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Abstract

:

The influence of temperature, vibration time, amplitude, and other factors on the residual stress release effect was studied using the method of low-temperature heating and high-frequency ultrasonic vibration, and excellent control parameters were obtained. In addition, the influence of cutting weld reinforcement on the residual stress release was also studied. The results demonstrate that the highest relative residual stress release rate was 280.29%, the average release was over 150 MPa, and the efficiency was higher than that of the general stress release methods. After cutting the reinforcement, only a small part of residual stress was released, influencing the overall residual stress distribution relatively little. The experimental material was a butt-welded 316L stainless steel plate μ-X360s diffractometer, and this was used for measuring the residual stress.
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1. Introduction


A 316L stainless steel is a type of austenitic stainless steel [1,2,3], and its overall performance is superior to both 304 and 310 stainless steel. It is used extensively in the clock, heat exchanger, pipeline, food, and chemical industries. However, a significant amount of residual stress is generated after welding, which seriously affects the strength of component materials, which shortens the fatigue life of the workpiece, and affects the stability of the workpiece size. Therefore, residual stress control technology research has a great engineering application value. A variety of residual stress control methods have recently emerged, including the vibratory stress relief method [4], thermal stress method [5], and high-energy ultrasonic method [6]. The thermal stress method is characterised by a long cycle, high energy consumption, high cost, the easy oxidation of workpieces, serious pollution, and difficulties when handling large components or heat-damaged components. The impact method may cause new defects to the weld or even result in weld leg cracking. The residual stress elimination rate of VSR (vibration stress relief) is only approximately 50%. The high-energy ultrasonic method changes the residual stress state on the surface and inside the component, realising the local quantitative elimination of residual stress [7]. However, the average elimination rate of welding residual stress by the ultrasonic impact is less than a third. To summarise, the disadvantages of the various stress-relieving methods that are currently used are quite obvious. In comparison to the heat treatment method, the application scope is incredibly small. Table 1 lists the advantages and disadvantages of the various residual stress relief methods. It can be seen that these methods cannot take into account the characteristics of being “portable, time-saving, and effective”, and the acoustic/thermal composite control method studied in this paper can just meet these characteristics.



A great deal of plastic deformation occurs during the process of cutting materials, which significantly impacts residual stress distribution. Dong et al. recommended that the width-thickness ratio of welded joint specimens of steel should be a minimum of 6~10 as a means of retaining the welding residual stress [8,9]. Therefore, during the research process, the sample size selection is incredibly important to minimise the experimental error caused by the release of residual stress due to other factors.



Meanwhile, studies in the literature have found residual stress to be released in the partial size of the cutting material [10]. In the parallel weld direction, a larger cutting size results in the release of greater residual stress. However, few scholars have intentionally studied the specific release amount of residual stress after cutting welds. To ensure the authenticity and accuracy of experimental data, this paper studies the influence that the residual height of cutting welds has on the release of residual stress, comparing the release effect with the control treatment. At the same time, a single vibration and single heat treatment were studied, and the residual stress release effect was compared to that of the combined acoustic/thermal control method as a means of verifying whether the combined control method was better. This proves the efficiency and effectiveness of the residual stress control method in this paper.



Heating promotes uniform stress release, and vibration can enable the workpiece to absorb energy more rapidly. A combination of both can realise stress relief through simple equipment construction while also having the advantages of portability and rapidity.



Therefore, the method of low-temperature heating combined with high-frequency ultrasonic vibration is used in this paper to study the effect of residual stress relief. In addition to achieving or exceeding the effect of heat treatment, it ensures more time saving, energy saving, and convenience. It can efficiently and conveniently eliminate residual stress, thereby providing a new idea for the elimination of residual stress in the future, and it has excellent application potential.




2. Test Materials and Methods


2.1. Experimental Materials


The size of the 316L stainless steel plate was chosen as 200 × 150 × 6 mm3. The chemical composition and mechanical properties can be seen in Table 2 and Table 3.




2.2. Test Method


The filler wire was also 316L stainless steel with a 30° V groove. GTAW welding was used to weld the steel plate before welding, and GMWA welding (welding parameters can be seen in Table 4) was used for butt welding. The size following welding was 200 × 300 × 6 mm3.



The samples were controlled by low-temperature heating in combination with high-frequency ultrasonic vibration. The parameters that affected the control effect included the vibration time, amplitude, heating temperature, and frequency. As a means of reducing excess influencing factors and simplifying the experimental amount, the ultrasonic frequency was fixed at 20 KHz, and the remaining parameters can be seen in Table 5. The samples before and after regulation were cut into 4 × 10 × 20 mm3 to create metallographic samples and electron backscatter diffraction analysis samples for mechanism analysis.



The residual stress control system is shown in Figure 1.



In Figure 1b, 1 is the welded plate, 2 is the silica gel heating plate, 3 is the ultrasonic module of the ultrasonic device, 4 is the test bench, 5 is the clamping device that fixes the welded plate to the test bench, and 6 is the stable platform that supports the ultrasonic module. The ultrasonic excitation source and temperature sensor are both omitted from the figure. The specific control operation is as follows: firstly, the welded 316L stainless steel plate is placed on test bench 4 and fixed with bolts to ensure it is not able to move in a horizontal direction, and the moving distance in the vertical direction is below 1 mm. The silica gel heating plate 2 is then covered on the steel plate, and the steel plate is preheated, the holding time being greater than or equal to 15 min. The external insulation layer of the heating plate is made from a flexible heater that is produced by the ARLON Company of America, and this is a silicone rubber composite glass fibre base material. The ultrasonic excitation source is opened, the amplitude of ultrasonic wave 3 and other parameters is set, and cooperation with the insulation of the sample vibration ultimately occurs.




2.3. Residual Stress Test


Firstly, the samples are electrolytically polished, and residual stresses before and after the treatment are measured using the X-ray residual stress analyser μ-X360s (Pulstec, Hamamatsu-City, Japan). The basic principle for measuring residual stress using X-ray is Bragg’s law. The metal lattice acts as a grating and diffracts the X-ray. According to the wave interference principle, the optical path difference must be equal to an integer multiple of the wavelength:


  2 d sin θ  = n  λ  



(1)




where n is an integer, 2θ is the diffraction angle, d is the crystal plane spacing, and λ is the wavelength. When the material stress changes, the crystal plane spacing, and the diffraction angle also change. The shift in the diffraction angle 2θ can be obtained to show the shift in crystal plane spacing, and the stress value in this direction can then be calculated based on the elastic mechanics’ law.



The main methods for measuring residual stress using X-ray include the 0–45° method, sin2ψ method, and cosα method. The cosα method was chosen for use in this paper, and the diffraction information of the diffraction ring (the normal strain in the direction of the Debye ring circumference angle) was collected using a two-dimensional detector in order to realise stress calculation [11]. The sample before and after the residual height was cut can be seen in Figure 2.



The X-ray diffractometer that this paper used collected most Deby-Scherrer rings and performed stress calculation [12,13]. The residual stress σx in the x-axis direction was measured according to the cosα method [14,15,16]. The test principle and equipment can be seen in Figure 3. The anode material is Mn, the spot size of the X-ray beam is 1 mm, the target peak intensity is 100, the X-ray irradiation time is 90 s, and the wavelength is K-Alpha.



The change in the near-surface residual stress of the specimen is measured was this paper, and the change in the surface residual stress in the entire process was also studied. This was to infer the change in the overall residual stress of the sample through surface residual stress change, which is why the residual stress of the positive and negative sides of the sample was measured.





3. Experimental Results


3.1. Residual Stress Distribution Change in Cutting Weld Reinforcement


The weld reinforcement should be cut by a milling machine. There are two main reasons for the change in the residual stress in the weld: first, the specimen size is changed continuously during the cutting process, so plastic deformation will occur continuously, and the residual stress of the material will be released due to the reduction in the size. Secondly, cutting at the weld position by a milling machine is a process that introduces surface compressive stress, which changes the residual stress near the weld.



The residual stress values of approximately 50 mm near the weld width on both sides of the sample were tested. The distribution of the measurements can be seen in Figure 4. Transverse residual stress (TRS) and longitudinal residual stress (LRS) were measured vertically and parallel to the weld direction by the equipment, and the average value was taken following repeated measurements 2–3 times at each point.



The residual stress value was measured both before and after the cutting reinforcement. As the experimental results of the seven groups of samples were found to be similar, only the residual stress distribution diagram of sample #1 is shown in Figure 5. It was stipulated that the surface with a weld residual height should be the front side.



After the residual height was cut, the residual stress of all seven groups of the samples decreased.



As Figure 6 shows, the peak decline rates of the vertical and horizontal peaks in the front were 55.75% and 117.91%. The average release was 84.10 MPa, and 96.33 MPa, and the highest peak reduction rates of the reverse longitudinal and transverse were 52.26% and 192.82%. The average release was 74.52 MPa and 145.36 MPa. Among them, the release amount was obtained by subtracting the adjusted value from the pre-adjusted residual stress value. The decline rate was obtained by dividing the release amount by the residual stress value before regulation.



From Figure 6, it can be seen that the residual stress released by the sample was quite obvious, and the average residual release was approximately 100 MPa.



To summarise, after the reinforcement was cut, the residual stress of the sample was released, and the residual stress reduction rate for most of the samples was below 50%. The longitudinal residual stress was relatively stable, and peak residual stress decreased by an average of 25%. The overall average release was 100.08 MPa. Therefore, the cutting allowance affected the distribution of the residual stress in the sample, but most residual tensile stress still maintained a high peak value, which would continue to be adjusted for the sample of acoustic thermal composite treatment.




3.2. Residual Stress after Acoustic/Thermal Composite Treatment


Using the same test process as Section 3.1, the residual stresses were measured before and after acoustic/thermal composite treatment, including residual stresses on the front and back sides of the seven groups of sample welds, which were discussed one by one based on different control parameters.



The #1, #2, and #3 samples were divided into groups, and the residual stress distribution of the #1 sample can be seen in Figure 7. The vibration time and amplitude remained unchanged, and the temperature was changed. The variation in the residual stress can be seen in Table 6 and Table 7. Adjusting to a lower temperature (sample #1) almost did not reduce the peak residual stress of the sample, and the peak residual stress increased. The above adjustment and control resulted in the redistribution of residual stress, and residual stress reduction was limited. Figure 8 shows that as the heating temperature increased from 75 °C to 125 °C, the peak residual stress reduction rate and release amount gradually increased while the value fluctuated greatly.



The #4, #5, and #6 samples were divided into groups, and the residual stress distribution of the #6 sample can be seen in Figure 9. The variation in the residual stress can be seen in Table 8 and Table 9. In comparison to #1, #2, and #3, the residual stress release of the last three samples increased as the vibration time and amplitude also increased. The temperature of this group of samples only increased by approximately 50 °C, while the improvement effect of residual stress was found to be significantly better than for the first three samples, which indicates that the vibration time and amplitude increase had a greater impact on the control effect of residual stress. As can be seen in Figure 10, an increased vibration time, temperature, and amplitude reduced residual stress. However, some data fluctuations are evident, which is potentially due to the mismatch between temperature and amplitude. When the amplitude energy was too high, there was insufficient time to promote the micro-plastic deformation of the weld, so this part of the impact could act on the weld in other forms.



Therefore, the vibration time of sample #7 was increased as a means of continuing the discussion to verify the conjecture.



Figure 11 shows the residual stress change curve of sample #7 and verifies the influence of the vibration time on the control effect. In comparison to the #5 and #6 specimens, the longitudinal residual stress near the weld seam was released significantly as the vibration increased over time, the effect being better than for the first six specimens. Horizontal residual stress was also released, and although this was not as large as the longitudinal residual stress, the peak residual stress was also obviously released.



As can be seen in Figure 12, the comparison of longitudinal residual stress control effects of the seven groups of samples is listed. Compared to the peak residual stress release amount of seven samples, the longitudinal and transverse residual stresses of sample #7 were all released, and the residual tensile stresses were almost all released. Many experiments have confirmed that the longitudinal and transverse residual stresses on both sides of the sample were significantly and stably relieved under this control parameter.



In conclusion, time, heating temperature, and amplitude all affect residual stress regulation. Prior to the phase transition temperature (450 °C), the higher the temperature, the better. If the amplitude is too high and the vibration time too long, the weld will be damaged or even made invalid, so the higher the vibration time and amplitude are without damaging the weld specimen, the better it is. However, considering energy conservation, environmental protection, and the full elimination of residual stress, the #7 sample has the best parameters and most stable effect, almost completely eliminating all residual tensile stress. In comparison to the traditional residual stress control method, this saves significant time and energy costs.




3.3. Comparison of Single and Compound Regulation Effects


The effect of the composite control was quite obvious. To reflect the efficiency and authenticity of this control, the residual stress was separately controlled by the heating temperature and ultrasonic vibration.



Room temperature was adjusted to 20 °C, and it was heated to 75 °C and 150 °C with a silica gel heating plate and held for 1 h before the residual stress test was conducted after it was cooled to room temperature. The test results can be seen in Figure 13. It was obvious that by using temperature heating alone, regardless of being at room temperature or in the heating state, if the temperature did not reach the phase transformation temperature of the material (chromite precipitation and austenite transformation start at 450 °C), the structure did not change, and the residual stress distribution of the sample did not change without other factors. At the same time, the physical properties of 316L stainless steel exhibited little change at a lower temperature (600 °C).



In conclusion, the use of temperature heating alone did not change the residual stress distribution of 316L stainless steel, so, therefore, this cannot be used for controlling residual stress.



In Figure 14, the residual stress distribution of the specimen treated by ultrasonic vibration alone can be seen. The vibration time was 3 min, and the amplitude was 0.2 mm and 0.4 mm. The control effect of ultrasonic vibration alone on residual stress was found to not be good. The figure also demonstrates that the residual stress of 5 mm at the weld increased. This shows that vibration alone only caused the micro-plastic deformation of 316L stainless steel. Due to the low vibration energy and short time, deformation was low, meaning that the residual stress had little tendency to redistribute.



Therefore, when the ultrasonic vibration treatment was used alone, the residual stress in the sample was only slightly redistributed, and the elimination effect was less obvious.




3.4. Analysis and Discussion of Regulation Mechanism


The literature [5] demonstrates that the elimination of residual stress by vibration control is related to the occurrence of the micro-plastic deformation of the sample and that it is accompanied by dislocation movement. Therefore, the welds before and after vibration were characterised by EBSD. The above view is supported by a KAM (Kerne average orientation) diagram. KAM is the average value of the orientation difference between a point in the grain and the adjacent points, which is generally used for estimating the residual strain and plastic deformation in the material [17].



As can be seen in Figure 15a,b, low-temperature heating combined with a high-energy ultrasonic impact causes a relatively weak stress concentration phenomenon in the sample, but the total stress value was small, which indicates micro-plastic deformation during the control process.



Figure 16 shows that the metallographic microstructures of the weld and its vicinity were almost the same both before and after the control. As can be seen in Figure 17, the small and medium angle grain boundaries in the weld microstructure following adjustment and control almost reached 50%; particularly, the grain boundaries at approximately 2° accounted for a high proportion, indicating many subgrains in the material, and the large angle grain boundaries gradually changed to the small angle grain boundaries, indicating that the dislocation density increased during the adjustment and control process to a certain extent.



In conclusion, a combination of low-temperature heating and high-energy ultrasonic impact properly improved the micro-plastic deformation ability of the sample, but the structure remained unchanged. Regulation caused micro-plastic deformation, which resulted in a relatively weak stress concentration in the weld area following regulation. However, generally, the stress value changed little, and the value was small. Due to the micro-plastic deformation near the weld, the residual stress in this area was released, thereby eliminating the residual stress.





4. Conclusions


The following conclusions are reached from the test and analysis results:




	(1)

	
The influence that the weld reinforcement has on residual stress release was studied. This research found that residual stress near the weld is released after cutting the weld reinforcement, but residual stress at the weld is still the largest in relation to the overall residual stress distribution.




	(2)

	
By changing the vibration time, heating temperature, and amplitude, the influence that acoustic/thermal composite treatment has on the residual stress of 316L stainless steel was studied. It was found that higher vibration times and temperatures resulted in better control effects. Excessive amplitude increases stress and may even result in material failure. The greater the amplitude in the range of 0.2~0.6 mm, the better the control effect.




	(3)

	
From an energy conservation and efficiency perspective, a vibration time of 3–5 min, a heating temperature of 150–170 °C, and an amplitude of 0.4~0.6 mm can be selected as the control parameters as a means of achieving the best control effect on residual stress.




	(4)

	
The control effect is best when the parameters of 0.6 mm amplitude, 170 °C heating, and 5 min are chosen. Residual stress near the weld is almost completely released, and the release amount reaches 359 MPa. In addition, residual stress on the positive and negative sides of the sample is released to a certain extent, and the residual stress relief effect is quite obvious.




	(5)

	
In comparison to ultrasonic vibration and heat treatment alone, the acoustic/thermal composite treatment effect is obviously better than that of the single treatment.




	(6)

	
The acoustic/thermal composite control results in the microplastic deformation of the material and the movement of dislocations, which causes residual stress to be released to a certain extent.




	(7)

	
The residual compressive stress mainly exists in the area far away from the weld. From the experimental results, it can be concluded that although the stress in this part has a certain release, it has little impact on the overall service life of the sample because the failure of the sample usually occurs at the weld. Therefore, the release of residual compressive stress is unfavourable. Although it is difficult to avoid, the overall advantages are greater than the disadvantages for the experimental results.
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Figure 1. Self-made residual stress control system: (a) Physical drawing of fixture (top view); (b) Fixture diagram (front view). 
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Figure 2. 316L stainless steel plate sample: (a) Before cutting weld reinforcement; (b) After cutting weld reinforcement. 
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Figure 3. Principle and equipment of X-ray residual stress measurement: (a) Schematic diagram of the calculation principle of residual stress measurement based on the cosα method; (b) X-ray testing equipment. 
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Figure 4. Residual stress distribution test location (in mm). 
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Figure 5. Residual stress distribution of #1 specimen before and after cutting. (a) Front; (b) Back. 
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Figure 6. Change in average peak residual stress after cutting. 
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Figure 7. Residual stress distribution of #1 samples before and after treatment. (a) Front; (b) Back. 
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Figure 8. Change in average peak residual stress after treatment. (a) Front; (b) Back. 
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Figure 9. Residual stress distribution of #6 samples before and after treatment. (a) Front; (b) Back. 
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Figure 10. Change in average peak residual stress after treatment. (a) Front; (b) Back. 
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Figure 11. Residual stress distribution of #7 samples before and after treatment. (a) Front; (b) Back. 
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Figure 12. Comparison of peak residual stress release effect. (a) Front; (b) Back. 
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Figure 13. Residual stress distribution of single heat treatment. 
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Figure 14. Residual stress distribution of single ultrasonic vibration treatment. 
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Figure 15. KAM diagram of welds before and after regulation. (a) Before regulation; (b) After regulation. 
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Figure 16. Microstructure of 316L stainless steel. (a) Before regulation; (b) After regulation. 
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Figure 17. Distribution of grain boundary orientation difference. (a) Before regulation; (b) After regulation. 
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Table 1. Comparison of advantages and disadvantages.
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	Method
	Advantage
	Shortcoming





	Thermal stress method
	Uniform stress release
	It is time-energy consuming. It is only applicable to small and medium-sized structures and the cooling rate requires strict control.



	Vibration stress relief
	Portable, fast, low cost
	The excitation frequency is low, meaning that the natural frequency of the sample must be considered, and the residual stress release is uneven.



	High-frequency ultrasonic method
	Portable, fast, low cost, uniform residual stress release, high-frequency, wider application
	The residual stress release capacity is limited, meaning that it is not comparable to traditional methods.



	Electromagnetic method
	Portable and fast
	The equipment construction is complex, equipment cost is high, there are strict working environment requirements, and the residual stress release capacity is limited, meaning that it cannot be compared to traditional methods.










[image: Table] 





Table 2. Chemical compositions of 316L stainless steel plates (mass%).
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	C
	Si
	Mn
	P
	S
	Ni
	Cr
	Mo
	Fe





	0.019
	0.66
	1.19
	0.033
	0.001
	12.11
	17.41
	2.05
	Bal.
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Table 3. Mechanical properties of 316L stainless steel plates.






Table 3. Mechanical properties of 316L stainless steel plates.





	Material
	Yield Strength (MPa)
	Tensile Strength (MPa)
	Elongation (%)





	316L
	≥177
	≥480
	≥40
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Table 4. Welding parameters of 316L stainless steel.
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	Electric Current (A)
	Voltage (V)
	Gas Flow (L.min−1)
	Shielding Gas
	Welding Speed

(cm. min−1)





	260
	23.5
	20
	Ar
	10
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Table 5. Residual stress control parameters.






Table 5. Residual stress control parameters.





	No.
	Time (min)
	Temperature (°C)
	Amplitude (mm)





	#1
	1
	75
	0.2



	#2
	1
	100
	0.2



	#3
	1
	125
	0.2



	#4
	3
	150
	0.4



	#5
	3
	150
	0.6



	#6
	3
	170
	0.6



	#7
	5
	170
	0.6
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Table 6. Peak residual stress changes on the front side of samples #1, #2, and #3.






Table 6. Peak residual stress changes on the front side of samples #1, #2, and #3.





	No.
	#1-LRS
	#2-LRS
	#3-LRS
	#1-TRS
	#2-5TRS
	#3-TRS





	After regulation (MPa)
	281.5
	260.0
	50.0
	167.0
	−24.0
	143.0



	Before regulation (MPa)
	251.0
	349.5
	152.0
	165.5
	177.5
	193.0



	Decline rate (%)
	−12.15
	25.61
	67.11
	−0.91
	113.52
	25.91



	Release amount (MPa)
	−30.5
	89.5
	102.0
	−1.5
	201.5
	50.0
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Table 7. Peak residual stress changes on the reverse side of samples #1, #2, and #3.






Table 7. Peak residual stress changes on the reverse side of samples #1, #2, and #3.





	No.
	#1-LRS
	#2-LRS
	#3-LRS
	#1-TRS
	#2-TRS
	#3-TRS





	After regulation (MPa)
	289.5
	213.0
	−15.0
	79.0
	189.5
	29.0



	Before regulation (MPa)
	349.0
	298.5
	346.0
	226.5
	106.5
	204.5



	Decline rate (%)
	17.05
	28.64
	104.34
	65.12
	−77.93
	85.82



	Release amount (MPa)
	59.5
	85.5
	361.0
	147.5
	−83.0
	175.5
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Table 8. Peak residual stress changes on the front side of samples #4, #5, and #6.






Table 8. Peak residual stress changes on the front side of samples #4, #5, and #6.





	No.
	#4-LRS
	#5-LRS
	#6-LRS
	#4-TRS
	#5-TRS
	#6-TRS





	After regulation (MPa)
	116.5
	7.0
	239.5
	86.0
	184.0
	151.5



	Before regulation (MPa)
	273.0
	299.5
	377.0
	203.0
	203.0
	139.5



	Decline rate (%)
	57.33
	97.66
	36.47
	57.64
	9.36
	−8.60



	Release amount (MPa)
	156.5
	292.5
	137.5
	117.0
	19.0
	−12.0
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Table 9. Peak residual stress changes on the reverse side of samples #4, #5, and #6.






Table 9. Peak residual stress changes on the reverse side of samples #4, #5, and #6.





	No.
	#4-LRS
	#5-LRS
	#6-LRS
	#4-TRS
	#5-TRS
	#6-TRS





	After regulation (MPa)
	229.0
	175.5
	−106.5
	81.5
	53.5
	45.0



	Before regulation (MPa)
	257.0
	353.5
	192.0
	189.0
	91.0
	131.5



	Decline rate (%)
	10.89
	50.35
	155.47
	56.88
	41.21
	65.78



	Release amount (MPa)
	28.0
	178.0
	298.5
	107.5
	37.5
	86.5
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