was developed in a commercial FEM software ABAQUS. Figure 5 shows the FE models of the transverse and longitudinal welded specimens, respectively. The transverse and longitudinal weld sample models are meshed in Hyper mesh. Plane strain elements were employed in the transverse welded specimen, while the hexahedral element was adopted in the longitudinal welded specimen. The contact interaction was defined between the four plates, and all of the plates were tied to the weld. The structural stress method is based on the nodal force, which is not affected by the material properties. Therefore, the material property of the weld was set to be the same as that of the plates. The length and height of weld legs were obtained based on actual measured results. One end of the model was restrained by fixed constraint, and the other one was subjected to tensile load. Based on the test results, the tensile loads were set as 20.5 t and 25.5 t for transverse and longitudinal welded structures, respectively.



Figure 6 depicted the nodal force of different sections under the tensile load. The normal and shear nodal force of different sections were extracted, respectively, and the normal and shear components of structural stress can be calculated based on Equations (2)–(7). Thus, we can accurately obtain the stress status of the weld based on the structural stress method. It should be noted that the analysis results are independent of the mesh quality and weld material properties.




4. Weld-Failure Stress


There are three typical methods of defining the effective stress as shown in Equations (8)–(10) for the analysis of static strength, which have also been mentioned in reference [16]. Among them, Equation (8) is based on the assumption that when the vector sum of the normal and shear traction components reaches its limit value, static failure will occur along the cutting plane, while Equation (9) is based on the assumption that when the Von Mises stress of the traction stress component reaches its limit value, failure will occur. Equation (9) simply points out that failure will occur when the average shear stress on the cutting plane reaches its limit state.


   σ   e 1    =    σ m    2  +  τ m    2     



(8)






   σ   e 2    =    σ m    2  + 3  τ m    2     



(9)






   σ   e 3    =  τ m   



(10)







For the transverse fillet weld, the normal and shear stress of different weld sections can be obtained according to the nodal force in Figure 6a. Because the loads applied in the FE model are fracture loads obtained by tests, these stress components directly reflect the ultimate bearing capacity of the welded structure. According to Equations (8)–(10), the characterizations of three typical effective stresses on different weld sections can be obtained as shown in Figure 7, where the red circle represents the maximum value of effective stress in different weld sections. Two important conclusions can be drawn from Figure 7. (1) For the same weld, the section angles of maximum stress in three different effective stress methods are different, and (2) the section angle of the maximum stress obtained by the effective stress method    σ   e 2      is consistent in each weld.



The section of maximum effective stress is the fracture section of the weld, while the corresponding effective stress is the failure stress of the weld. We define it as the weld-failure stress in this study. The effective stress method    σ   e 2      can accurately describe the fracture section of the weld and is consistent in different welds. Therefore, a preliminary conclusion can be drawn that the effective stress definition method    σ   e 2      can be used to evaluate the load-carrying capacity of welds accurately. The effective stress of 2# weld is the largest, while 2# and 4# welds are fractured in the test. Therefore, we take the effective stress of 2# weld as the weld-failure stress, which is 837.8 MPa.



Three typical effective stress methods were also used to analyze the stress status of longitudinal fillet weld. Eight fillet welds show the same characteristics in different sections. Figure 8 shows the effective stress of different sections of a selected weld. It can be seen that the section angle of maximum effective stress is 45° in the three typical methods. In order to maintain consistency with the evaluation method of transverse welded specimens, the effective stress definition method    σ   e 2      was also selected to evaluate the load-carrying capacity of the longitudinal fillet weld. The weld-failure stress obtained through the longitudinal fillet weld is 803.5 MPa. The relative error of weld-failure stress obtained by two kinds of fillet welds is 4%, which also includes the deviation of material properties caused by the welding process.




5. Engineering Application in a Rocket Engine Frame


5.1. Rocket Engine Frame


The rocket engine frame is designed with a truss structure of thin-walled pipes. Figure 9 shows the frame structure and local welded joints. The upper end face of the frame is connected with the rocket cabin by eight connecting end faces. Those connecting end faces are joined by eight transverse rods, so as to reduce the radial deformation of the upper connecting end face. The lower end face is connected to four rocket engines and their hydraulic servos. The upper and lower end faces are connected with eight longitudinal bearing rods, through which the thrust of engines is transferred to the cabin of the rocket.



There are two types of welded joints: transverse and longitudinal welded joints. The welded joint of the transverse rod is a typical U-shaped lap fillet weld, while that of the longitudinal bearing rod is a pipe-plate fillet weld. The transverse rod mainly bears the tensile load which restrains the radial deformation of the end face, and the longitudinal rod is mainly subjected to the compression load in the thrust transfer.



The diameters of transverse and longitudinal rods are both 60 mm, and the thickness is 2.5 mm. Arc welding is adopted and the electrode is E5015 with a diameter of 2.5 mm. The welding current is 40–50 A, and the welding speed is 120–130 mm/min [19]. The material of the structures is 30CrMnSiA steel and H18CrMoA was adopted as the welding wire. Before welding, heat treatment should be carried out to strengthen the frame, and abrasive blasting should be performed to clean the oil and oxide layer, to prevent pores, slag inclusion, cracks and other defects. The material of the frame is a kind of medium carbon, quenched and tempered structural steel with a poor weldability. Therefore, the bearing capacity of these two types of fillet welds should be paid attention to.




5.2. Typical Welded Specimens Test


To obtain the weld-failure stress of the frame, three typical types of welded specimens as shown in Figure 10 were tested, which are standard shear specimens according to AWS 2007, U-shaped fillet welded specimens for the welded joints of transverse rods and pipe-plate fillet welded specimens for the welded joints of longitudinal bearing rods. The material and welding processing parameters of the specimens were consistent with those of the frame. Six specimens of each type were processed.



Tensile tests were carried out for three types of welded specimens. The results are shown in Figure 11. The failure fracture of the standard shear specimen occurs at an angle of approximately 45° to the plate, which is in good agreement with the results obtained in Part 2. The fracture section angle is the same in the six standard shear specimens, while the ultimate load-carrying capacities are in the range of 54 t to 57 t. For the U-shaped fillet welded specimen, the fracture section is approximately 45° at the longitudinal fillet weld and 22.5° at the transverse fillet weld. They are also the same as those of the single longitudinal and transverse fillet welds. The ultimate load-carrying capacities of six U-shaped fillet welded specimens are in the range of 92 t to 94 t. In the pipe-plate fillet welded specimen, shear fracture occurs at 1/3 of the weld while the rest occurs at the weld toe. From the fracture section, it is found that the fracture occurs at the weld first, and then leads to the tear of the weld toe. The ultimate load-carrying capacities of six pipe-plate fillet welded specimens are in the range of 47 t to 49 t.




5.3. Analysis of Weld-Failure Stress


The standard shear sample mesh model is drawn in Hyper mesh software and imported into ABAQUS software for numerical analysis. The FE model and nodal force distribution of the standard shear specimen are shown in Figure 12. The modelling method was consistent with what we mentioned above, and the tensile load is set as 55.8 t, which is the average load of test results. According to the results in Figure 11a, the weld-failure stress was obtained based on the nodal force of the 45° section, i.e., 605 MPa.



The same analysis method was carried out on the U-shaped fillet welded specimen by drawing the mesh model of the U-shaped fillet welding specimen in Hyper mesh software, and importing it into ABAQUS software for numerical analysis. Its FE model and nodal force distribution are shown in Figure 13. The tensile load is set as the average value of the test results. The results of the 45° section of the longitudinal weld and 22.5° section of the transverse weld were extracted, respectively. The weld-failure stress, 623 MPa, is analyzed considering the results of these welds.



The FE model of the pipe-plate fillet-welded specimen is shown in Figure 14. According to the symmetry of the specimen, an axisymmetric model was adopted and its parameters were determined according to the actual measurement. The tensile load was set as 48 t, which is also the average value of the test results. Weld effective stress of five sections at different angles of 0°, 22.5°, 45°, 67.5° and 90° were analyzed. The maximum effective stress occurs at the section of 22.5°, which is the same as the test result in Figure 11c. That is the weld-failure stress, i.e., 620.7 MPa.



To compare and illustrate the effectiveness of the weld-failure stress in this work, three other classical strength theories were adopted and compared as well. They are the maximum tensile stress theory, the maximum principal shear stress theory and the Von-Mises theory. The results of different theories are shown in Figure 15. It is observed that the weld-failure stress obtained by the proposed method has the least deviation—18 MPa. The analysis method proposed in this paper has stable analysis results in three different types of welded specimens. The deviations of the other three classic strength theories are all relatively large. It is 195 MPa in the maximum tensile stress theory, 339 MPa in the maximum principal shear stress theory and 329 MPa in the Von-Mises theory.



Thus, the weld-failure stress of the rocket engine frame can be obtained, which is in the range of 605 MPa to 623 MPa. We conservatively take the value of 605 MPa for the load-carrying capacity evaluation of the rocket engine frame.




5.4. Load-Carrying Capacity Evaluation


The FE model of the rocket engine frame was established as shown in Figure 16. The upper end face of the frame was connected to the rocket cabin. The fixed constraint was set to the upper end face of the rocket cabin. The thrust of the rocket was loaded at the lower end face of the frame. A shell element was adopted in the rocket cabin, while solid element was chosen for the frame. The weld, which is the main concern of this work, was simulated with actual geometrical parameters and discretized with solid elements.



In this work, we focus on the welded joints of transverse rod and longitudinal bearing rods shown in Figure 9. Their local mesh and nodal force distributions are shown in Figure 17 and Figure 18, respectively. In the tests of typical welded specimens, the failure position located at the welded area, and no buckling phenomenon was observed, thus we only focused on the failure of the weld toe in the numerical study. According to the test results, the structural stress of the 45° section for the transverse weld and the 22.5° section for the longitudinal weld were analyzed. Their effective stress is 70.2 MPa and 45.3 MPa, respectively. The weld-failure stress is 605 MPa. Hence, the safety factors of transverse rod and longitudinal bearing rod welded joints are 8.6 and 13.4, respectively.





6. Conclusions


In this paper, a load-carrying capacity evaluation method of welded joints based on the Structural Stress Method was proposed, while a definition of weld-failure stress was given. Then, the effectiveness of the evaluation method was verified by test results. The following conclusions can be drawn:



(1) Both the ultimate load-carrying capacity and the fracture section angle can be precisely obtained by the evaluation method, which has been validated by tests.



(2) The load-carrying capacities of three types of welded structures, standard shear specimen, U-shaped fillet welded specimen and pipe-plate fillet welded specimen, were tested and analyzed for the welded joints of a rocket engine frame. The welded failure stress of frame welded joints was obtained and verified through comparisons with the other three typical strength theories.



(3) The load-carrying capacity of the welded joints of the rocket engine frame was effectively evaluated through the finite element model including the overall structure and local weld details. The safety factors of transverse rod and longitudinal bearing rod welded joints are 8.6 and 13.4, respectively.
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Figure 1. AWS standard test specimens: (a) transverse welded specimen; (b) longitudinal welded specimen. (1# and 2# indicate the plate sequence number). 
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Figure 2. Tensile load-displacement curves of the specimens: (a) transverse welded specimen; (b) longitudinal welded specimen. 
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Figure 3. Failure fractures of the welded joints: (a) transverse welded specimen; (b) longitudinal welded specimen. 
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Figure 4. Stress status of fillet weld. 
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Figure 5. FEM of welded structures: (a) transverse welded specimen; (b) longitudinal welded specimen. (1# and 2# indicate the plate sequence number). 
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Figure 6. Nodal force of different sections: (a) transverse welded specimen; (b) longitudinal welded specimen. 
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Figure 7. Typical effective stress of different weld sections in transverse fillet weld: (a) 1# weld; (b) 2# weld; (c) 3# weld; (d) 4# weld. (The red circle indicates the highest stress level of the curve). 
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Figure 8. Effective stress of different weld section angles in the longitudinal fillet weld. 
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Figure 9. The frame structure and local welded joints. 
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Figure 10. Typical welded specimens of the frame: (a) standard shear; (b) U-shaped fillet welded; (c) pipe-plate fillet welded. 
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Figure 11. Failure fractures of the welded specimens: (a) standard shear specimen; (b) U-shaped fillet welded specimen; (c) pipe-plate fillet welded specimen. 
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Figure 12. FEM and nodal force distribution of the standard shear specimen. 
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Figure 13. FEM and nodal force distribution of the U−shaped fillet welded specimen. 
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Figure 14. FEM and nodal force distribution of the tube-plane fillet welded specimen. 
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Figure 15. The results of different strength theories. 
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Figure 16. FEM of the rocket engine frame. 
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Figure 17. FEM and nodal force of the transverse rod welded joint. 
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Figure 18. FEM and nodal force of the longitudinal bearing rod welded joint. 
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