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Abstract

:

The U-shaped metal bellows expansion joint compensates for the pipeline displacement by its own deformation. The compensation performance of the metal bellows in the initial stage of tension and compression deformation is unstable. In this paper, the symmetrical cyclic tension and compression (SCTC) process of metal bellows was simulated by ABAQUS software. Then, the SCTC process experiment of metal bellows was completed on the universal material testing machine. The distribution law of axial load with displacement and that of axial stiffness and yield load with cycles of metal bellows were obtained. Finally, the X-ray diffraction peak confirmed the deformation-induced martensite in the wave trough and proved that the plastic strain and hardness values of metal bellows increased with the displacement amplitude. The microstructure in the wave trough area was observed by a Zeiss microscope, and the stability characteristics mechanism of the metal bellows was revealed. The martensite in the wave trough increases the grain boundary area under SCTC loading. The forward movement of the slip band in the grain caused by large deformation reached an equilibrium state with the resistance at the grain boundary, which promotes the macroscopic mechanical properties of the metal bellows to be stable characteristics under SCTC loading.
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1. Introduction


Metal bellows are widely used in industry due to their bearing, vibration absorption, compensation, and sealing performance [1,2,3]. The metal bellows expansion joint applied at the pipeline connection compensates for the axial displacement of the pipeline through its own elongation and shortening deformation [4,5]. Due to the influence of the wave structure and the work hardening of metal materials [6], the metal bellows exhibit loading asymmetry and cyclic loading instability during the tensile and compressive deformation processes. However, this characteristic of metal bellows is often ignored in engineering applications, resulting in large axial displacement and the elastic–plastic deformation of metal bellows. The accumulation of plastic deformation caused by cyclic loading makes metal bellows prone to early failure, thereby reducing the service life of the pipeline.



Research on the formability, compensation performance, deformation hardening performance, and fatigue life of metal bellows has been carried out by researchers [7,8,9]. Yu et al. [10,11] studied the evolution of the macromechanical properties of 304 stainless steel and ST12 cold rolled sheets under cyclic tension and compression loading, and further studied the effect of pre-strain on the stability hysteresis loop of metal materials. Huang et al. [12,13] proposed a three-roller continuous rounding process based on theoretical analysis and numerical simulations, and reasonable process parameters were determined according to the residual ovality of the large longitudinally welding pipes after forming. Luo et al. [14] studied the effect of the hardening properties of 316L stainless steel on the repeated bending deformation properties of metal bellows and found that the material of metal bellows with a high hardening index will show obvious hardening accumulation after repeated cyclic loading. Christopher et al. [15] studied the deformation hardening characteristics of 316L stainless steel at different temperatures and strain rates through uniaxial tensile and compression tests. Silvestre et al. [16] established the hardening model of materials under cyclic load, which can accurately predict the real evolution behavior of materials during cyclic plastic deformation. Stephen [17] established a finite element model to analyze the influence of multiple pressurizations on the flexibility of metal bellows. Qin et al. [18] established an analytical model of tubing buckling behavior, including residual bending based on theoretical research. The experimental results show that the model considering residual bending can accurately predict the buckling behavior of coiled tubing. Huo et al. [19] discussed the influence of internal pressure on the bending stiffness of reinforced S-shaped bellows under rotational deformation, and found that the bellows can be prevented from advanced yielding by controlling the internal pressure. Xiang et al. [20] studied the load-bearing capacity of single-convolution and multi-convolution bellow joints based on the combination of finite element and experiment. Silva et al. [21] analyzed the pits and cavities contained in the stainless steel used for bellows and the influence on the performance of the bellows after the pits and cavities further expanded during the forming process. Pavithra et al. [22] studied the mechanical vibration absorption and fatigue performance of hydroformed bellows at room temperature and high temperature (650 °C). Panda et al. [23] characterized and analyzed the 316L austenitic stainless steel bellows that failed in the refinery. The bellows cracked mainly under the combined action of chloride ion corrosion and stress corrosion. Hao et al. [24,25] studied the failure mechanism of hydroforming metal bellows with equal parameters and unequal parameters during the symmetrical cyclic bending process. It was found that the stress concentration in the wave trough is serious under large deformation, which reduces the compensation performance and service life of metal bellows.



This paper aims to reveal the asymmetry of U-shaped metal bellows under single symmetrical tension and compression loading and its stability mechanism under SCTC loading. The SCTC process of the metal bellows was numerically simulated, and the distribution law of the equivalent stress and equivalent strain of the metal bellows was explored. Then, the SCTC deformation experiments of metal bellows under different displacement amplitudes were carried out. The distribution laws of hysteresis loop, axial stiffness, and axial yield load with the cycles were obtained. Furthermore, the deformation-induced martensite at the wave trough of metal bellows was confirmed by X-ray diffraction peak, and the hardness value of the waveform distribution was measured by the Vickers hardness tester. Finally, the microstructure in the wave trough of the metal bellows after stable deformation was observed and analyzed by a Zeiss microscope, and the mechanism of the stability characteristics of the metal bellows under SCTC loading was revealed.




2. Materials and Methods


2.1. Material Properties


The material of U-shaped metal bellows is 316L austenitic stainless steel. The main chemical composition range of 316L austenitic stainless steel is shown in Table 1. The standard tensile specimen was cut along the axial direction of the tube blank, as shown in Figure 1. Then, the tensile test was carried out on the universal material testing machine (Inspekt table-100 kN). The sample preparation and test operation comply with EN ISO 6892-1-2019 tensile test standards for metallic materials.




2.2. SCTC Process


In engineering applications, the axial displacement generated by the pipeline is compensated and absorbed through the elongation and shortening deformation of the metal bellows, so as to ensure the stability of the pipeline system [26]. When the pipeline is elongated in the case of heat, the bellows at the connection end needs to undergo compression to absorb the displacement of the pipeline. However, the bellows need to be elongated to compensate for the displacement of the pipeline when the pipeline is shortened in the case of cold. The waveform structure parameters of metal bellows are shown in Table 2. The schematic diagram of the SCTC process of metal bellows is shown in Figure 2.




2.3. Finite Element Analysis


The axial SCTC process of metal bellows is numerically simulated by ABAQUS finite element software. The finite element model of metal bellows is established, as shown in Figure 3. The finite element model is divided into 15,676 elements using C3D8R elements. In order to improve the calculation efficiency and accuracy, according to the research results of the literature [27], the concentrated deformation area is divided into finer meshes. The elastic modulus is 205 GPa, the Poisson’s ratio is 0.3, the yield strength is 270 MPa, and the Mises yield criterion was selected. Metal bellows undergo tensile and compressive deformation under axial load.




2.4. SCTC Experiment


The SCTC experiment of metal bellows was performed by the universal material testing machine. The samples preparation and testing operation refer to the testing standard of GBT 33812-2017 for fatigue testing on metallic materials. The axial displacement amplitudes were ±6% L (±7.2 mm), ±8% L (±9.6 mm), ±10% L (±12.0 mm) and ±12% L (±14.4 mm), respectively. The testing speed was 20 mm/min. Thirty cycles were carried out, loading under each displacement amplitude, respectively. The experiment data of the load–displacement were then recorded and saved. The device used in the SCTC experiment is shown in Figure 4.




2.5. Analysis Methods


The samples of wave trough, sidewall area and wave crest of the waveform of the metal bellows were obtained by wire cutting. The hardness experiment was performed on the samples under SCTC stable deformation by a microhardness tester (VTD510P). A load of 9.8 N was used for 6 measurements in each sample, and the average value was taken for analysis.



The X-ray diffraction (XRD) peak of the samples in the wave trough of the metal bellows under the 30th SCTC loading was measured. The measurement was performed on a diffractometer with monochromatic Cu Kα radiation (D/MAX2500V).



In order to analyze the microstructure of the wave trough under repeated loading for 30 times under different displacement amplitudes, the prepared samples were polished and corroded with aqua regia solution. The corroded samples were observed by OM Zeiss optical microscope.





3. Results and Discussion


3.1. Material Properties


Figure 5 shows the stress–strain curve of 316L stainless steel. At room temperature, the deformation of the parallel section of the tensile specimen is uniform, and there is no obvious necking at the fracture, which indicates that the material has good plastic deformation ability. The elastic modulus of the material is 205 GPa, the Poisson’s ratio is 0.3, and the yield strength and tensile strength are 275 MPa and 1105 MPa, respectively.




3.2. Finite Element Simulation Results


The equivalent plastic strain distribution nephogram of the metal bellows under the 30th SCTC loading is shown in Figure 6. The results show that the distribution law of equivalent plastic strain on each waveform of bellows is consistent under different loading displacement amplitudes. The equivalent plastic strain values are increased with the displacement amplitude, which is the largest in the wave trough. The maximum values of equivalent plastic strain under different amplitudes are 0.047, 0.073, 0.106 and 0.146, which were found under conditions of small strain and large deformation. This indicates that the wave trough area has undergone plastic deformation under SCTC loading, but the amount of deformation is small. Therefore, the waveform shape of the bellows does not change macroscopically after the SCTC loading.



The distribution law of the maximum equivalent stress and strain values of the metal bellows with the cycles is shown in Figure 7. The values are increased with the amplitude of loading displacement. The maximum stress and strain values basically reach a saturated state after 20 cycles. This indicates that the plastic deformation in the concentrated deformation zone no longer accumulates after undergoing the 20th symmetrical repeated loading, and the plastic deformation of the material reached a stable state.




3.3. SCTC Experiment Results


3.3.1. Single Tension–Compression Loading Curve


The distribution curve of the axial load with displacement of the metal bellows under single symmetrical tension and compression is shown in Figure 8. The axial load (F) and the displacement (x) have a linear relationship if the bellows are in the elastic deformation stage. The bending radius of the wave crest and wave trough fillet area is gradually enlarged (compressed). The metal bellows are elongated (shortened) in the axial direction. The maximum elastic displacement of the bellows in tension (compression) deformation is 6% L (−5% L), and the corresponding load value of F is 920 N (−715 N). After that, there is a nonlinear distribution between F and x, indicating that the wave trough and wave crest areas of the bellows have gradually entered the elastic–plastic deformation stage. When the axial displacement is increased to 10% L (−9.2% L) and the corresponding F is 1200 N (−980 N), the wave trough and crest areas mainly undergo plastic deformation. The results show that the plastic deformation zone no longer expands but continuously accumulates when the wave trough and wave crest zones entered the plastic strain hardening state. There is obvious asymmetry in single symmetrical tension and compression deformation due to the waveform structure.



The bellows will undergo elastic–plastic deformation when the axial displacement is large. This will make the metal bellows unstable at the initial stage of the SCTC loading, which affects the axial compensation performance and service life of the bellows. Therefore, it is necessary to further explore the stability of metal bellows in the stage of elastic–plastic deformation.




3.3.2. SCTC Curves


The load–displacement curve of metal bellows during the SCTC process is defined as a hysteresis loop. The hysteresis loop of metal bellows during the SCTC process is shown in Figure 9. The hysteresis loops under different displacement amplitudes basically coincided after the 20th cycle. This shows that the instability of metal bellows in the initial stage of tension–compression deformation will be eliminated. In addition, under the constant displacement amplitude, the width of the hysteresis loop decreases with the cycles, while the maximum axial load increases with cycles. After being subjected to 30 cycles of loading, the maximum axial tensile load values increased by 120 N, 312 N, and 531 N under the displacement amplitudes of ±6% L, ±8% L, and ±10% L, respectively, and the maximum axial compression load values increased by 110 N, 222 N, and 414 N, respectively. This indicates that the bellows have an obvious cyclic hardening phenomenon, but the hardening phenomenon is accompanied by the tension and compression asymmetry.



The distribution curves of the hysteresis loop width of metal bellows with cycles are shown in Figure 10. It can be seen from Figure 10 that under the same cycles, the width of the hysteresis loop increases with the constant displacement amplitude. After 20 symmetrical cycles of loading, the width of the hysteresis loop is basically stable. This means that the extension and compression compensation performance of the metal bellows gradually stabilizes with the increase in the symmetrical cycles. This is because the width of the plastic deformation zone of metal bellows is basically unchanged after multiple cycles of loading. If repeated loading continues, the plastic strain value only accumulates in the area that has entered the plastic deformation zone. At the same time, the material in the plastic deformation zone undergoes deformation hardening, and its strength improves, so the value of axial repeated loading gradually increases. The metal bellows will exhibit the stability characteristics of symmetrical cyclic loading when the plastic flow and hardening properties of metal materials in the concentrated deformation zone reach an equilibrium state.



Figure 11 is a comparison diagram of the load–displacement curves, including different displacement amplitudes, of the single tension and compression process and the SCTC loading process. It can be seen from Figure 11 that the stable hysteresis loops under different displacement amplitudes are different. The vertices of each hysteresis loop are connected to obtain a stable load–displacement curve, and the load value is significantly higher than the load–displacement curve of the single tension and compression. The absolute value (150–240 N) of the maximum peak load is larger than that of the minimum peak load, showing asymmetric hardening characteristics. According to the stable load–displacement curve, the axial compensation performance of the metal bellows can be predicted more accurately. Furthermore, the elastic compensation of the metal bellows can be controlled to improve its service life.




3.3.3. Stability under SCTC Loading


In engineering application, the research on axial stiffness and axial yield load of the metal bellows after cyclic loading is stable will affect the prediction of the compensation performance and service life of the metal bellows.



Axial Stiffness


As the SCTC loading is a continuous loading process, it is assumed that the axial stiffness of tension loading is the same as that of compression unloading and that the axial stiffness of compression loading is the same as that of tension unloading. The elastic compression and tension unloading load–displacement curves of the hysteresis loop in Figure 9 were fitted. The distribution curves of the tensile axial stiffness (KT) and compression axial stiffness (KC) of the metal bellows with cycles were obtained, as shown in Figure 12.



It can be seen from Figure 12 that the axial stiffness values of tension and compression increased with cycles and displacement amplitude, respectively, in which the axial stiffness value of tension is large. After the 20th cycle, the axial stiffness was close to saturation. The axial tension stiffness and compression stiffness basically remained unchanged under the displacement amplitude of ±6% L; increased by 3.6% and 1.9%, respectively, under the displacement amplitude of ±8% L; and increased by 4.3% and 2.4%, respectively, under the displacement amplitude of ±10% L. This expresses that there is a deformation hardening phenomenon of metal bellows under SCTC loading, and the hardening phenomenon of tension process is relatively large. This is due to the unequal deformation of the fillet radius of the wave crest and trough of bellows during SCTC loading, resulting in the asymmetry of deformation hardening of the metal bellows.




Axial Yield Load


The hysteresis loop of the metal bellows has no obvious yield point, so the load value at 6% L of the deformation is defined as the axial yield load. The distribution curves of the axial yield load of metal bellows with cycles are shown in Figure 13. It can be seen from Figure 13 that the axial tensile yield load (FT) and compressive yield load (FC) values increase with the cycles, and their values are close to saturation after the 20th cycle. Under the displacement amplitudes of ±6% L, ±8% L and ±10% L, the axial tensile yield loads of the metal bellows increased by 11.9%, 26.3% and 52.4%, respectively, and the axial compressive yield loads increased by 13.9%, 21.1% and 40.5%, respectively. The FT and FC of the metal bellows increased obviously during the SCTC loading. Moreover, the larger the constant displacement amplitude of the bellows, the greater the increment of the corresponding yield load value, but there is a significant difference between the FT and FC, which makes the bellows show the asymmetry of tension and compression deformation. Therefore, this asymmetry should be noted during the analysis of the axial compensation performance of the bellows.






3.4. Hardness Measurement Results


Due to the waveform of metal bellows being axisymmetric, the half waveform, including wave crest, sidewall and trough, was selected for hardness measurement. Figure 14 shows the hardness distribution curves of the waveform nodes under different displacement amplitudes after stable deformation. The research object of this paper is the hydraulic bulging bellows. It was confirmed by the literature [4] that plastic deformation occurred in the wave crest and side wall areas, but not in the wave trough area. Therefore, the hardness value of the wave crest area with severe plastic deformation is the largest. Comparing the hardness measurement results, the hardness values of the wave trough and wave crest are increased with the displacement amplitude, especially in the wave trough area. This is consistent with the maximum value of plastic strain in the wave trough area in the finite element analysis results. This is due to the serious work hardening of the material caused by the plastic deformation in the wave trough area, which leads to the maximum value of hardness measurement. Affected by the wave structure, the high strain in the wave trough area cannot be transferred to the surrounding low-strain area. Therefore, the hardening phenomenon in the wave trough area increases significantly with the cycles, and the metal materials reach the stability characteristics the earliest. As a result, the macroscopic mechanical properties of the bellows show stable characteristics.




3.5. X-ray Diffraction


The XRD diffraction peak distribution curves of the metal bellows are shown in Figure 15. The peaks in the wave trough of the hydroforming metal bellows only refer to the austenite diffraction surface. The X-ray diffraction peaks of the sample in the wave trough area at a constant displacement amplitude of ±12% L confirmed that some austenite (γ) was transformed into martensite (α′). This is due to the plastic deformation that occurs in the trough area during repeated loading, which leads to deformation-induced martensite. There are more martensite diffraction peaks in the wave trough area of the metal bellows with the displacement amplitude. This indicates that the concentrated stress in the wave trough causes the plastic deformation to occur and accumulate continuously under different cyclic loading displacement amplitudes, resulting in deformation-induced martensite. As a result, the hardness value of the wave trough area of the metal bellows is increased, and the yield load value and repeated loading load value of the hysteresis loop are improved.




3.6. Microstructure


The microstructure of the wave trough of the metal bellows after 30 cycles of SCTC under different displacement amplitudes is shown in Figure 16. The matrix structure of 316L stainless steel is austenitic. According to the calibration results of the X-ray diffraction peak, a small number of typical features of the lath martensite microstructure were found in the wave trough area under ±10% L displacement amplitude, which is marked in the red line in Figure 16. The martensite structure in the grains in the wave trough area gradually increased with the displacement amplitude. Especially under the displacement amplitude of ±12% L, more martensite structure was produced inside the grains. The increase in martensite structure led to the hardness value of the deformation zone.



The concentrated stress in the wave trough area of the metal bellows under SCTC loading is large, and the slip system is opened inside the crystal grains, resulting in plastic deformation. As a result, a deformation-induced martensite structure is produced, and the yield strength of the metal material in the deformation zone is improved. When more slip systems are opened, more deformation-induced martensite will be generated, resulting in more grain boundary area to hinder the sliding of the slip band. The metal bellows present the stable characteristics of cyclic loading when the internal force of opening the slip band and the resistance at the grain boundary reach an equilibrium state.





4. Conclusions


In this paper, the low-cycle axial tension and compression experiments of metal bellows under the SCTC deformation process with a constant displacement amplitude were carried out. With the asymmetry and the stability mechanism of the metal bellows under SCTC loading revealed, the axial elastic compensation performance of metal bellows can be predicted and controlled to improve its service life. The main conclusions are as follows:




	(1)

	
The amount of deformation distributed on each waveform of the bellows is uniform, and the deformation is mainly concentrated in the wave trough. After the 20th cycle of SCTC loading, the macroscopic mechanical properties of the metal bellows gradually stabilized.




	(2)

	
The axial stiffness and yield load values of tension and compression were increased significantly during SCTC loading. The asymmetry of the metal bellows under the SCTC loading process was proved by the difference between the increased amounts.




	(3)

	
The plastic deformation hardening at the wave trough is serious with the increase in displacement amplitude, resulting in a large hardness value. The deformation-induced martensite at the wave trough was confirmed by the X-ray diffraction peak. The microstructure of the wave trough reveals that the martensite inside the grains of the metal material increases the grain boundaries area. The metal bellows present stable characteristics under SCTC loading when the internal force of opening the slip band and the resistance at the grain boundary reach an equilibrium state.
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Figure 1. Schematic of the tensile specimen. 
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Figure 2. The schematic diagram of the SCTC process of metal bellows: (a) metal bellows model; (b) SCTC process. 
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Figure 3. The finite element model of metal bellows: (a) boundary conditions; (b) meshed model. 
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Figure 4. The SCTC experiment device. 
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Figure 5. Mechanical properties of 316L stainless steel. 
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Figure 6. The equivalent plastic strain distribution nephogram of the metal bellows under the 30th SCTC loading: (a) ±6% L; (b) ±8% L; (c) ±10% L; (d) ±12% L. 
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Figure 7. The distribution law of the maximum equivalent stress and strain values of the wave trough node with cycles: (a) equivalent stress; (b) equivalent strain. 
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Figure 8. The distribution curve of the axial load with displacement of the metal bellows under single symmetrical tension and compression. 
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Figure 9. The hysteresis loop of metal bellows during the SCTC process: (a) ±6% L; (b) ±8% L; (c) ±10% L. 
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Figure 10. The distribution curves of the hysteresis loop width of metal bellows with cycles. 
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Figure 11. The comparison diagram of load–displacement curves. 
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Figure 12. The distribution curves of the KT and KC of the metal bellows with cycles. 






Figure 12. The distribution curves of the KT and KC of the metal bellows with cycles.



[image: Symmetry 13 02451 g012]







[image: Symmetry 13 02451 g013 550] 





Figure 13. The distribution curves of axial yield load of metal bellows with cycles. 
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Figure 14. The hardness distribution curves of the waveform nodes under different displacement amplitudes after stable deformation. 
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Figure 15. The XRD diffraction peak distribution curves of the metal bellows. 
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Figure 16. The microstructure of the wave trough of the metal bellows after 30 cycles of SCTC under different displacement amplitudes: (a) ±6% L; (b) ±8% L; (c) ±10% L; (d) ±12% L. 
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Table 1. Main chemical compositions of the 316L austenitic stainless steel.






Table 1. Main chemical compositions of the 316L austenitic stainless steel.





	Element
	C
	Si
	Mn
	P
	S
	Cr
	Ni
	Mo





	percentage/wt.%
	0.03
	0.75
	2.0
	0.045
	0.03
	16.0~18.0
	10.0~14.0
	2.0~3.0
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Table 2. Waveform structure parameters of metal bellows.






Table 2. Waveform structure parameters of metal bellows.





	Parameters
	D
	t
	H
	Rc
	Rt
	n





	Size/mm
	80
	0.4
	10
	3.6
	2.4
	10







where D is the nominal diameter of the bellows; L is the effective length; t is the wall thickness; n is the wave number; and H, Rc, Rt are the wave height, the wave crest fillet radius, and the wave trough fillet radius of the metal bellows, respectively.
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