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Abstract

:

The objective of the present study is to investigate the effect of energy-input on the mechanical properties of a 304 stainless-steel joint welded by continuous-drive rotary friction-welding (RFW). RFW experiments were conducted over a wide range of welding parameters (welding pressure: 25–200 MPa, rotation speed: 500–2300 rpm, welding time: 4–20 s, and forging pressure: 100–200 MPa). The results show that the energy-input has a significant effect on the tensile strength of RFW joints. With the increase of energy-input, the tensile strength rapidly increases until reaching the maximum value and then slightly decreases. An empirical model for energy-input was established based on RFW experiments that cover a wide range of welding parameters. The accuracy of the model was verified by extra RFW experiments. In addition, the model for optimal energy-input of different forging pressures was obtained. To verify the accuracy of the model, the optimal energy-input of a 170 MPa forging pressure was calculated. Three RFW experiments in which energy-input was equal to the calculated value were made. The joints’ tensile strength coefficients were 90%, 93%, and 96% respectively, which proved that the model is accurate.
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1. Introduction


Rotary friction-welding (RFW) is a method of manufacturing that has been used extensively in recent times due to its advantages such as low heat input, production time, ease of manufacture, and environment friendliness [1,2]. The main parameters of rotary friction-welding are welding pressure, welding rotational speed, welding time, and forging pressure [3,4]. The influence of welding parameters on joint performance has always been a research focus of rotary friction-welding, whether in terms of numerical models or experiments. According to previous literature, it has been found that the RFW joints’ tensile strength increases with the increase of friction time until it reaches a maximum point, after which the tensile strength decreases [5]. The welding time determines the amount of heat flux in the joint and the width of the heat-affect zone (HAZ), which increases as the welding time increases [6]. Regarding welding pressure, it was found that friction pressure has a significant effect on tensile strength and the width of HAZ, both of which increased along with the increase in friction pressure until reaching a certain value [7]. In addition, friction pressure also affects the temperature gradient, the required weld power, and the burn-off rate during the RFW process [2]. For the rotational speed, numerical analyses found that an increase in rotational speed causes the weld interface to reach a quasi-stable temperature quicker, which starts material extrusion earlier and increases the upsetting rate remarkably [8]. The rotational speed also affects the heat input of the joint; thus, it has a significant effect on the notch tensile strength and impact toughness [9]. Moreover, the overall width of the weld zone reduces with the increase of rotational speed [10].



As discussed above, the parameters of welding time, welding pressure, and rotational speed all have a significant effect on joint performance when considered separately. However, in practical applications of RFW, it is often necessary to adjust several welding parameters simultaneously according to the actual condition, such as the welding material characteristics and the welding machine’s condition. Therefore, it is necessary to evaluate the significance of each parameter on joint performance when considering all parameters synthetically. Such an understanding will help to improve the weld quality, to eliminate weld defects and transfer knowledge of welding procedures to new conditions (e.g., for new geometry or new materials). It is generally known that welding pressure and rotation speed determine the characteristics of the power input during the RFW process, and the integral of power for welding time is the energy-input. For the RFW method, heat flux is generated by the conversion of mechanical energy into thermal energy at the interface of the work pieces [11]. In addition, the amount of energy-input dictates a successful welding process, the quality of joint, the shape of flash, the micro-structure, as well as the residual stress [12,13]. Therefore, it is reasonable to use the energy-input as an index to characterize the joint performance comprehensively. In this work, the effect of the energy-input on the joint’s mechanical property was investigated; an energy-input model as a function of welding pressure, rotational speed, and welding time was obtained, and the accuracy of the model was verified by experimental data. The model that describes the variation of optimal energy-input with forging pressure also was established, and an excellent performance joint was obtained based on the calculated optimal energy-input value.




2. Experimental Procedures


The specimen used in the present investigation was 304 stainless steel (304SS) rods with diameters of 25 mm. The specimens were welded by the C320 (Friction Welding Eng. & Tech. Co. Ltd., Hanzhong, Shaanxi, China) continuous-drive rotary friction-welding machine (maximum of 45 kW and 320 kN forging load). According to our preliminary experiments and the literature on 304SS RFW [5,6,9,14], the welding experiments were conducted using welding parameters in which the welding pressure varied from 40 MPa to 200 MPa, rotational speed varied from 500 rpm to 2300 rpm, and welding time varied from 4 s to 20 s, all while under forging pressures of 100 MPa, 120 MPa, 140 MPa, 160 MPa, 180 MPa, and 200 MPa, respectively. During the RFW process, the welding power was recorded by a computer through an A/D converter with a sampling time of 0.01 s, and the surface temperature of the joint was measured by an infrared thermal imaging instrument (Tec VarioCAM@hr, head-HS Infra, Dresden, Germany) with a sampling time of 0.02 s. The data collected by the infrared thermography instrument had been calibrated using the data that thermocouple collected, and the emissivity of 304SS was determined to 0.8. Figure 1 shows the location of the experimental equipment and the diagram of the temperature-detected area.



After welding, the axial cross-section of the joint was obtained for microstructural examination. The test specimens for Optical Microscope examination were mounted for polishing, then etched by a reagent of 5 g of FeCl3 dissolved in dilute hydrochloric acid (15 mL HCl + 60 mL H2O). The microstructure of the specimens was observed using a polarizing microscope (Olympus PMG3, Missouri, TX, USA), and the microhardness was measured on the cross-section perpendicular to the friction interface using a microhardness tester (Shimadzu HMV-2T, Dallas, TX, USA) under a load of 2 N. The microhardness test area includes all of the welding zone. Tensile test specimens were prepared according to GB/T228.1-2010. Figure 2 shows the geometry of the tensile test specimen. Three sets of tensile testing were conducted on a tensile-testing machine (Instron 3382, loading range 0~100 kN) using a crosshead speed of 1mm/min at room temperature, and its mean value was taken. Figure 3 displays a typical engineering stress-strain curve of the 304SS RFW joint. After tensile testing, the fracture specimens were etched by the same reagent as described above, and the macro-morphology of fracture surface were observed by SEM (JSM–6390A, JEOL, Tokyo, Japan).




3. Results and Discussion


3.1. The Relationship between Energy-Input and Tensile Strength


Figure 4 shows the variation trend of the joint’s tensile strength with energy-input under different forging pressures. It can be seen that the tensile strength has the same variation trend with the change of the energy-input, i.e., with an energy-input increase, the tensile strength increases until it reaches a maximum and then decreases. In addition, an optimum energy-input exists for different forging pressures that makes the joint have the highest tensile strength. (The variation characteristics of optimum energy-input corresponding to forging pressure will be discussed in Section 4). Four group experiments under a forging pressure of 200 MPa were selected to study the influence mechanism of energy-input on the joint strength. They are numbered from No.1 to No.4, as indicated in Figure 4. Table 1 lists the welding parameters, energy-input value, and tensile strength of these four experiments.




3.2. The Thermal Cycle of Different Joints


Figure 5 shows the evolution curves of the joint’s temperature of No.1 to No.4 specimens. As shown in Figure 5a, the highest temperature of No.1 to No.4 specimens during the RFW process are 1100 °C, 939 °C, 1046 °C, and 1017 °C, respectively. On the other hand, the energy-input of No.1 to No.4 is 25 kJ, 35 kJ, 55 kJ, and 120 kJ, respectively. We can see that the maximum temperature has no obvious variation regularity with the change of energy input, i.e., with the increase of energy-input, the maximum temperature has no obvious increase or decrease trend. In fact, the joint’s temperature is mainly influenced by the rotational speed and welding pressure [11,15]. However, the energy-input determines the thermal cycle time of joint, i.e., the time from the weld beginning to the joint cooling to room temperature. As seen in Figure 5b, when the energy-input increases from 25 kJ to 120 kJ, the thermal cycle time increases from 478 s to 1157 s. The reason for this is that the more the energy-input, the wider the area of joint that is heated during the welding process, which results in a longer cooling time after welding.




3.3. Variation of Microstructure with Energy-Input


Figure 6 shows the microstructure of base metal (BM). The BM employed in this study is 304SS rods, of which the supply state is annealing treatment after rolling; thus, the initial microstructure consists of uniform equiaxed grains with an average size of 26 μm.



Figure 7 shows the typical microstructure morphology of a welded joint. Three zones consisting of weld zone (WZ), thermo-mechanically affected zone (TMAZ), and base metal (BZ) can be observed.



The WZ consists of equiaxed grains. The reason is that the WZ undergoes the most severe plastic deformation and the highest temperature thermal cycle compared to other zones, which results in sufficient dynamic recrystallization (DRX) occurring in the WZ. On other hand, partial DRX or no DRX occurs in the TMAZ, and a large degree of bending deformation occurs in the TMAZ that results in a clear radial flow direction existing in the microstructure.



Figure 8 shows the TMAZ microstructure of specimens No.1–No.4. The TMAZ grain sizes of specimens No.1–No.4 are 50 μm, 30 μm, 32 μm and 40 μm, respectively. It should be noted that the TMAZ grain size of specimen No.1 shows obvious coarsening (nearly two times that of the BM). This is due to the energy-input of No.1, which is insufficient to induce partial DRX in the TMAZ. As Figure 5 shows, specimen No.1 experiences the shortest thermal cycle. Thus, the TMAZ grains of specimen No.1 mainly undergo torsion and elongation, which cause grain coarsening, as Figure 8a shows. However, as Figure 8b shows, with the energy-input increasing, the average TMAZ grain size of specimen No.2 decreases to 30 μm. The main reason for the grain size reduction is that partial DRX occurs in the TMAZ under the effect of welding thermal and plastic deformation. As the energy-input further increases, the thermal cycle grows longer, and the grains of the TMAZ grow under the thermal effect.



Figure 9 presents the WZ microstructure of different specimens. The average WZ grain size of specimens No.1–No.4 is 19 μm, 17 μm, 25 μm, and 40 μm, respectively. The WZ undergoes the most severe plastic deformation and the highest temperature thermal cycle compared to other zones, which results in adequate DRX occurring in this zone [16]. For specimens No.1 and No.2, the DRX results in the fine grain in the WZ. However, when the energy-input increases, the size of WZ grains increase due to the longer thermal cycle, which eventually results in the larger grains being generated in the WZ of specimen No.4.




3.4. Hardness Distribution


The microhardness distribution throughout the welding surface from weld zone to base material was measured. Figure 10a illustrates the direction of microhardness measurement, the hardness of the WZ, TMAZ, HAZ, and BM, which were measured, respectively, for each joint. Figure 7b–e shows the microhardness distribution of different joints. The results show that the average hardness value of the BM is 213 Hv, and the average WZ hardness value of specimens No.1–No.4 were 252, 242, 230, and 218 Hv, respectively. It can be observed that the WZ hardness of all four specimens was higher than that of the BM. This is due to the strain hardening effect during the welding process [17]. In addition, the WZ of sample No.1 is the area with the highest hardness of the whole joint; the same result also exists in sample No.2. However, with the energy-input increasing, the highest hardness value of specimens No.3 and No.4 occurs in the TMAZ. This is due to the grain size of the WZ becoming large as the energy-input increases, as Figure 9 shows; moreover, the coarsening grains results in the decrease in hardness [18,19]. When the energy-input increases to 120 kJ, i.e., specimen No.4, the hardening of the WZ caused by strain is almost offset by the softening caused by grain growth [20]. Moreover, the plastic deformation in the TMAZ turns severely as the energy-input increases, which results in a more severe deformable hardening. It should be noted that an obvious softening phenomenon appeared in the TMAZ of specimen No.1. The lowest TMAZ hardness of specimen No.1 is 198 Hv, which decreases 7% compared with that of the BM. As discussed above, the average TMAZ grain size of specimen No.1 is nearly two times of that of the BM, which leads to a decrease in hardness. The low TMAZ hardness will make this zone a weak area of the joint, which we will discuss in next section. In addition, the TMAZ hardness of specimen No.2 is slightly higher than that of the BM. It also can be observed from Figure 10c that the hardness distribution of specimen No.2 is smooth and has no catastrophe point, which corresponds to the uniformity of the microstructure, as discussed in Section 3.2.




3.5. The Relationship of Tensile Specimen Fracture Zone and Energy-Input


Figure 11 represents the morphology of the fracture tensile specimen and the microstructure near the fracture zone. From Figure 11a, it can be observed that the microstructure near the fracture zone of specimen No.1 is the elongated coarse grain. By comparing this microstructure to the TMAZ microstructure of specimen No.1, shown by Figure 8a, it is clear that the No.1 tensile specimen fractured at the TMAZ. As discussed above, the TMAZ average grain size of specimen No.1 is 50 μm, and the hardness of the TMAZ is 29% lower than that of BM. The coarse grain and low hardness lead to the TMAZ becoming the weak zone of joint No.1. When the energy-input increases, no obvious grain coarsening area and softening zone occurs in joint No.2, which gives the joint its excellent mechanical properties. Though the tensile specimen of No.2 also fractured at the TMAZ, the fracture surface of No.2 is a curvilinear form, and the tensile strength of joint No.2 is 698 MPa, which is 94% of that of the BM. As Figure 9c,d shows, the WZ grain size of joints No.3 and No.4 is obviously coarser than that of the BM, which results in the No.3 and No.4 tensile specimens fracturing at the WZ, as Figure 11c,d shows.





4. Modeling of the Energy-Input


To establish a model for energy-input with welding parameters as variables, we must first fit the energy-input curve as a quadratic function, i.e.,


 Q=∑i=02Citi=C0+C1t+C1t2 



(1)




in which Q is energy-input, t is welding time, and C0, C1, and C2 are fitting coefficients.



Figure 12 shows the comparison of the calculated curves and experimentally measured curves of energy-input. The fitting equation described by Equation (1) can be seen to fit very well with the experimental data of energy-input. Table 2 lists the values of fitting coefficients C0, C1, and C2 for different welding parameters.



The equation of C0, C1, and C2, in which the variables are welding pressure and rotation speed, can be obtained by regression analysis of the data in Table 2, i.e.,


 C0=−2305−13.20P+3.69N 



(2)






 C1=8237+12.31P−1.58N 



(3)






 C2=−219+0.49P+0.04N 



(4)







Taking Equations (2)–(4) into account in Equation (1), the energy-input can be expressed as a formula of welding pressure, welding rotational speed, and welding time, i.e.,


 Q=(−2305−13.20P+3.69N )+(8237+12.31P−1.58N)t+(−219+0.49P+0.04N)t2 



(5)







To verify the accuracy of the model, extra welds were made with new parameters. Figure 13 shows the comparison of the calculated and experimental curves. As the results show, the model closely predicts the actual energy-input data. As the weld experiments of Figure 13 were made with parameters that are outside of those used in creating the model, they demonstrate that the model accurately predicts the energy-input beyond the initially investigated parameters.



As discussed in Section 3.1, there is an optimal energy-input value that causes the joints to have the maximum tensile strength under different forging pressures. Figure 14 shows the variation trend of optimal energy-input for different forging pressures. The results indicate that the larger the forging pressure, the less the optimal energy-input. The optimal energy-input decreases from 105 kJ to 35 kJ when the forging pressure rises from 100 MPa to 200 MPa. The deformation is a necessary factor for forming a RFW joint [21]. When the forging pressure is large, the joint is easily deformed, which means a small amount of energy-input could obtain a stable joint [14,22]. As seen in Figure 14, a three-order function fits the experimental data very well, which is in the following form:


 Q=690545−10642.84 pf+58.96 pf2−1106×10−4 pf3 



(6)




in which pf is the forging pressure.



Extra experiments under a forging pressure of 170 MPa, which are not included in those used in establishing the model, were made to verify the accuracy of Equation (6). Firstly, the optimal energy-input for a forging pressure of 170 MPa was calculated based on Equation (6), which was 41 kJ. Subsequently, two welding parameters (welding pressure, and speed and time) were randomly set, and the other parameter can be calculated according to Equation (5). In this study, three group experiments were made to verify the calculated optimal energy-input accuracy or otherwise disprove it. The welding pressure and rotational speed of first group was 100 MPa and 1300 rpm, respectively, and the calculated welding time was 6.1 s. The welding pressure and welding time of the second group was 40 MPa and 8 s, respectively, and the calculated rotational speed was 2000 rpm. The rotational speed and welding time of third group was 800 rpm and 5 s, respectively, and the calculated welding pressure was 160 MPa. Table 3 shows the welding parameters and tensile strength of these three verified experiments. As shown in Table 3, the strength of all the three joints was over 90% that of the BM. It is proven that the optimal energy-input model (Equation (6)) is accurate.




5. Conclusions


In this study, the effect of energy-input on the mechanical properties of RFW 304SS joints was investigated. RFW experiments were conducted over a wide range of welding parameters. Based on the results and discussion above, the conclusions are as follows:

	(1)

	
When forging pressure is kept constant, the tensile strength increases with the increase of energy-input until reaching a maximum and then decreases.




	(2)

	
Though the maximum temperature has no obvious variation regularity with the change of energy-input, the thermal cycle has a positive correlation with the increase of energy-input, i.e., as energy-input increases, the duration time from the commencement of welding to joint cooling to room temperature increases.




	(3)

	
An empirical model was established that describes energy-input as a function of the welding parameters. The accuracy of the model was verified by extra RFW experiments.




	(4)

	
An empirical model for the optimal energy-input of different forging pressures was obtained. Then, the optimal energy-input for 170 MPa forging pressure was calculated. Three group experiments were made based on the calculated energy-input value. The joints’ tensile strength coefficients of these three experiments were 93%, 90%, and 96%, respectively. The results proved the accuracy of the model for optimal energy-input.
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Figure 1. The (a) image of experimental equipment and (b) diagram of temperature detected area. 
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Figure 2. The schematic diagram of tensile specimen. 
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Figure 3. Typical engineering stress-strain curve of 304 stainless steel (SS) rotary friction-welding (RFW) joint (welding pressure is 40 MPa, rotation speed is 500 rpm, welding time is 9 s, and forging pressure is 200 MPa). 
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Figure 4. The variation trend of the 304SS RFW joint’s tensile strength with energy-input under forging pressures of (a) 100 MPa, (b) 120 MPa, (c)140 MPa, (d) 160 MPa, (e) 180 MPa, and (f) 200 MPa. The bars associated with the tensile strength (the mean value of three tensile strength measurements) correspond to standard deviations. 
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Figure 5. The evolution of (a) temperature during RFW process and (b) cycle time with energy-input. 
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Figure 6. Microstructure of the 304SS base metal. 
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Figure 7. Typical microstructure cataloguing of 304SS joint welded by RFW. 
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Figure 8. The thermo-mechanically affected zone (TMAZ) microstructure of specimens (a) No.1, (b) No.2, (c) No.3, and (d) No.4. 
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Figure 9. The weld zone (WZ) microstructure of specimens (a) No.1, (b) No.2, (c) No.3, and (d) No.4. 
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Figure 10. A diagram of the (a) microhardness test point and (b–e) microhardness distribution of specimens No.1–No.4. 
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Figure 11. Photograph of macroscopic and microstructure of fracture tensile specimen. 
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Figure 12. Comparison between calculated and experimental values of energy-input under different rotational speeds when welding pressure was constant at (a) 25 MPa, (b) 40 MPa, (c) 80 MPa, (d) 120 MPa, and (e) 160 MPa. 
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Figure 13. Comparison between calculated and experimental values of energy-input under welding parameters of (a) p = 200 MPa, N = 1400 rpm; (b) p = 80 MPa, N = 1200 rpm; (c) p = 100 MPa, N = 1500 rpm; and (d) p = 140 MPa, N = 1500 rpm. 
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Figure 14. Variation trend of optimum energy-input with forging pressure. 
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Table 1. Experiment parameters and the joint’s tensile strength under a forging pressure of 200 MPa.






Table 1. Experiment parameters and the joint’s tensile strength under a forging pressure of 200 MPa.





	No.
	Friction Pressure (MPa)
	Rotation Speed (rpm)
	Friction Time (s)
	Energy-Input (kJ)
	Average Tensile Strength (MPa)





	No.1
	40
	1200
	4
	25
	603



	No.2
	40
	500
	9
	35
	698



	No.3
	120
	800
	7
	55
	635



	No.4
	160
	1400
	19
	120
	592
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Table 2. The coefficient of different welding experiments.






Table 2. The coefficient of different welding experiments.





	
P (MPa)

	
N (rpm)

	
C0

	
C1

	
C2






	
25

	
500

	
−3969.91

	
7720.94

	
−160.97




	
800

	
1792.98

	
6995.59

	
−144.81




	
1100

	
1594.45

	
6956.77

	
−160.58




	
1400

	
4350.03

	
6335.06

	
−137.91




	
1700

	
4423.71

	
6233.98

	
−131.23




	
2000

	
4319.92

	
5931.05

	
−121.72




	
40

	
500

	
−4249.60

	
7053.29

	
−128.14




	
1100

	
2637.38

	
6802.22

	
−157.76




	
1700

	
4130.76

	
6353.79

	
−149.41




	
2300

	
3590.85

	
6437.81

	
−163.03




	
80

	
500

	
−3599.73

	
8111.83

	
−121.67




	
800

	
2395.92

	
7738.01

	
−158.53




	
1100

	
3134.80

	
7545.50

	
−156.31




	
1400

	
3832.45

	
6973.78

	
−158.59




	
1700

	
4268.07

	
6899.27

	
−131.95




	
2300

	
4324.83

	
6509.14

	
−124.84




	
120

	
500

	
−4163.32

	
9006.37

	
−131.23




	
800

	
−2473.33

	
8864.62

	
−174.24




	
1100

	
1636.11

	
8242.70

	
−147.53




	
1400

	
1745.32

	
7831.08

	
−133.24




	
1700

	
3049.07

	
7313.38

	
−100.93




	
2300

	
3238.76

	
3238.76

	
−73.20




	
160

	
1100

	
825.70

	
8365.38

	
−90.80




	
1400

	
897.32

	
8165.46

	
−80.14




	
1700

	
1452.71

	
7813.79

	
−74.77




	
2300

	
1436.52

	
6701.22

	
−15.79




	
200

	
1100

	
359.98

	
9759.89

	
−94.88




	
1400

	
140.55

	
7950.32

	
−16.90
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Table 3. Welding parameters and tensile strength of verification experiments.






Table 3. Welding parameters and tensile strength of verification experiments.





	No.
	Friction Pressure (MPa)
	Rotation Speed (rpm)
	Friction Time (s)
	Tensile Strength (MPa)





	No.5
	100
	1300
	6
	93%



	No.6
	40
	2000
	8
	90%



	No.7
	160
	800
	5
	96%
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